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ABSTRACT: Two-dimensional hybrid organic—inorganic perov- ., . 00 o
skites (2D HOIPs) are promising candidates for next-generation g & 'z —banne—a—a—""" o0 o
optoelectronics. Unlike their three-dimensional counterparts, many M &i w
2D HOIPs can melt upon heating. Careful st@ctgral engineering may ) \ o Stable Lesdbe
suppress their crystallization upon cooling, yielding a melt-quenched % * % 3 Glyinmi s 2 la SRS
glassy phase. These “HOIP glasses” exhibit short-range order similar M © percc m
to that of their crystalline counterparts but lack long-range order. & &% & liquid Toolle
Although these novel hybrid glasses have garnered scientific interest, & % 4 g L‘M\‘\L\: PRESa:
they are thermally unstable and revert to their crystalline form within W [ m
minutes to days. In this study, we demonstrate the preparation of """ Glass g 30

thermally stable 2D HOIP glasses using melt alloying—a technique
traditionally employed in metallurgy. By blending and comelting two
types of glass-forming 2D HOIP powders, namely (S-NEA),PbBr, (S-
NEA = (S)-(—)-1-(1-naphthyl)ethylammonium) and (MIPA),Pbl, (MIPA = N-methyliodopropylammonium), we form binary
glasses with composition-dependent bond lengths as well as thermal and physical properties, including glass transition temperature
(Ty), optical band gap (E,), and mechanical hardness (H). Notably, owing to changes in recrystallization enthalpy and entropy, these
binary glasses demonstrate a much lower tendency to recrystallize, with the one containing 40 mol % (MIPA),Pbl, remaining
amorphous for as long as six months. This enhanced thermal stability paves the way for potential long-term applications of this
emerging class of functional hybrid glasses.
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B INTRODUCTION A,1B,X;,.1. Here, n represents the number of inorganic layers,
formed by corner-sharing [BX(]*~ octahedra, and separated by
organic bilayers.20 These 2D HOIPs were shown to possess
2122 which, together with their
band gap tunability”>”* and simple synthesis routes,” >’
makes them promising candidates to replace their 3D
counterparts.”® One property, induced by the layered structure
described above, is the ability of these 2D HOIPs to undergo
melting, ie., a thermally induced solid-to-liquid transforma-
tion.”” Such meltability is prominent in single-layered RP
HOIPs (n = 1, A,BX,) and has not yet been observed in 3D
MHPs.*° However, it has been observed in 3D HOIPs with the
chemical formula [TPrA]M(dca); (where TPrA = tetrapropy-
lammonium, M = Mn, Fe, or Co, and dca = dicyana-
mide).””*"** The melting temperature (T,,) of the 2D HOIPs,
typically occurring in the range of 100—200 °C, is determined

The hybrid organic—inorganic perovskite (HOIP) family
comprises dozens of different structures, among them are the
hybrid metal-halide perovskites (MHPs)." These materials are
at the center of current optoelectronic research, as they
demonstrate significant potential for use in applications such as
photovoltaics (PVs),” > light-emitting diodes (LEDs),’”” and
photodetectors.'”™"* Three-dimensional (3D) MHPs adopt
the perovskite ABX; structure, where A" is a small organic
cation (e.g., methylammonium, MA®, or formamidinium, FA*),
B?" is a metal cation (typically Pb*" or Sn**), and X~ is a halide
(CI7, Br™ or I"). The inorganic ions (B** and X~) form a 3D
network of corner-sharing [BX(]*™ octahedra, with the A*
cations occupying the free spaces between them.'*'> The
crystal structure of the 3D HOIPs is determined by the
Goldschmidt tolerance factor, which accounts for the effective
sizes of the three components (A*, B*, and X7).'°

enhanced performance stability,

To further increase the structural diversity of HOIPs, the Received: July 17, 2025 S—
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induces the formation of low-dimensional HOIP phases.
One of these phases is the two-dimensional (2D) Rud-
dlesden—Popper (RP) MHP phase, with the chemical formula
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Figure 1. Composition of the crystalline blends: Crystal structures of (a) (S-NEA),PbBr, and (b) (MIPA),Pbl,, as obtained from Rietveld
refinement against the corresponding HR-PXRD data. The colors of the atoms are as follows: green—Br; orange—1I; gray—Pb; black—C; cyan—
N. Hydrogen atoms were omitted for clarity. (c¢) The molar concentration of MPI crystals in each blend, as was calculated based on organics
(diamonds) and halides (circles) determination, using '"H NMR and SEM-EDS, respectively.

by the structure and comgposition of both the inorganic***
3

and the organic parts.”*~

While the vast majority of 2D HOIPs are crystalline, a select
few have recently been shown to form a glassy (amorphous)
structure.””*****" These so-called “HOIP glasses” can be
prepared by the synthesis of the crystalline form, followed by
melt—quenching36‘39 or mechanical milling.*' Upon glass
formation, the HOIPs lose their long-range order, while
retaining some short-range order.” Such structural alterations
induce changes in the physical properties of the HOIP, as both
the optical band gap and Young’s modulus of the HOIP glasses
have been shown to be affected.’”***

One of the main characteristics of these glasses is their
structural thermal instability, i.e., their tendency to revert to
their crystalline form upon mild heating.’”** Here, “thermal
stability” will henceforth refer specifically to the ability of
HOIP glasses to resist recrystallization upon heating. To date,
no MHP system is known to be able to form a thermally stable,
or nonrecrystallizing, HOIP glass. Instead, all known MHP
glasses were shown to transform to their thermodynamically
stable crystalline phase, even at room temperature, within
minutes to days.’”*® Such structural tunability can be
beneficial for applications that require switching abilities.*
However, it prevents the glassy HOIPs from being integrated
into other glass-based applications,’”*” such as optical
fibers,"** thermoelectrics,”"”" and all-perovskite crystal-glass
optoelectronic composites,””>> which require long-term
stability of the material’s physical properties and, by extension,
its structure.

Here, we address the issue of HOIP glasses’” poor thermal
stability by employing melt alloying and forming binary glasses.
This practice, also known as liquid phase blending, involves
mixing the pure materials, usually in powder form, followed by
comelting and subsequent cooling.”**> As was previously
demonstrated for other hybrid systems, including coordination
polymers (CPs),*® metal—organic frameworks (MOFs),”” and
2D HOIPs,*® such melt alloying allows tuning of the physical
properties. In this work, we study the blend of the two known-
to-date glass-forming 2D HOIPs, namely (S-NEA),PbBr, (S-
NPB; S-NEA (S)-(=)-1-(1-naphthyl)ethylammonium)*’
and (MIPA),Pbl, (MPL; MIPA = N-methyliodopropylammo-
nium, 3-iodo-N-methylpropan-1-ammonium).*® After synthe-
sizing their crystalline powders, we blended them at different
ratios, then melt-quenched the blends to form binary HOIP
glasses with different compositions. The resulting glasses were
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shown to possess composition-dependent properties: their
glass transition temperature (Tg), mechanical hardness (H),
and optical band gap (Eg) all gradually changed with the
blending ratio. Moreover, X-ray total scattering has revealed
that bonds within the [PbX]*" octahedra (X = Br and/or I),
which remain upon glass formation, also change with
composition. Most importantly, due to thermodynamic effects,
namely, a reduction in the magnitude of recrystallization
enthalpy and entropy, the binary glasses exhibit enhanced
thermal stability, as their recrystallization is significantly
delayed. Specifically, the glass containing 40 mol % MPI was
shown to be thermodynamically stable, a result further
supported by the absence of Bragg peaks in its X-ray
diffraction patterns over six months of measurements.

B RESULTS AND DISCUSSION

We have synthesized the pure crystalline 2D HOIPs in powder
form, based on previously reported procedures (see Exper-
imental Section for full details),**** and prepared blends by
mixing different ratios of the powders (see Table S1). The
structures of the 2D HOIPs are presented in Figure la,b (the
molecular structure of the organic cations is presented in
Figure S1). The crystalline structures, as well as the purity of
each HOIP, were refined by Rietveld refinement against the
high-resolution powder X-ray diffraction (HR-PXRD) patterns,
as collected in ID22 of the European Synchrotron Radiation
Facility (ESRF; see Experimental Section for more details and
Figure S2 for refinement results).

For simplicity, each sample will be named according to the
molar ratio of its MPI content (for example, the sample named
20% is the one with xp; = 20 mol % and xg \py = 80 mol %).
The two blended 2D HOIPs differ from one another in the
molecular structure of their organic cation (A*), as well as the
identity of their halide (X~). Hence, the true blend
composition can be calculated by determining the relative
concentration of the MIPA molecules and of the I atoms, using
hydrogen nuclear magnetic resonance (‘H NMR) and energy
dispersive spectroscopy in the scanning electron microscope
(SEM-EDS), respectively. The excellent correlation between
the target and measured concentrations of the 2D HOIPs in
each blend, as shown in Figure Ic, indicates well-mixed
samples (see SEM-EDS spectra in Figure S3 and 'H NMR
spectra in Figures S4 and S5). This was further corroborated
using X-ray diffraction (XRD), as the normalized integrated
intensity of the (020) reflection of the MPI crystals in the

https://doi.org/10.1021/acs.chemmater.5c01893
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Figure 2. Thermal behavior of the S-NPB:MPI binary glasses: (a) DSC heating scan of the glasses, performed after melt-quenching of the HOIP
blends. (b) A zoom-in on the composition-dependent glass transition temperatures of the binary glasses. The symbols on the DSC scans in (a,b)
represent as follows: empty down-facing triangles—glass recrystallization (T,); filled down-facing triangles—crystal melting (T,); filled up-facing
triangles—glass transition (Tg). (c) A T—X diagram for the binary glasses, constructed based on their DSC heating scans. The diagram indicates
the possible state of matter according to the glass composition and temperature, as follows: green—binary glass (bs); orange—supercooled liquid
(scl); blue—recrystallized solid (rcs); purple—melt (m); white—decomposition products (dp). The black lines represent phase transitions, with
the data points shaped as follows: triangles—glass transition; circles—recrystallization; rhombuses—melting; squares—decomposition. The gray
rectangles represent border areas. (d) Fragility index of the glass-forming binary liquids.

blend closely follows the expected rational first-degree trend’”
(Figure S7).

To study the thermal behavior of the blends, we employed
thermal gravimetric analysis (TGA) and scanning differential
calorimetry (DSC). The first DSC heating scan is presented in
Figure S8a. For the pure S-NPB and MPI crystals, we
measured melting temperatures of 177 and 118 °C,
respectively. These values are in good agreement with the
previously reported ones.’**” As expected based on our
previous work,>® the melting temperature of the blends is lower
than either of the individual components. Figure S8b presents
a temperature vs composition (T—X) diagram, constructed
based on the thermal behavior of the blends during the first
heating stage, as measured by DSC and TGA (see Figure S8c).
Before decomposition, the blends can be in one of two states: a
crystalline blend (at low T), or a melt (at higher T).

After melting the blends, we cooled down the samples to
—30 °C. The DSC curves recorded during the cooling stage
were featureless, as expected (see Figure S8c,d), since no
crystallization occurred. Instead, binary HOIP glasses were
formed. The comparison between the XRD patterns of the
samples before and after melting, confirming the glass
formation, is presented in Figure S9. This is further supported
by the FT-IR spectra of the glasses (Figure SS), which reveal
the emergence of a high-energy broad peak associated with N—
H stretching of unbound amino groups,*” while the low-energy
organic peaks remain largely unchanged. The similarity of the
"H NMR spectra before and after vitrification (Figures S5 and
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S6) confirms that the organic cations are preserved during
melt-quenching. Notably, the formation of methyl-bromopro-
pylammonium (MPBA)®”®" is indicated by an additional peak,
highlighted in blue in Figure SS. This peak is observed in all of
the blended samples but is absent in the pure HOIPs (0% and
100%). As its intensity remains essentially unchanged upon
glass formation, this feature appears to be a blend-induced
phenomenon.

Next, the samples were heated once again, this time in their
glassy state. The DSC traces recorded during the second
heating stage are presented in Figure 2a. During the heating of
the glasses, they undergo a glass transition (Figure 2b). For the
pure S-NPB and MPI, we measured glass transition temper-
atures (T,) of 74 and 1 °C, respectively. Once again, these
values are in excellent agreement with the previously reported
ones.”**’ Notably, T, changes according to the glass
composition (indicated by up-facing filled triangles in Figure
2b).

Upon further heating, the pure HOIP glasses transform back
to their thermodynamically stable crystalline form. This
recrystallization is manifested as an exothermic peak in the
DSC trace and is indicated by empty triangles in Figure 2a.
Surprisingly, this peak is absent in all of the binary glasses. The
absence of the recrystallization peak suggests that the hybrid
glasses are thermally stable. This is further corroborated by the
lack of the melting peak (down-facing filled triangles in Figure
2a), as the binary glasses do not melt.

https://doi.org/10.1021/acs.chemmater.5c01893
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Figure 3. Chemical analysis of the S-NPB:MPI binary glasses: EDS elemental maps of the binary glasses (after melting). The color of each element

is as follows: Pb—yellow; Br—magenta; I—cyan. Scale bars: 250 ym.

The T—X diagram, constructed based on the DSC heating
scan of the binary glasses, is presented in Figure 2c. The low
(xmpr < 15 mol %) and high (xpp; > 90 mol %) concentration
binary glasses, as well as the pure HOIP glasses, can be found
in one of four states, according to their temperature: a binary
glass (bs), a supercooled liquid (scl), a recrystallized solid (rsc),
or a melt (m). Here, scl refers to (potentially metastable) a
liquid that was formed by crossing the glass transition, while m
refers to a liquid that was formed by melting a crystal. The
transition temperatures between the different states are all
composition-dependent (see Figure S3 for more DSC scans).
Notably, the intermediate blends (20 mol % < xyp; < 85 mol
%) do not recrystallize when heated. After the glass transition
(Ty), the supercooled liquid is stable until decomposition at T4
= 230-250 °C (depending on the glass composition, see
Figure S8f).

One crucial property of glasses is the fragility of the glass-
forming liquid. Fragility, while not completely understood, can
be considered the level of change in viscosity when
approaching the glass transition,”>~* Strong glass formers,
such as silicon oxide (SiO,) and germanium oxide (GeO,),
exhibit a linear and gradual change in viscosity near T,. In
contrast, fragile glass formers, such as triphenylchloromethane
(TPCM) and o-terphenyl (OTP), exhibit a dramatic change in
viscosity, as it drops several orders of magnitude when
approaching T, 026455 Here, we used DSC to calculate the
fragility index, m (see Experimental Section for full details). 66
The change in the fragility index with the binary glass
composition is presented in Figure 2d. The fragility index for
both pure glasses (0% and 100%) is m = 30. This value is in
excellent agreement with the fragility previously reported for S-
NPB glass,44 and is in the intermediate range between strong
(msio, = 20, Mo, = 24) and fragile (mrpcy; = 93, morp = 76)
glass formers.®> Upon blending, the fragility index increases, as
the value of m reaches a high value of 77 for the 40% binary
glass. This suggests that the binary glasses possess a more
“molecular-glass-like” behavior.

A noticeable characteristic presented in Figure 2b (and in
Figure S14a) is the negative deviation from linearity in T,
when plotted vs the binary glass composition. For random
copolymers,”” such deviation can arise from either of two
reasons: (i) enthalpic effects, in the form of repulsive
interchain interaction, or (ii) entropic (conformational)
effects, in the form of breaking stiff domains. HOIP binary
glasses, assumed to be randomly blended, can be considered
random (statistical) copolymers (similar to small-molecule
binary glasses).”” To this end, we calculated the change in
enthalpy (AH,) and entropy (AS,) during glass transition,
according to egs 1 and 2:°%%

AH, = ACY(T; - T) (1)

T;
ASg = ACp In| =
T (2)

T, = AH/AS, (3)

where T; and T are the onset and offset temperatures of the
glass transition, respectively, and AC,; is the difference in heat
capacity between the glassy and supercooled liquid states. As
seen in Figure S14, the calculated values are all positive, as
expected. Surprisingly, even though AC, monotonically
changes with composition, both AH, and AS, increase in
value upon blending. While both stay roughly constant,
independent of the binary glass composition, they are always
higher for the blends than for the pure glasses. Such an
increase can be attributed to a blending-induced enhancement
in disorder at the glass transition, possibly due to a broader
distribution of transition temperatures or an excess of free
volume. Based on this, one can conclude that the overall
negative deviation (Figures 2b,c, and Sl14a), is governed by
entropic effects. As was shown before for S-NPB glass, stacking
of the organic (A-site) cations has a pivotal role in the glass-
formation ability of the HOIP.* It is possible that the blending
and formation of a binary glass interrupts the unique stacking
of the S-enantiomer cations (which does not exist in the
nonglass-forming racemic HOIP),* therefore reducing the
interactions, hence lowering T,. Such negative deviation in T,
was demonstrated before for poly(methyl methacrylate—
styrene) copolymers (P-MMA-St), where the addition of
styrene monomers broke the rigid MMA domains.””” Even
though T, decreases with increasing value of xypp;, as presented
in Figure 2c (and Figure S14a), blending also induces a
decrease in T,, (Figure S8b). These changes result in an overall
increase in the T,/T, ratio for the binary glasses, making it
further exceed 2/3, and enhancing their so-called “glass-
forming ability” (Figure S13).”%"*

We employed SEM-EDS to study the chemical homogeneity
of our binary glasses. Figure 3 presents elemental maps for
each sample, layered on the corresponding backscattered
electrons (BSE) image (separate images for each signal are
presented in Figure S15). All images were taken after melting,
thus representing the binary glasses. The one exception is the
100% sample (pure MPI), as in this sample, recrystallization
occurs rapidly at room temperature, hence, the image
represents the crystalline state. One can clearly observe the
gradual change from purple to green, corresponding to the
shift from Br-rich to I-rich samples. Moreover, the uniform hue
in each sample suggests that the glasses are homogeneous, and
no Br- or I-rich domains are present. Such homogeneity was
shown to occur in melt-blended HOIPs;® however, it did not
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occur in melt-blended MOFs.”” Note that SEM-EDS alone
cannot rule out the presence of compositional nanodomains in
the binary glasses. However, combined with the detection of a
single glass transition for each composition (unlike block
copolymers,73 see Figure 2a,b), one can conclude that
homogeneity was indeed achieved.

To study the structure of our samples, we performed a total
scattering experiment using synchrotron-source X-rays.m’75
Following data processing, we constructed the X-ray pair
distribution function (XPDFs) for our samples. Each sample
was measured as a crystalline blend, then underwent in situ
melt-quenching and measured again at its glassy state (see
Experimental Section for full details). Figure 4a presents the
XPDF patterns of the crystalline blends (dark curves) and the
binary glasses (light curves).

The crystalline blends all demonstrate XPDF peaks across
the whole r range. For pure S-NPB (0% sample) and MPI
(100% sample), the assignment of the main peaks to specific
interatomic distances is presented in Figure S16. Since heavy
elements are much stronger X-ray scatterers,”® the XPDF in
this case primarily reflects the inorganic interactions, namely,
X—X (X = Br or I), Pb—Pb, and Pb—X distances. According to
the reported crystal structures,”**’ the average Pb—X bond in
S-NPB and MPI is 3.034 A and 3.206 A, respectively. This is in
excellent agreement with our data. Unfortunately, the XPDF
measurements were not sensitive enough to resolve the Pb—Br
and Pb—I peaks in the crystalline blends. However, a gradual
shift in the position of the first Pb-X peak was observed with an
increasing xyp; value, corresponding to the increase in average
Pb—X bond length (from Pb—Br to Pb—I).

The low-r region (2.5 A < r < 7.5 A, gray area in Figure 4a)
of the D(r) curves of the binary glasses (light curves) is almost
identical to their corresponding crystalline blends (dark
curves). This implies that the short-range order (r < 7.5 A)
of the glasses does not change significantly upon glass
formation. The peaks that remain after vitrification correspond
to intraoctahedral Pb—X (r = 3.0—3.3 A) and X—X (r = 42—
4.5 A) distances, as well as the Pb—Pb distance between
neighboring octahedra (r = 6.2—6.6 A). For higher r values (r
> 7.5 A), the XPDF patterns of the glasses are all featureless,
indicating the loss of the long-range order. This change,
expected to occur during glass formation, is also further
corroborated by the PXRD patterns, as the Bragg peaks
disappear (Figure S9). Such changes in the XPDF and PXRD
patterns are similar to those observed before for pure S-NPB
glass. Structurally, they suggest a short-range connectivity of
neighboring lead-halide octahedra; however, with no long-
range order.*>**

Recently, works by us** and by others* have studied in
detail the structural changes that occur upon glass formation in
pure S-NPB. As shown, while the long-range order is lost when
the crystal undergoes melting and vitrification, the inorganic
layered structure is preserved to some extent, as the octahedral
units remain connected in a disordered manner. This layered
structure gives rise to the broad XRD reflection seen for the
pure S-NPB glass at 20 ~ 6° (0% sample, see Figure S17). One
possible reason is the molecular rigidity of the naphthyl groups,
which prevents the material from completely losing its layered
structure.”” Such a “disordered layered structure” was not
observed in pure MPI glass (100%), as no low-angle broad
peaks were detected in its XRD pattern. However, it is difficult
to determine whether this is due to the flexible alkyl chains in
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Figure 4. XPDF analysis: (a) D(r) plots of samples with different
concentrations. In each pair, the dark curve corresponds to the
crystalline blend, while the lighter curve corresponds to the S-
NPB:MPI binary glass (after in situ melt-quenching). The gray area
represents the short-range order, which remains largely unchanged
after vitrification. (b) Changes in short-range interatomic distances
with the binary glass composition. The dashed lines are exponential
trend lines, serving as guides for the eye. All error bars in (b) are
smaller than the data points.

the MIPA molecule or rather to the weak diffraction of the
MPI structure (see Figure S17).

We have fitted the three short-range XPDF peaks of the
binary glasses (Figure S18), and calculated how the
corresponding interatomic distances change with composition.
The results are presented in Figure 4b. As expected, the more I
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Figure S. Thermal stability of S-NPB:MPI binary HOIP glasses: XRD patterns of each binary glass, recorded over a period of one month, and once
again after six months. Each sample comprises a layer of HOIP glass, sandwiched between a microscope glass slide and a Kapton sheet. Darker plots
correspond to measurements taken longer after glass formation. The time passed between the formation of the glass and each XRD scan is
indicated on the right. The scans are all stacked on one another, and, to emphasize the long-term stability, the last scan is offset to the positive y-

direction.

(and hence, less Br) is in the glass, all short-range distances
expand. Note that the relative elongation in the binary glasses
is more pronounced when the distance is originally shorter
(Figure S19). For the Pb—X bond (ie., the shortest bond),
there is a 6.7% change between the pure S-NPB and MPI
glasses. After that, the X—X distance (2nd shortest) changes by
6.1%, while the Pb—Pb distance (3rd shortest), changes only
by 4.0% with the binary glass composition.

We have used XRD to assess the blending-induced
enhancement in the thermal stability of our binary glasses.
We prepared Kapton-covered layers of each composition by
melt-quenching them on a glass substrate from 190 °C to room
temperature (see Experimental Section for the detailed
preparation procedure). Then, we recorded their XRD patterns
every few hours over a period of one month, and once more
after six months (see Experimental Section for a full
description). The resulting diffractograms are presented in
Figure S. In each panel, the lightest plot represents the as-is
glass, i.e., immediately after melt-quenching. In this stage, the
samples are all completely amorphous, and no Bragg
reflections originating from the crystalline HOIPs are present.
The only visible features are the broad Kapton reflections
(around 20 = 15°, 22°, and 26°, see Figure S9). Additionally,
for the S-NPB-rich samples (0% and 20%), the characteristic
broad reflection of the glassz’()‘“’44 is seen at 20 & 6°.

After 90 min, the samples all maintain their glassy structure.
The only exception is the pure MPI, which demonstrates a
crystalline structure with distinct Bragg peaks. For the pure
MPI glass, the measured glass transition is well below room
temperature, and its recrystallization temperature is not much
higher (T, = 1 °C and T, = 54 °C, see Figure 2d). This allows
the glass sufficient thermal energy and dynamic flexibility to

8814

revert quickly to its thermodynamically stable crystalline form.
Upon recrystallization, the diffraction peaks appear narrow and
sharp already at this point, and do not change, neither in
intensity nor shape, in the subsequent scans, suggesting an
immediate and rapid recrystallization process.

The next sample to recrystallize is 80%, after 1 day. This
sample is the MPI-richest binary glass. Here, compared to the
pure MPI, the first Bragg peaks appear broad and weak, and
their intensity increases over time. Such behavior indicates a
more gradual recrystallization. When comparing the diffraction
patterns of the recrystallized 80% and 100% samples, one can
notice that the high-intensity peaks appear in similar positions.
This suggests that the 80% sample recrystallizes in the MPI
structure. Not long after (1.5 days), the pure S-NPB glass (0%)
recrystallizes as well. Here, similarly to the pure MPI glass and
as expected from a pure material, the recrystallization is abrupt,
and the Bragg reflections immediately appear sharp and
intense. Upon recrystallization, the broad reflection at 20 = 6°,
which is characteristic of the S-NPB glass,”'“’44 disappears
(see also Figure S17).

After one month under ambient conditions, the 20% sample
slowly begins to recrystallize, as indicated by the weak XRD
peak at 20 = 5°. This recrystallization continues, as more peaks
are visible after 6 months. By this time, the 60% sample also
demonstrates slight recrystallization. These samples (20% and
60%), as well as the previously recrystallized 80% glass, did not
recrystallize in the DSC. This contradiction can be resolved
when considering the different thermal conditions (isothermal
ambient conditions for the XRD experiment, vs constant
heating rate in the DSC scans), which affect the recrystalliza-
tion kinetics. Strikingly, for the 40% sample, no Bragg peaks
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appear even after 6 months. This suggests that the 40% binary
glass is inherently thermally stable at room temperature.

To explain these results, we used DSC to extract
thermodynamic coefficients and calculate AG, (xypr), ie.,
how the Gibbs free energy of recrystallization (at room
temperature) changes with the composition of the binary
glasses (see full description in the Supporting Information).
According to our calculations, AG, < 0 for xyp; < 21.3 + 0.2
mol %, and for xyp; > 64 + 4 mol %. This means that in these
regions, recrystallization is thermodynamically favored, even
though it can take a long time to occur (like in the 20%
sample). However, for binary glasses with a composition
between these values (21.3% < xyp; < 64%), AG, > 0, and
recrystallization at room temperature is thermodynamically
unfavored. This simple thermodynamic treatment overlooks
kinetic effects, such as structural relaxation of the glass77 or
possible multistep transformations.”® Most importantly, it
treats the glass as if it were an equilibrium phase, regardless of
it being a metastable state by definition.*>””"*" Despite that,
our model explains well the absence of recrystallization
observed for the 40% sample, which is deep inside the
“thermally stable” composition region. However, the XRD
patterns collected after 6 months (darkest plots in Figure S) do
present (slight) recrystallization of the 60% sample, which,
according to our model, should be thermally stable. As this
composition is very close to the upper limit of the stability
region (64 mol %), small fluctuations in this composition
across the bulk sample (e.g, due to possible structural®' or
light-induced®>** halide segregation) might initiate recrystal-
lization.

The binary HOIP glasses demonstrate long-term stability,
which opens the door for integration in a wide variety of
applications. Hence, we study how their composition affects
several selected physical properties. First, we studied the
mechanical properties of the HOIP glasses using nano-
indentation,”"*> and calculated the hardness and Young’s
modulus of each sample. Each value was calculated as an
average of 15 measurements, at different positions in the
sample, while the indenter tip was cleaned between each
measurement (see Experimental Section for full details).
Unfortunately, the use of a standard nanoindenter cannot be
employed for soft materials, so only samples with T, higher
than room temperature (i.e., xyp < 60 mol %) could be
measured. The load vs depth plots are presented in Figure S21.

The hardness (H) of the binary glasses is strongly affected
by their composition. As presented in Figure 6a, the binary
glasses become softer as the fraction of MPI in the blend
increases. This change appears to be linear. The change in
hardness can be directly correlated with the reduction in T,
(Figure S14a), as the glasses become softer when the ratio T/
T, approaches 1. In contrast, the Young’s modulus (E) of the
glasses is not affected by compositional changes (see Figure
6b), as for all of the samples it equals roughly 7 GPa. This
value is higher than that of the pure crystal (E ~ 3 GPa). This
behavior of E may result from the vitrification-induced
reduction in the average distance between the inorganic layers
(see XRD patterns for the 0% sample in Figure S17),** as well
as from the possible emergence of 3D connectivity, which
potentially increases the interactions. Such dependence of the
mechanical properties of the intralayer interaction was
previously demonstrated for both organic®® and inorganic®’
layered materials. These changes do not affect the density of
the HOIP, as both the glassy and the crystalline samples were

8815

a

0.5}
— \
© 0.4+ S
o
M 0.3} ~
[ AN
I 0.2+ + N

N

0.1} A
b -

8.0} {
E - e e e e e e - L0
O 6.0} l
O,
w40t

20}
C

T A as melted

3.2} ~
— s v annealed
> \ 4 S W
QL. 28} Vs o -
LLIC')

24}

v
0 20 40 60 80 100

Xypi [MOI%]

Figure 6. Composition-dependency of physical properties: Effect of
the S-NPB:MPI binary glass composition on (a) hardness, (b)
Young’s modulus, both measured using nanoindentation, and (c)
optical band gap, calculated based on the UV—vis absorbance spectra
and using the Tauc method. Light up-facing triangles represent values
measured for melt-quenched glasses, while dark down-facing triangles
represent measurements performed after annealing (S min at 100 °C).
The dashed black lines in (a) and (b) represent a linear fit, while in
(c) a quadratic fit.

shown to possess a true density of Py, = 2.05 g cm™ (see
Figure S22 for pycnometry results). This value is very close to
the density calculated based on the S-NPB crystal structure,
Peac = 2.14 g cm ™. Tt is possible that the disorder that occurs
during vitrification, such as the weakening of organic—
inorganic interactions (as shown in the FT-IR spectra in
Figure S10), compensates for the reduction in interlayer
distance, thereby maintaining the overall density unchanged.
Finally, as Pb-based MHPs are used for optoelectronic
applications, we investigated how the optical band gap of the
binary glasses changes with composition. To this end, we
employed ultraviolet—visible range (UV—vis) absorbance
spectroscopy and used the Tauc method®*® to calculate the
optical band gap of each sample. The calculated band gaps are
presented in Figure 6¢ (as the UV—vis absorbance spectra and
corresponding Tauc plots are presented in Figure S20a,b). The
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band gap gradually changes between the values of the pure
HOIP glasses, a behavior which further corroborates the
homogeneity of the glass. Fitting this change to a quadratic
equation with the form:”*~"*

Eg(xMPI) = xMPIEg,MPI +(1 - xMPI)Eg,S-NPB

(4)

gives a bowing parameter of b = 0.78 & 0.07 eV. This value is
relatively high compared to previously reported systems (e.g.,
byapb (s = 0-30 ev;”? bzn(sse) = 0.60 eV ™). Such a high value
suggests a strong discrepancy between the two pure HOIP
glasses, mainly due to the differences in their atomic and
molecular components.”

After a mild thermal annealing (S min at 100 °C), a
significant drop was recorded for the pure glasses (dark down-
facing triangles in Figure 6¢c), as expected when the HOIP
glasses are recrystallized.”*® However, the band gap of the
hybrid glasses did not change, suggesting no recrystallization
has occurred (as was also verified using XRD, see Figure $20c).
This further corroborated our previous result, demonstrating
that the enhanced structural stability is also accompanied by
functional stability.

- xMPI(l - xMPI)b

B CONCLUSIONS

In this work, we address a major limitation of two-dimensional
hybrid organic—inorganic perovskite (2D HOIP) glasses, that
is, their poor thermal stability. This inherent tendency of these
glassy materials to recrystallize rapidly into their thermody-
namically favored crystalline forms has restricted their utility
across optoelectronic and other functional domains.

To overcome this, we employed a melt alloying approach.
To this end, we melt-quenched mixtures of two glass-forming
2D HOIPs, namely (S-NEA),PbBr, (S-NPB) and (MI-
PA),Pbl, (MPI), to create stable binary HOIP glasses.
Differential scanning calorimetry revealed tunable glass
transition temperatures that deviate slightly from linearity,
likely due to entropic mixing effects. The resulting binary
glasses exhibited increased glass-forming fragility relative to
their pure counterparts, suggesting more molecular-glass-like
behavior. Compositional tuning was also shown to influence
their mechanical hardness and optical band gaps, while their
Young’s moduli remained largely invariant. Synchrotron-based
X-ray total scattering measurements confirmed that while long-
range order was lost upon vitrification, the short-range
structural motifs—specifically the short Pb—X, X—X, and
Pb—Pb distances—were largely preserved and systematically
evolved with composition. EDS elemental mapping verified the
compositional homogeneity of the glasses.

To assess the glasses’ long-term thermal stability, we
combined X-ray diffraction measurements together with
calorimetric-based thermodynamic modeling. Unlike the pure
HOIP glasses, which demonstrated rapid recrystallization, the
binary systems exhibited significantly suppressed recrystalliza-
tion behavior. Notably, the glass containing 40 mol % MPI
remained fully amorphous after six months at room temper-
ature. Our simple thermodynamic analysis, considering the
changes in the Gibbs free energy of recrystallization with
composition (AG,(xyp)), showed that for this composition,
this change is positive, indicating that recrystallization is
thermodynamically disfavored.

Altogether, this work demonstrates, for the first time, the
formation of long-term thermally stable 2D HOIP glasses. The
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combination of stability, tunable properties, and retained short-
range order establishes these materials as promising candidates
for future applications in optoelectronics, sensing, and energy
devices, where stability and design flexibility are essential.
Importantly, the method of melt-alloying presented here is
straightforward, as it relies only on powder blending and
comelting, which makes it readily scalable and reproducible.
Nevertheless, this study establishes the feasibility of forming
thermally stable HOIP glasses, and further work is required to
adapt these materials for common processing and fabrication
approaches, such as thin films or fibers. Moreover, as members
of the HOIP family, these glasses continue to share some of
the intrinsic limitations of their crystalline counterparts,
including potential environmental sensitivity and a tendency
for halide exchange, which must also be addressed before
device integration. Overall, this work establishes a new strategy
for stabilizing HOIP glasses, opening a pathway toward their
practical use.

B EXPERIMENTAL SECTION

(S-NEA),PbBr, Synthesis. S-NPB crystals were synthesized based
on the procedure reported by Singh et al.>” In a conical flask, 0.9 g
lead(II) bromide (PbBr,, > 98%, Sigma-Aldrich) was dissolved in a
mixture of 15 mL concentrated hydrobromic acid (HBr, 48% wt.,
Thermo Scientific) and 35 mL deionized water. After complete
dissolution, 0.78 mL of (S)-(—)-1-(1-naphthyl)ethylamine (S-NEA,
99%, Thermo Scientific) was added to the solution (while vigorously
stirring), followed by sealing the flask and heating it to 90 °C (in a
silicone oil bath). The flask was left at this temperature for 3 h. Then,
the stirring was turned down (100 rpm), and the heating was turned
off completely. The flask was left to cool down naturally to room
temperature, in the oil, overnight, and a white-yellowish powder was
formed upon cooling. The solution, containing the S-NPB powder,
was transferred to a Falcon tube and was centrifuged (3000 rpm, $
min) to dispose of the solvent. Then, 15 mL of diethyl ether (Et,O,
>99.8%, Sigma-Aldrich) was added to the tube, shaken well, and
centrifuged again. This process was repeated twice more. Finally, the
tube was left to dry overnight under vacuum at room temperature.

(MIPA),Pbl, Synthesis. MPI crystals were synthesized based on
the method reported by Wang et al.*® in a conical flask, 2.881 g
lead(II) iodide (Pbl, 99%, Aldrich) was dissolved in 50 mL
concentrated hydroiodic acid (HI stabilized, $7% at., Thermo
Scientific). After complete dissolution, 1.185 mL of 3-(methylamino)-
propan-1-ol (MOPA, Fluorochem) was added to the solution (while
stirring), followed by sealing the flask and heating it to 90 °C (in a
silicone oil bath). The flask was left at this temperature for 48 h.
Then, the stirring was turned down (100 rpm), and the heating was
turned off completely. The flask was left to cool down naturally to
room temperature, in the oil, overnight, and a deep red powder was
formed upon cooling. The solution, containing the MPI powder, was
transferred to a Falcon tube and was centrifuged (3000 rpm, S min)
to dispose of the solvent. Then, 15 mL of diethyl ether (Et,O,
>99.8%, Sigma-Aldrich) was added to the tube, shaken well, and
centrifuged again. This process was repeated twice more. Finally, the
tube was left to dry overnight under vacuum at room temperature.

Powder Blending. The desired amounts of S-NPB and MPI
powders were weighed and transferred to an Eppendorf tube (see
Table S1 for quantities). Tubes containing one powder (i.e., only S-
NPB or only MPI) were also prepared. All tubes were placed on an
automatic roller and left to blend overnight. This blending method
was proven to produce well-mixed blends.*®

Halides Determination. Around 1 mg of each sample was
mounted on a stainless-steel stab covered with conductive carbon
tape. The stabs were inserted into the scanning electron microscope
(SEM, Zeiss Gemini), and measured using energy-dispersive X-ray
spectroscopy (EDS). To gain statistical information, all measurements
were performed at low magnifications (X50). The average atomic
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concentrations of Br, I, and Pb were calculated based on three
measurements taken in different areas, and the error was taken as the
standard deviation between them. Then, MPI fraction in the blend
was calculated according to (eq $S):

n/6

X =
MPL™ 00 /6 + ng /4

(s)
where n; and ny, are the concentrations of I and Br, respectively (in
mol %).

"H Nuclear Magnetic Resonance. 'H NMR measurements were
performed using a Bruker AVIII 400 MHz spectrometer. ~20 mg of
each sample were transferred to a glass vial (3 mL in volume). The
glassy samples were then placed on a hot plate, preheated to 190 °C,
until complete melting was achieved, then removed from the hot plate
and left to naturally cool down to room temperature. For the
crystalline blends, this melting stage was skipped. Then, 0.7 mL of
DMSO-ds were added to each vial. The vials were sealed and
vigorously shaken for a few minutes until the solid had completely
dissolved. Each solution was transferred to a standard B25 NMR tube,
sealed, and scanned. Data analysis was performed in the MestReNova
software. Prediction, assignment, and integration of the peaks were
done after automatic background and phase corrections. The MPI
fraction (both in the crystalline blends and in the binary glasses) was
calculated based on the integration of selected peaks of each organic
cation, according to

I/ Nypr
Iypr/Nypr + Is xps/Ns.nps

X =

MPI 6)
where I and N are the integral intensity of the peak and the number of
H atoms it represents, respectively. As two peaks in each cation were
selected for integration (see Figures S4 and SS), the above calculation
was done four times for each sample, when the concentration was
taken as the average, and the error as its standard deviation.

Thermal Gravimetry. TGA was performed using a simultaneous
thermal analyzer (SDT 650, TA Instruments). A few mg of each
sample were transferred to an alumina crucible and heated from room
temperature to 700 °C at a rate of 10 °C min™". For the glasses, the
samples were heated to 185 °C (10 °C min™"), cooled back down to
30 °C (20 °C min™"), and then, after stabilization, scanned during
heating up to 700 °C. All heating and cooling steps were performed
under an inert Ar atmosphere.

Differential Scanning Calorimetry. DSC scans were performed
using a DSC 2500 instrument (TA Instruments). A few mg of each
blend were transferred into an aluminum pan, then sealed with a
punched aluminum lid. Each sample was stabilized at —30 °C, then
heated to 185 °C and cooled back down to —30 °C, twice. The
samples were heated at a rate of 10 °C min~}, while cooled at a rate of
15 °C min™" (due to the instability of the MPI glass). All scans were
performed under an inert N, atmosphere.

Fragility Measurements. DSC samples were prepared as
described above. Each sample was melted at 185 °C, then cooled
down and heated back up at different rates: 30, 25, 20, 15 °C min™’,
making sure each scan crosses T, (as calculated based on the initial
DSC scan and presented in Figure S2f, see a schematic scan profile in
Figure S12a). Then, the fictive temperature T; was calculated as the
onset®® of a tangential fitting in the DSC software, and the fragility
index, m, was calculated based on (eq 5):6%6¢

_ dlog R
(3) %)

where R is the scan rate (in K min™') in the DSC, T, is the glass
transition (in K, measured at a reference scan rate), and T; is the
fictive temperature (in K, i.e., T, measured at different R values). The
value of the fragility index m was extracted as the slope of the —logR
Vs Tg/ T plot.

Powder X-ray Diffraction. PXRD was performed in a Bruker D8
Advance diffractometer. A few mg of each crystalline blend were

m =

8817

mounted on a Si low-background holder and scanned in an angle
range of 20 = 3—40° using a CuK, radiation (1 = 1.5406 A). Melt-
quenched glasses were scanned on a glass substrate, see the Stability
Measurements section below.

X-ray Pair Distribution Function. XPDF was performed at
ID22—the high-resolution powder X-ray diffraction beamline of the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France.”*”* A few mg of each crystalline blend were gently ground
using a mortar and pestle, loaded into a borosilicate capillary (0.9 mm
outer diameter, 0.01 mm wall thickness), sealed using epoxy glue, and
mounted onto a brass holder. The total scattering patterns of the
samples were recorded by 1000 exposures of SO0 ms each, using a
PerkinElmer medical X-ray detector, as the beam’s energy was set to
66 keV (4 = 0.187796 A). Temperature control was achieved using a
cold-nitrogen-gas Oxford Cryosystems cryostream, using its maximal
cooling or heating speed (6 K min™"). Each crystalline blend was
measured at 290 K, followed by in situ melting at 460 K. After melting
was achieved, as verified by the high-temperature scattering pattern,
the cryostream was removed and the capillary was left to naturally
cool down to room temperature. Meanwhile, the cryostream was reset
to 290 K. Upon reaching this temperature, the cryostream was
brought back, and the sample, now in its glassy state, was further
cooled to 260 K and measured once more. Lastly, the glass was
reheated to 290 K and measured once again. Container data (empty
borosilicate capillary) was collected at the same temperature
sequence, as well as a background (“air”) scan at room temperature.
The data was processed using the GudRun software.”> Following
background reduction, as well as absorbance and Compton
corrections, the scattering factor S(Q) was Fourier transformed to
produce the pair distribution function D(r).”*"”

High-Resolution Powder X-ray Diffraction. HR-PXRD was
performed in ID22 of the ESRF. A few mg of each pure HOIP were
loaded into a 0.5 mm borosilicate capillary (outer diameter), sealed
using epoxy glue, and mounted onto a brass holder. The diffraction
pattern of each sample was collected at room temperature using a
multianalyzer stage detector, as the X-ray wavelength was 0.37594 A.
To avoid beam damage as much as possible, each sample underwent
three fast scans at different positions along the capillary, and the
patterns were summed together. Rietveld refinement was performed
on TOPAS, using CCDC deposition numbers 2015618 (S-NPB) and
2325878 (MPI) as the fitted structures. To account for the
nonuniform background of the capillary, an empirical background
was measured on an empty capillary of the same size. This was
included in the refinement with a scale factor equal to A + B(26),
where A and B are refinable parameters, together with a 10th order
Chebyshev polynomial function. Molecules were defined as rigid
bodies with refinable position and orientation parameters. A single
isotropic thermal factor was set for each atomic species. For S-NPB,
Gaussian and Lorentzian isotropic contributions to peak broadening
were adopted for crystallite size and microstrains, respectively. For
MP], the Stephens model for anisotropic microstrain contribution was
further adopted.”® The March—Dollase model for preferred
orientation was used on the crystallographic planes (0 0 1) for S-
NPB. For MP], preferred orientation was modeled with eighth order
spherical harmonics.

Glassy Samples Preparation. Standard microscope glass slides
were cut into pieces of ~2 X 2 cm, followed by cleaning them with
ethanol, acetone, and isopropanol. In each cleaning cycle, the glass
slides were submerged in the organic solvent, sonicated for 30 min,
and then washed extensively. After the last washing cycle, the glasses
were left to dry under an ambient atmosphere overnight. To prepare
the samples, about SO mg of each crystalline blend was placed on a
clean glass slide and transferred to a hot plate, preheated to 190 °C.
The sample was left on the hot plate until it completely melted.
Subsequent handling depended on the measurements being
performed: (i) remained uncovered, for FT-IR, SEM-EDS, and
nanoindentation; (ii) covered with a second glass slide, preheated to
the same temperature, for UV—vis spectroscopy; or (iii) covered with
a Kapton sheet (25 ym in thickness, DuPont) and an additional glass
slide, preheated to the same temperature, for XRD. After 2 additional
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minutes, the sample was quickly removed to a room-temperature
metal surface and was immediately covered by a cold stainless-steel
weight (unless uncovered, option i). Upon completely cooling back to
room temperature, the weight was removed.

Fourier Transform Infrared Spectroscopy. FT-IR Spectra were
measured using a Thermo Fisher Scientific Nicolet iS50 FT-IR
spectrometer. A few mg of each binary glass sample (prepared
uncovered, see above), were scraped off the glass substrate (using a
stainless-steel spatula) and placed in the spectrometer sample holder.
Crystalline (as-is) samples of the pure HOIPs were measured as well.
Each sample was scanned in the range of 400—4000 cm™".

SEM-EDS. A few mg of each binary glass sample (prepared
uncovered), were scraped off the glass substrate directly onto a carbon
tape-coated SEM stub. EDS mapping was performed in the Zeiss
Gemini SEM, without carbon-coating the samples. Electron micro-
graphs were acquired using the backscattered electrons (BSE)
detector, as the energy of the primary electron beam (for both
imaging and EDS mapping) was set to 15 keV.

Stability Measurements. Each Kapton-covered glassy sample
was mounted on a plastic XRD holder (Kapton side up) and scanned
immediately after preparation. Assuming the first scan for each sample
was performed at 0 h (immediately after glass formation), each
sample was rescanned after 0.5 h, 12 h, 1 day, 1.5 days, 2 days, 2.5
days, 3 days, S days, 1 week, 2 weeks, 1 month, and once again after 6
months.

Mechanical Properties. Uncovered glassy samples were mounted
into the nanoindenter and secured using a double-sided adhesive tape.
Each sample was indented 20 times at different positions. The
maximal load was set to be 25 mN, while the maximal depth was 2500
nm. Before starting the measurement, the indenter was calibrated
using a reference silica sample. Before and after each indentation, the
tip was cleaned by performing 4 measurements on a reference
aluminum surface. The hardness and Young’s modulus of each sample
were calculated based on the closest 15 values out of the 20 measured.
An additional sample of crystalline S-NPB was prepared by thermal
annealing a glassy S-NPB sample on a hot plate, preheated to 100 °C,
for 5 min. In this sample, indentation was performed on flat and
smooth parts in the sample, representing the exposed (001) facets of
the crystal.

Density Measurements. The density of crystalline and glassy S-
NPB was measured using a gas pycnometer, with N, as the medium.
SDT alumina crucibles (70 yL) were cleaned by sonicating them for
30 min in acetone, then disposing of the liquid and thoroughly
washing them. This process was repeated once more, then twice again
with isopropanol, and finally the crucibles were left to dry overnight at
50 °C. Each crucible was accurately weighed, then filled with S-NPB
powder, and placed on a hot plate preheated to 190 °C. When a
complete melting was achieved, as evident by the transformation of all
the powder to a liquid, the crucibles were removed from the hot plate
and placed on a metal surface for rapid cooling and glass formation.
To recrystallize the glass, one crucible was transferred back to the hot
plate, this time preheated to 120 °C, and was left to recrystallize for
1S5 min, until the transparent glass seemed to completely transform to
a white solid. Each crucible was inserted in turn to the pycnometer
chamber (AccuPyc 1350, 10 cm® Malvern Panalytical), then
underwent 25 purge cycles, followed by 25 measurement cycles.
The N, pressure in the chamber was set to be 19.500 psig, and the
pressure rate of change used as a stability criterion was 0.0050 psig
min~". The temperature for all the cycles was 20.000 + 0.003 °C.
After the measurements, the crucibles were cleaned again (using the
same cleaning process as before), then remeasured empty. The true
density of each sample was calculated according to

Men — mempty

Ve = Vempty (8)

pfrue =
where m and V are the mass and the average volume of the full and
empty crucible, respectively.

Optical Properties. The optical absorbance of the samples was
measured using a Carry 60 UV—vis spectrophotometer. Each glassy
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sample, sandwiched between two clean glass slides, was inserted into
the spectrophotometer (immediately after preparation) and scanned
between 350 and 800 nm for its optical absorbance. Then, each
sample was placed back on the hot plate, this time preheated to 100
°C, and left on it for 5 min. The samples were naturally cooled to
room temperature, followed by remeasurement of their optical
absorbance under the same conditions as before.
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