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Abstract: 

The pursuit of structure-property relationships in crystalline metal halide perovskites (MHPs) has 

yielded an unprecedented combination of advantageous characteristics for wide-ranging 

optoelectronic applications. While crystalline MHP structures are readily accessible through 

diffraction-based structure refinements, providing a clear view of associated long-range ordering, 

the local structures in more recently discovered glassy MHP states remain unexplored. Herein, we 

utilize a combination of Raman spectroscopy, solid-state nuclear magnetic resonance (NMR), 

Fourier transform infrared spectroscopy, in-situ X-ray diffraction (XRD) and pair distribution 

function (PDF) analysis to investigate the coordination environment in crystalline, glass and melt 

states of the 2D MHP [(S)-(−)-1-(1-naphthyl)ethylammonium]2PbBr4. While crystalline SNPB 

shows polarization-dependent Raman spectra, the glassy and melt states exhibit broad features and 

lack polarization dependence. Solid-state NMR reveals disordering at the organic-inorganic 

interface of the glass due to significant spatial disruption in the tethering ammonium groups and 

the corresponding dihedral bond angles connecting the naphthyl and ammonium groups, while still 

preserving substantial naphthyl group registry and remnants of the layering from the crystalline 

state (deduced from XRD analysis). Moreover, PDF analysis demonstrates the persistence of 

corner-sharing octahedra in the inorganic Pb-Br framework of the melt/glass phases, but with a 

loss of structural coherence over length scales exceeding 8-10 Å due to disorder in the inter- and 

intra-octahedra bond angles/lengths. These findings deepen our understanding of diverse MHP 

structural motifs and how structural alterations within the MHP glass affect properties, offering 

potential for advancing next-generation phase change materials and devices.   
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Introduction 

Hybrid metal halide perovskites (MHPs) are a class of semiconducting materials that have 

garnered interest in the field of optoelectronics, driving remarkable advancements in 

photovoltaic,1, 2 emitter,3 sensing,4-6 and photonic devices.7 A key and distinguishing attribute of 

MHP semiconductors is the ability to combine organic and inorganic components, allowing for 

multifunctional and synergistic effects that arise from the interaction between these two chemical 

domains.8-12 Recent upsurge in the versatile synthesis of MHPs and the associated device 

applications13 have been greatly facilitated by advancements in understanding of structure-

property relationships.8-10 For example, effective MHP dimensionality can be tuned from three-

dimensional (3D) to two- (2D) or even one- (1D) dimensional, as determined by the topology of 

the long-range connectivity of the inorganic framework through the corner sharing of metal halide 

octahedra.14-18 The presence of certain organic cations can also introduce configurational strain, 

leading to alternative inorganic connectivity patterns, resulting in the formation of edge-shared or 

face-shared octahedra, or a combination thereof.11, 19, 20 Additionally, distortions in the octahedra 

associated with the inorganic framework impact many interesting MHP properties, including 

bandgap,21, 22 broadband light emission,23, 24 strong optical non-linearity,25 Rashba splitting,26-28 

and ferroelectricity29. Through meticulous structural engineering and a comprehensive 

understanding of the interactions between the organic and inorganic sublattices, the properties of 

MHPs can be finely tuned, resulting in enhanced performance for diverse applications.23, 25, 29-36  

Notably, structure-property relationships in hybrid MHPs have been pursued and advanced by 

focusing on crystalline hybrids, given facile access to well-defined structure refinements that can 

provide a clear view of the time-averaged long-range ordering. In contrast to the study of well-

ordered hybrid MHPs, insights into disorder within equilibrium or non-equilibrium structures, 

such as for organic/inorganic interfaces37 and grain boundaries,38, 39 various dimensionality 

defects,37 and dynamical disorder,40-42 remain more challenging to obtain. In this context, the [(S)-

(−)-1-(1-naphthyl)ethylammonium]2PbBr4 (SNPB) system is highly intriguing, as it not only 

exhibits unique properties in the crystalline state, including chirality transfer and significant 

inorganic octahedra distortion,30 but also offers access to both molten and glassy states and a first 

opportunity to investigate their local structure and resulting properties.43, 44 The discovery of a 

glassy state in MHPs opens up new avenues for studying the characteristics of globally structurally 
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disordered versions of MHP semiconductors and for exploring the diverse range of properties that 

can arise from variations in the local structure of the glass compared to its crystalline counterpart.  

Recent examples of structure-property studies have already sparked interest in various other glassy 

hybrids, including metal-organic frameworks (MOFs)45 and non-halide-based organometallic 

perovskites.46, 47 These studies have demonstrated how altering the local coordination influences 

the porosity,48-50 optical,51 electronic, and thermal properties52 of these hybrid materials, with 

profound implications across a wide range of applications, including gas storage, chemical 

separation, carbon capture, controlled drug release, ion conduction as well as in the development 

of memory and thermoelectric devices.46, 51, 53  A detailed thermal analysis study using differential 

scanning calorimetry (DSC) for SNPB has provided insights into glass transition, cold 

crystallization, and melting temperatures, as well as underlying crystallization kinetics.44 Glasses 

derived from SNPB perovskite also exhibit distinct optoelectronic properties, including a blue shift 

of ~50 nm (or ~0.4 ev) in optical absorption44 and a two-orders decrease in electrical conductivity 

compared to the crystalline state.54 The observed property changes in the glassy state of MHPs, 

which likely arise from variations in the local coordination environment, coupled with the ability 

to reversibly switch between crystalline and glassy state, hold great potential for expanding the 

application space of MHPs. However, despite the promising possibilities presented by non-

crystalline MHP states, our current understanding of the structure and its connection to the 

observed properties in both the molten and glassy states is still limited, highlighting the need for 

further investigation. 

To gain insights into the local coordination environment in non-crystalline states of MHPs, the 

present study comprehensively compares crystalline, glass, and molten states by combining 

temperature-dependent Raman spectroscopy,55, 56 solid-state nuclear magnetic resonance (ss-

NMR),37, 57 Fourier transform infrared (FTIR) spectroscopy, in-situ temperature dependent X-ray 

diffraction (XRD), and X-ray total scattering for pair distribution function (PDF) analysis.46, 58 The 

polarization-dependent Raman spectra of crystalline SNPB show well-defined narrow features 

corresponding to the long-range order, but the glassy state lacks this polarization dependence and 

shows broader features, due to the absence of such ordering. The ss-NMR results point to the 

glassy state preserving ordering among the naphthyl groups, thereby supporting/maintaining a 

nominally layered structure, consistent with the observations from the X-ray diffraction 
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experiments44, 59 (which show a broad low-angle peak, consistent with loosely correlated layering 

among the lead(II) bromide component in both the melt/glass states and suggesting a weak 

smectic-like60 or turbostratic-like61, 62 ordering within these states). However, notable 

displacements appear among the tethering ammonium groups and the dihedrals connecting the 

naphthyl and ammonium groups, resulting in a loss of ordering within this region of the structure. 

FTIR spectroscopy further highlights a weakening of the hydrogen-bonding interactions at the 

organic-inorganic interface in the glass. The disordering of the tethering group subsequently affects 

the local octahedra tilting within the metal halide framework, while still maintaining the short-

range coordination around the Pb cation. We conclude from PDF analysis that corner-sharing 

connectivity remains dominant in the amorphous states. Structural order in the Pb-Br layers, 

however, does not exceed lengths of ~10 Å in the glass or melt, suggesting that deformation of 

nominally intact inorganic layers disrupts the long-range ordering observed in the crystal phase. 

The disruption in the inorganic framework (e.g., Pb-Br-Pb bond angles and framework 

connectivity) provides a likely explanation for the previously reported drastic decrease in observed 

electrical conductivity and blue-shift of the absorption onset for the glass.44,54 The current study 

reveals insights into the structure and the intricate interplay between structure and properties in the 

realm of molten and glassy MHPs, paving the way for transformative advancements among these 

disordered semiconductors. 

Results and Discussion 

To provide an initial comparison of the structural characteristics of SNPB crystalline and glassy 

states, room temperature (300 K) polarization-orientation (PO) Raman scattering measurements 

were conducted (see Figure S1 for details of setup). The variation in Raman-scattering intensity 

was measured as a function of the angle between the linear polarization of the excitation laser and 

an arbitrary axis in the plane of the crystal surface, which reflects the average symmetry of the 

measured sample.55 Figures 1(a) and (b) display Raman intensity heatmaps of the crystalline and 

glass states (see Experimental Section), respectively. The crystalline PO map exhibits clear 

polarization dependence, as expected for an ordered crystal, whereas the analogous glassy state 

map shows no polarization dependence, typical for glassy materials lacking long-range order. To 

preclude the effects of dynamic disorder arising from thermal vibrational effects, the Raman 

spectra of the two states were measured at cryogenic temperature (T = 10 K; see Figure S2 for full 
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sequence of temperature-dependent Raman spectra). For the crystalline state, sharp and high 

intensity peaks reflect the distinct and well-defined Raman active modes (Figure 1c). The glassy 

state exhibits scattering in a similar frequency range as the crystalline state, albeit with 

significantly broader features. The observed relationship in Raman data between the crystalline 

and glassy states of SNPB aligns with previous findings in materials such as crystalline and glassy 

quartz63 and confirms the identification of the melt-quenched phase of SNPB as glassy. 

Furthermore, similar spectral features are observed between the glassy and melt states on 

comparing the reduced Raman spectra — obtained by dividing the raw spectrum by the 

temperature-dependent Bose-Einstein distribution (see Experimental Section) 64, 65 — to account 

for thermal effects between different states near the vicinity of melting temperature (Tm) of SNPB 

(Figure 1d). Notably, Raman features in the frequency range below 120 cm-1 can generally be 

assigned to PbBr6 octahedra rocking/twisting modes, as well as Pb-Br bond bending, twisting and 

stretching modes.66-68 While the analogous features in the glass and melt phases are too diffuse to 

definitively assign to specific lattice modes, the maintenance of spectral weight in the relevant 

frequency range suggests that the PbBr6 octahedra persist into these phases, a point that will be 

further discussed for the solid state NMR and PDF analyses (vide infra). 
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Figure 1. Polarization-orientation (PO) Raman intensity heatmaps of the crystalline (a) and glassy 

(b) states of SNPB at 300 K are shown, with the red curves at the tops of the panels displaying the 

unpolarized spectra obtained by summing over all polarization angles. The Raman spectra of the 

glassy and crystalline states at 10 K are compared in (c), while (d) presents the reduced Raman 

spectra (see Experimental Section) of the glassy, crystalline, and melt states, reduced from 345K, 

446K, and 458K, respectively. 

 

To further explore the different local chemical environments of organic cations and organic-

inorganic interfaces in the crystalline and glassy states of SNPB,  solid-state 1D 1H, 13C and 207Pb 

Magic-Angle Spinning (MAS) NMR spectra were collected and analyzed.37, 69-71 Specifically, 1H 

chemical shifts are sensitive to hydrogen bonding interactions, π−π stacking, C-H-π interactions, 

and relative orientations of organic cations with respect to PbX6 octahedra, whereas 13C chemical 
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shifts reflect the molecular conformation within the perovskite (or disordered) framework. On the 

other hand, 207Pb chemical shifts are sensitive to changes in the inorganic framework, including 

PbX6 coordination, octahedral distortions, and the type of halogen in the lead halide octahedra.  

 

 

Figure 2. Local structures and packing interactions in crystalline SNPB. (a) 1D 1H and 1H{14N} 

MAS NMR spectra. (b) 2D 1H-207Pb correlation spectrum and (c) 1H-13C correlation spectrum 

with aliphatic (top) and aromatic regions (bottom) expanded, with solid red boxes depicting 

through-space proximity between tethered groups in spacer cations. 1H and 13C peaks 

corresponding to the naphthyl and aliphatic sites are color coded as depicted in the inset shown 

in (a). (d) crystal structure of SNPB depicting two crystallographically independent spacer cations 

(labeled “i” and “ii”) by means of different dihedral angles between the naphthyl and ammonium 

groups. All spectra were acquired at 18.8 T (Larmor frequencies: 1H = 800.1 MHz, 13C= 201.3 

MHz and 207Pb= 167.4 MHz) and at room temperature. 

 

For crystalline SNPB, the obtained resolution in the 1H NMR spectrum (Figure 2a) enables the 

identification of the CH3 groups (1.7 ppm, orange dot); but the resolution is inadequate to 

distinguish between NH3, CH and naphthyl sites that overlap to yield a broad signal in the range 



9 
 

of 4-9 ppm. However, 1H sites in the vicinity of the 14N sites can be selectively excited and detected 

using 1H{14N} filters (see bottom panel of Figure 2a)—i.e., the 1H chemical shift associated with 

the NH3 groups (7.8 ppm, cyan dots) is displaced to a higher ppm value compared to the NH3 

response (~6.5 ppm) of 3D methylammonium lead bromide (MAPbBr3),72 indicating stronger 

hydrogen bonding between (S)-(−)-1-(1-naphthyl)ethylammonium and the PbBr6 octahedra in 

SNPB. Single crystal structure analysis indicates the presence of two crystallographically 

independent spacer cations with different hydrogen bonding interactions between the NH3 sites 

and the PbBr6 octahedra and distinct naphthyl side-chain conformations (Figure 2d).30, 44 However, 
1H NMR does not provide sufficient resolution to resolve these distinct cations. The subtleties in 

the chemical shifts are within the full width at half-maximum (FWHM) of ~1110 Hz (1.38 ppm). 

In comparison, 13C NMR provides enhanced resolution to gain insights into the different local 

chemical environments of carbon atoms within the organic spacer cations and the naphthyl side-

chain conformations. Additionally, in cross-polarization (CP) MAS experiments, 13C signals are 

enhanced by polarization transfer from adjacent 1H sites via 1H-13C dipole-dipole interactions. By 

adjusting the CP contact time, the 13C signals of directly bonded CH groups and through-space CH 

moieties can be identified and detected (Figure S3). Enhanced resolution in the 13C CP-MAS 

spectrum allows naphthyl CH moieties (120-130 ppm range, blue dot, Figure S3) and quaternary 

carbon atoms (127-130 ppm indicated by a grey dot and 133-135 ppm depicted by a red dot) and, 

sidechain CH (48 and 51 ppm, green dot) and CH3 (25 and 28 ppm, orange dot) groups to be 

distinguished. Both CH and CH3 groups exhibit two sets of signals each, which reflects the two 

crystallographically independent molecules that differ in their dihedral angles (i.e., providing the 

resolution that is missing within the 1H NMR spectrum). In addition, 1D 207Pb NMR shows a broad 

distribution of signals due to large chemical shift anisotropy and spin-orbit coupling, which cannot 

be completely averaged by MAS experiments. For crystalline SNPB, a 207Pb chemical shift 

centered at ~110 ppm (Figure S4) is observed due to chemically equivalent 207Pb atoms, although 

each Pb atom is bonded to apical and in-plane Br atoms.  

Further insights into the packing interactions within the organic layers as well as the organic-

inorganic interfaces in crystalline S-NPB can be obtained by analyzing the 2D 1H-207Pb and 1H-
13C correlation spectra. In such spectra, 2D peaks are produced for the spatially proximate and 

through-space dipolar-coupled 1H-207Pb and 1H-13C sites over sub-nanometer distances. The 2D 
207Pb-1H spectrum (Figure 2b) exhibits well-resolved peaks that correlate 207Pb shift (~110 ppm) 
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with the NH3 (7.8 ppm), CH (5-6 ppm) and CH3 (1.7 ppm) proton sites, confirming the sub-

nanometer proximities between the organic spacer cations and the lead bromide octahedra. These 

results are further corroborated by the analysis of 2D 1H-13C spectrum (Figure 2c): two distinct 2D 

peaks between 1H (5.9 ppm) and 13C (48 ppm), and 1H (5.3 ppm) and 13C (51 ppm) are attributed 

to the distinct CH moieties with C-H…Br interactions and associated C-H…Br distances of 2.99 

Å and 3.19 Å, respectively, as depicted in the solid red boxes in the top panel of Figure 2c.30 In 

addition, 2D peaks correlating the 13C chemical shifts at 25 ppm and 28 ppm with the 1H chemical 

shift of 1.7 ppm corresponding to terminal CH3 groups are resolved. In the aromatic region, 2D 

peaks associated with the naphthyl CH moieties (blue dots) and the through-space interactions 

between the quaternary carbon atoms (133-135 ppm, black and red dots) and the CH3 groups (1.7 

ppm) are observed (solid red box in bottom panel of Figure 2c). Two crystallographically 

independent organic spacer cations (Figure 2d) contribute to the different 2D peaks in the 1H-13C 

correlation spectrum, of which tethered CH3 and CH carbon sites are well-resolved and 

distinguished, suggesting that the organic-inorganic interface in crystalline SNPB exhibits 

different non-covalent interactions. The interplay among these non-covalent interactions during 

the vitrification process may contribute to the different packing interactions in the glass, as 

discussed below. 
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Figure 3. Local structures and packing interactions in glassy SNPB. (a) 1D 1H and 1H{14N} MAS 

NMR spectra. (b) 2D 1H-207Pb correlation spectrum and (c) 1H-13C correlation spectrum with 

aliphatic (top) and aromatic (bottom) regions expanded, with dashed red boxes representing the 

disruption of peaks indicating locally disordered tethered groups in spacer cations. 1H and 13C 

peaks corresponding to the naphthyl and aliphatic sites are color coded as depicted in the inset 

shown in (a). All spectra were acquired at 18.8 T (Larmor frequencies: 1H = 800.1, 13C= 201.3 

MHz and 207Pb= 167.4 MHz) and at room temperature. 

Next, we applied a similar measurement approach to study the glassy phase of SNPB, to gain 

insights into the changes in local order and packing interactions upon the crystal-to-glass 

transformation (see Experimental Section). Changes in the local chemical environments (sub-

nanometer to nanometer distances) are expected to produce different displacements of the chemical 

shifts in the 1D spectra, whereas changes in through-space interactions are best observed through 

changes in 2D peak intensities and widths. Relatively broad features in the 1H NMR spectrum of 

glassy SNPB (i.e., compare Figure 2a and Figure 3a) confirm the presence of local disorder as 

indicated by the different distributions of CH3 (0-3 ppm) peaks and the line broadening (FWHM 

of ~2420 Hz or ~3.03 ppm) associated with the CH sites (4-6 ppm). The changes associated with 
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disordering are also reflected in the 14N-filtered 1H MAS spectrum, whereby the peak broadening 

associated with NH3 groups is detected in the 5-9 ppm range with FWHM of over 2300 Hz (or 

~2.87 ppm) due to the different distributions of 1H chemical shifts (as opposed to relatively narrow 

peak at 7.8 ppm with FWHM of ~1100 Hz, or 1.34 ppm, in crystalline SNPB) due to the weaker 

hydrogen bonding interactions with the lead bromide octahedra. These results are corroborated by 

analyzing 2D 1H-14N and 1H-1H correlation spectra (Supporting Information and Figure S5), which 

show different 2D peak intensities and frequencies, arising from the changes in packing 

interactions including hydrogen bonding interactions in the vicinity of tethered groups (NH3 

moieties) of organic spacer cations and PbBr6 slabs. The 2D 1H-14N peaks originating from inter 

and intramolecular dipole-dipole interactions are detected in the SNPB crystalline sample (Figure 

S5a, solid red box), whereas such peaks are poorly detected (or even undetected) in the SNPB 

glass (Figure S5b, dashed red box). The 2D 1H-207Pb correlation spectrum exhibits similar trends 

(Figure 3b). However, a broad 207Pb feature of the glassy SNPB phase appears at ~100 ppm with 

FWHM of ~75 kHz (448 ppm), hinting at unresolvable local structural changes within the 

inorganic lead bromide octahedron itself upon vitrification (Figure S4).73 The most notable point 

is that the local disorder at the organic-inorganic interface, as mediated by disordering of the 

tethering groups attached to the naphthyl rings, particularly contributes to the glassy phase, as 

observed by the changes in the position and FWHM of the chemical shift of CH3, CH, and NH3 

sites. The relatively insignificant change in the 207Pb shifts (~10 ppm) suggests that the octahedral 

connectivity is less perturbed across the glass-crystalline transition, though the peak broadening 

(FWMH ~75 kHz or 448 ppm) indicates changes in local PbBr6 octahedral tilting and distortions, 

as further supported by PDF anlysis presented below. If structural collapse of corner-sharing PbBr6 

octahedra were to occur, then the displacement in the 207Pb shift would be expected to be of the 

order of a few 100 ppm towards a lower frequency.74 However, the analysis cannot exclude the 

possibility of existence of a small concentration of undercoordinated Pb atoms or the presence of 

edge/face-shared PbBr6 octahedra, below the sensitivity and resolution limit for the analysis of 
207Pb shifts—e.g., due to possible disruption in the connectivity among what remains of the 2D 

PbBr4
2- sheets within the glass phase.    

Locally disordered sites at the interface were further confirmed by analyzing 2D peaks in the 1H-
13C spectrum. Weak intensity (or the absence of) 2D peaks correlating the 1H chemical shift 0-3 

ppm (CH3) and the naphthyl carbon peaks in the range of 120-140 ppm suggest that the  inter/intra-
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molecular proximities between the quaternary carbon atoms and the CH3 groups are perturbed in 

the glassy phase, as shown by the dashed red box in the lower half of Figure 3c as compared to the 

analogous peaks for the crystal (Figure 2c). The loss of interaction between the alkyl protons and 

naphthyl carbon atoms further aligns with the absence of 2D peaks between alkyl carbon atoms 

(10-40 ppm) and the aromatic protons (6-8 ppm), as depicted by dashed red boxes in the upper 

half. However, strong intensity but relatively broad 2D peaks associated with the naphthyl groups 

(120-145 ppm) are observed, confirming that the glassy phase largely results from the local 

disorder at the organic-inorganic interface, caused by the conformational disorder in the tethering 

groups and the weak non-covalent interactions between the PbBr6 octahedra and spacer cations.  

To gain further insights into the local dynamics of spacer cations, we have carried out 2D cross-

polarization variable contact (CP-VC) experiments. The CP-VC NMR approach has been 

previously applied to probe the rotational dynamics of aromatic rings in layered 2D perovskites.41 

The 2D 13C{1H} CP-VC experiment (Figure S6a) is a 13C-1H dipolar-coupling-mediated 

measurement that correlates 13C chemical shifts in the horizontal axis with the dipolar coupling 

values of the directly bonded C-H moieties in the vertical axis. For glass S-NPB, the measured 

DCH = 22.1 kHz is closer to the theoretical value of 23 kHz associated with a rigid C-H bond, 

indicating the restricted molecular motion of naphthyl rings. In addition, broad features of proton 

signals associated with NH3 and CH3 peaks (Figure S6b), further corroborate the restricted 

dynamics of the tethered groups at the organic/inorganic interface. FTIR spectroscopy analysis 

performed on the crystalline and glassy SNPB samples (see Experimental Section) supports the 

assertion of weaker non-covalent (i.e., hydrogen bonding) interaction at the organic-inorganic 

interface in the glassy state, as evident from the heightened intensity of the N-H stretching mode 

(3460 cm−1) in this state (Figure 4).75 This mode is characteristic of relatively free N-H groups, as 

opposed to the vibration modes appearing at lower wavenumbers, typically observed for more 

strongly hydrogen bonded N-H groups.75, 76 The lower wavenumber N-H modes are largely 

swamped in the shoulder of the broad spectral feature near 3000 cm−1 (primarily associated with 

C-H stretching modes)77 for the current crystalline and glassy samples (Figure 4), as for the 

crystalline iodide analog.78 Loss of conformational order at the organic-inorganic interface, as indicated 

in the current study, supports the recent observation of the loss of circular dichroism (CD) signal at 

wavelengths corresponding to absorption from the inorganic framework—i.e., pointing to the loss of chiral 
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transfer from the organic cation to the inorganic framework in the glass—as recently reported by Zhao et 

al.54  

 

Figure 4. Fourier transform infrared (FTIR) spectroscopy of crystalline and glassy samples of 

SNPB. The patterns for both the crystalline and glassy (a) powdered and (b) film samples are 

similar except for a difference in enhanced intensity for the absorbance corresponding to relatively 

free ‘N-H’ stretching mode at 3460 cm−1.75 The magnified view of the FTIR fingerprint region (up 

to 1700 cm−1)79 for the organic component shows no significant differences (Figure S7). 

The local structure of crystalline, melt, and glassy SNPB was further characterized through in-situ 

temperature dependent X-ray diffraction (XRD) (Figure 5; also, see Experimental Section) of 

SNPB films. The presence of a broad diffraction feature peaking at 5.7° corresponding to an 

average d-spacing of ~15 Å points to maintaining some degree of the layered ordering in both the 

melt and glass states (Figure 5), albeit with a reduction in the layer spacing (i.e., the crystalline 

peak at 4.6° corresponds to a d-spacing of ~19 Å). The change in d-spacing presumably arises 

from the disordering and rearrangement in the organic cation tethering groups, possibly 

accompanied by tilting of the naphthyl groups. The XRD peak width in glass/melt corresponds to 

a correlation length of 4-5 nm and thus the order is limited to a few layers. Recently, we have 

presented a second example of a glass-forming MHP with much faster glass-crystal transition 

kinetics, and also pointed out the possibility of and impact of slight changes of stoichiometry 

during heat cycling.80 In the current study, organic loss was inhibited by utilizing a Kapton 

overlayer to cover the film during elevated temperature XRD measurement. We can’t exclude the 
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possibility that some of the extra peak broadening in the melt phase data (relative to that for the 

glass) may arise due to limited sample degradation at the relatively high measurement temperature. 

Indeed, intentionally holding the sample at 190 °C for extended time (exceeding 10 min) leads to 

formation of a PbBr2 secondary phase within the sample (Figure S8). Nevertheless, the ability to 

recover the original d-spacing upon crystallizing the glass film (Figure 5) implies that the decrease 

in interlayer spacing in the melt/glass states does not arise from changes in composition. The weak 

layering we observe suggests analogies to turbostratic-like order seen in carbon and other layered 

materials61, 62 or to glass-like liquid crystalline structure observed in quenched small molecules.60 

 

Figure 5. The in-situ temperature-dependent x-ray diffraction (XRD) pattern of glassy, crystalline, 

and molten SNPB films recorded at various temperatures. The broad peak near 2θ of 5.7° in the 

glass and melt states of SNPB reveals the amorphous nature, devoid of the long-range ordering 

observed in crystalline SNPB that instead shows a family of repeating 00l peaks. Additionally, the 

original d-spacing corresponding to 19 Å (2θ ~4.6°) is re-established in the recrystallized film, 

suggesting its successful reversion to the parent crystalline composition. 

Pair distribution function (PDF) analysis from X-ray total scattering provides local order insights 

related to the inorganic sublattice of SNPB, as a result of the larger X-ray scattering strengths 

(atomic form factors) of Pb and Br compared to the C, N, and H atoms in the 

naphthylethylammonium cation. Here, the PDF analysis provides information on nearest neighbor 
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Pb-Br coordination environments and extended correlations in real space. The reduced pair 

distribution function G(r) (Figure 6a) describes the real space distance between atom pairs and the 

extent of structural coherence as oscillations about G(r) = 0.  The PDF of crystalline SNPB displays 

structural correlations beyond 30 Å in real space, expected for the ordered, periodic structure 

(Figure S9). In contrast, the glass and melt states of SNPB lack discernible G(r) peaks beyond 8-

10 Å, and thus long-range order, even across neighboring PbBr6 octahedra, is largely absent in 

these states. Short range correlations, however, are qualitatively similar across all three states, with 

broadened peaks in the glass predominantly due to static disorder and primarily due to thermal 

broadening for the melt state (measured at 195 °C). The general similarity in the PDF pattern 

suggests that the short-range structural motif of corner-sharing PbBr6 is largely maintained in the 

glass and melt states, consistent with the Raman and ss-NMR results. The retention of short-range 

order in glassy SNPB also aligns with the recent findings on a ball-milling-induced amorphous 

SNPB state,81 as well as with previous findings in materials including MOFs82, 83 and dicyanamide 

based organometallic perovskites. 46 

From G(r), we calculate the radial distribution function, R(r), for which integrated peak areas are 

expected to be proportional to coordination number. Figure 6c shows a Z-weighted histogram of 

pair distances from the ambient temperature crystal structure of SNPB30 overlaid with pair-wise 

R(r)/r to visualize the sum of atom pairs comprising each peak. For crystalline SNPB, the first 

peak centered at approximately 3 Å represents the Pb-Br bond distances of the PbBr6 octahedra. 

However, the Pb-Br bond lengths are asymmetrically distributed due to the distorted PbBr6 

octahedra (Figure 6b), with an observable shoulder on the right side of the Pb-Br peak, 

corresponding to a single elongated bridging Pb-Br bond length (Figure 6c). The second peak at 

approximately 4.2 Å represents a broad range of Br-Br distances along edges of the octahedra. 

Finally, the peak centered near 6 Å primarily represents the Pb-Pb pair for neighboring octahedra, 

amid less significant contributions from Br-Br and higher order Pb-Br pairs.  
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Figure 6. (a) Reduced pair distribution function (PDF) of SNPB plotted between 0 and 30 Å for 

crystalline, melt, and glass states. The dashed black line depicts the sloping baseline (-4πrρ0) (see 

Experimental Section) to obtain the function R(r)/r. (b) Distorted PbBr6 octahedron in crystalline 

SNPB showing Pb-Br bond lengths. (c) Expanded region of R(r)/r showing the Pb-Br, nearest Br-

Br, Pb-Pb and Pb-Br (next nearest) pair correlations compared against a histogram of pair 

distances scaled in proportion to the product of each pairs’ atomic numbers: ZiZj. Crystal and 

glass data are collected at RT, while the melt is at 195 °C. Note the strong similarity between the 

melt and glass G(r) and F(Q) (Figure S10) showing structural congruence for the Pb-Br octahedra 

in these states.  

The respective R(r) peaks of the glassy state represent a marked departure from the local order of 

the crystal. The Pb-Br peak broadens compared to the crystalline state, implying an overall wider 

distribution of Pb-Br bond lengths within the glass. In addition, the right side of the peak (r ≈ 3.2 

Å) displays a shoulder that increases in intensity for glass and melt phases. Accompanied by a 

reduction in overall peak amplitude, these changes show a subset of Pb-Br bond lengths increase 
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in the disordered SNPB states compared to the crystalline state, consistent with narrow and broad 
207Pb NMR shifts observed for the crystalline and glassy states respectively (Figures S4). To 

quantify changes in the Pb-Br bond length distribution and test for significant changes in Pb-Br 

coordination number (CNPb-Br), we fit a simple model to the R(r) peak comprised of two 

overlapping Gaussian line shapes (Figure S11, Table S2) and a linear approximation of 

neighboring peak overlap at higher r values. We take the total Pb-Br peak area as the sum of the 

two optimized Gaussians. With respective R(r) peak areas proportional to coordination number 

and with CNPb-Br known in the crystalline state, we normalize this total peak area to six for the 

crystal (CNPb-Br Norm.) and apply this scale factor to glass and melt phases (Table S2).  Using this 

approach, we find CNPb-Br Norm. values for crystal (6.0 ± 0.7), glass (6.2 ± 0.4), and melt (6.1 ± 0.3) 

phases that remain the same within standard error. We may also compare the relative areas of the 

two optimized Gaussian peaks for insight into the distribution of Pb-Br bond lengths. As the total 

area of these two peaks is effectively constant, the change in peak area ratio in the crystal (1.8) 

relative to the glass (1.0) phase further support the increase in a subset of Pb-Br bond lengths upon 

amorphization, even amidst the overall broader distribution in the glass relative to the crystal 

(Figure S10, Table S2).   

One possibility in transitioning from a solid crystal to a melt would be for the PbBr4
2- sheets to 

partially break apart during the melting process, with this structural aspect locked in during the 

quenching process to form the glass, which would effectively create Pb-Br-based islands still 

nominally sandwiched between the bilayers of organic cations and including disorder among the 

tethering groups. Introducing breaks in the Pb-Br bonding (i.e., effectively “cuts” in the PbBr4
2- 

sheets) would necessitate, to maintain the overall PbBr4
2- stoichiometry, either reducing the 

coordination of some Pb atoms at the edges of the islands to a value <6 (if corner-sharing is 

maintained) or changing the connectivity among some of the octahedra at the island edges to an 

edge- or face-sharing motif (if maintaining octahedral coordination).84 The above CNPb-Br analysis 

supports the hypothesis that the bulk of the Pb atoms within the glass/melt maintain nominal 6-

fold (i.e., octahedral) coordination. In terms of possible change in connectivity from corner-sharing 

to edge- or face-sharing, a significant change in higher order (r ≳ 4 Å) PDF peak shapes would be 

expected in either case (Figure S12)—i.e., departure from corner-sharing connectivity should be 

distinguishable by Pb-Pb distances decreasing from 6 Å to ~4-5 Å in face- or edge-sharing 

connectivity. In the PDF, for a change in connectivity, we would expect both i) an increase in 
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amplitude near 4.2 Å and ii) a decrease in amplitude near 6 Å as the Pb-Pb distance becomes nearly 

commensurate with Br-Br. Given the lack of significant changes in the 4.2 Å peak shape between 

crystal and glass states (Figure 6c), we surmise that there are no significant new additional Pb-Pb 

contributions at this distance range. Considering the increased damping of PDF oscillations and 

loss of structural coherence at longer length scales, confident analysis of the 6 Å peak becomes 

increasingly difficult. However, the differences in this peak, especially clear in the G(r) plot 

(Figure 6a), appear consistent with expected disorder/damping, without significant changes in 

weighting among the components of the peak. Given these points, we conclude that corner-sharing 

PbBr6 octahedra remain the dominant motif upon melting/vitrification, although the analysis does 

not preclude small changes in coordination/connectivity below the detection limits of the analysis. 

Overall, the PDF results support the hypothesis that loss of structural correlation in the glass/melt 

states arises principally from disordering of hydrogen bonding at the PbBr4
2--organic cation 

interface, as also highlighted from the discussion related to the other analysis approaches.  

Finally, the transformation of the crystalline SNPB into a glassy state, marked by the loss of long-

range periodicity, has significant implications. Specifically, the loss of coherence beyond ~10 Å 

with local changes in the inter- and intra-octahedra distortion may, in part, contribute to a blue shift 

of (~ 50 nm or 0.4 eV) in the absorption onset of the glassy state, when compared with the ordered 

and extended inorganic lattice found in the crystalline counterpart (data reproduced from the earlier 

work as Figure S13).44 Recent reports on photoluminescence of the crystalline and glassy state of 

RNPB (another enantiomeric form of SNPB),50 and ball-milling-induced amorphous SNPB,75 also 

corroborates the blue shift behavior wherein the glassy state fluorescence is bluish in color whereas 

the crystalline state is more on the warm white side. A significant decrease of two orders in 

electrical conductivity along the lateral direction has also been documented,54 which can be, at 

least in part, attributed to the loss of periodicity within the inorganic sub-lattice due to disorder in 

inter-octahedra bond angles or perhaps Pb-Br bond lengthening within the inorganic layer. 

 

Conclusion 

In summary, our study represents the first comparison of the local structure within a molten and 

glassy MHP (relative to the crystalline state), achieved through a comprehensive integration of 

Raman spectroscopy, solid-state NMR, FTIR, and XRD coupled with PDF measurements. 
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Contrasting the crystalline state of SNPB with its glassy counterpart reveals intriguing differences: 

The crystalline state demonstrates Raman polarization dependence and distinct modes, whereas 

the glassy state exhibits an absence of polarization dependency and shows broad Raman features 

(within a similar wavenumber regime), as expected for the absence of long-range periodicity in a 

glass. Notably, 1H, 13C, 14N, and 207Pb ss-NMR chemical shifts and associated 2D correlation 

spectra confirm that substantial disruptions appear within the tethering ammonium group and the 

associated dihedral angles linking the naphthyl and ammonium groups for the glassy state. These 

disruptions are pivotal factors contributing to the loss of order at the organic-inorganic interface, 

as also evidenced by the emergence of relatively free (weakly hydrogen bonded) N-H stretching 

modes in the FTIR spectrum. Our study also demonstrates the preservation of registry among the 

naphthyl groups (presumably associated with significant cation-cation interactions), leading to the 

retention of some layered structural order in melt and glassy SNPB, as revealed from the in-situ 

XRD. Moreover, the PDF analysis supports the dominant presence of corner-sharing among the 

octahedra in the glassy state, with an atomic correlation length of 8-10 Å, beyond which there is a 

breakdown of coherence. This breakdown may be attributable to disorder in inter-octahedra bond 

angles. The molten state also exhibits a similar broad Raman feature and structural correlation 

length, suggesting a similar local structure to that of glass. The combined results indicate that the 

exemplary glassy perovskite under study might aptly be termed a “perovskite glass” (given that it 

maintains some features of the crystalline perovskite structure, including dominant corner-sharing 

among lead bromide octahedra). The alterations in the local structure of the glass correlate with 

previously observed changes in optoelectronic properties, including decreased electrical 

conductivity and a blue shift in the optical absorption profile. These findings aid in comprehending 

the structural distinctions among different states of MHPs and shed light on the structure induced 

property changes that can be leveraged in the development of next generation energy storage, 

memory and computing devices. 
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EXPERIMENTAL SECTION 

Methods: 

1. Materials: 

(S)-(−)-1-(1-naphthyl)ethylamine (>99%, Sigma Aldrich), lead bromide (PbBr2, 99.99%, TCI 

chemicals), hydrobromic acid (HBr) (48 wt% in H2O, >99.99%, Sigma Aldrich), and N,N-

dimethylformamide (DMF) (anhydrous, 99.8%, Sigma Aldrich) were procured and used without 

further purification. 

2. Crystal synthesis: 

To grow crystals of (S-NEA)2PbBr4 perovskite crystals (henceforth referred as SNPB), where S-

NEA refers to (S)-(−)-1-(1-naphthyl)ethylammonium, stoichiometric amounts of PbBr2 (180 mg, 

0.48 mmol) and (S)-(−)-1-(1-naphthyl)ethylamine (156 µL, 0.96 mmol) were dissolved in aq. HBr 

(2.0 mL) and deionized water (4.8 mL) in a vial at 95 °C. The hot solution was slowly cooled to 

20 °C over a period of 24 hours in a water bath, resulting in the formation of colorless plate-like 

SNPB single crystals. The as-obtained crystals of SNPB were filtered and washed three times with 

diethyl ether before final vacuum drying and storage for further use. 

3. Preparation of glassy SNPB: 

Soda-lime glass substrates (25.4 × 10.0 × 1.2 mm3) were first washed under running deionized 

water and then cleaned by ultrasonication in acetone and isopropyl alcohol for 3 min each, 

followed by air drying. A few single crystals (<1.0 mg) of SNPB perovskite were placed on a soda 

lime glass substrate and the substrate was then placed on a hot plate set to 190 °C (exceeding the 

melting point by ~15 °C to reduce melt viscosity); the structure was pressed on top with another 

preheated soda lime glass substrate to spread the melt. After visual inspection to ensure melting 

(≈60 s), the sandwiched glass was left to heat for another 30 s before quickly placing on a metallic 

steel bench to rapidly cool to room temperature for glass formation. The glassy SNPB, sandwiched 

between soda-lime glass substrates, was scratched using a spatula to obtain powdered glassy SNPB 

to facilitate various characterizations, after removing the top soda lime glass slide. For in-situ X-

ray diffraction (XRD) measurements, the SNPB glassy films were prepared using the above 

mailto:gnm.reddy@univ-lille.fr
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method, with the only exception being an additional 8-micron Kapton sheet placed between the 

two soda lime glass substrates to provide protection against significant decomposition during 

measurement at elevated temperatures. 

4. Raman spectroscopy: 

Raman scattering measurements were performed using a custom-built back-scattering system 

(Figure S1).85, 86 A below band-gap 1.58 eV continuous-wave pump-diode laser from Toptica Inc. 

(USA) was employed as the excitation source. The incident beam was linearly polarized using a 

Glan-laser polarizer from Thorlabs (USA) and directed into a microscope (Zeiss, USA). A 0.55 

NA/50x objective (Zeiss, USA) was used to focus the laser beam onto the sample. To control the 

excitation polarization, a zero-order half-wave plate (Thorlabs, USA) was utilized, allowing small 

increments (2.5 degrees) of rotation between consecutive spectra in the polarization-orientation 

(PO) measurement. The back-scattered beam, collected by the objective, was then passed through 

another polarizer to selectively collect light scattered parallel or perpendicular to the incident 

polarization. To minimize Rayleigh scattering, the beam passed through a volume holographic 

beam-splitter and two notch filters (OD > 4) from Ondax Inc. (USA). Subsequently, the beam was 

focused onto a 1 m long spectrometer (FHR 1000, Horiba) and dispersed by either a 1800 gr/mm 

or a 600 gr/mm grating. A silicon CCD detector from Horiba Inc. (USA) captured the dispersed 

light. For temperature control, the crystals were mounted in an optical cryostat (Janis Inc., USA), 

cooled by either liquid nitrogen or liquid helium. Unpolarized spectra were obtained by summing 

the spectra measured for all incident polarizations, collected in parallel and perpendicular 

configurations. These spectra were then normalized to the maximum intensity. 

For temperature-dependent measurements, the SNPB samples (crystalline and glassy form) were 

glued onto a cryostat plate with silver paste. The cryostat was then pumped to vacuum conditions 

(~10-5 mbar). Afterwards, the temperature was ramped between two consecutive measurements at 

2 °C/min and allowed to equilibrate for 10-15 minutes upon reaching the required temperature 

before measurement. To obtain a valid comparison between the glass, crystal and melt states, 

reduced Raman spectra were obtained by dividing the raw Raman spectra of each state at different 

temperatures (glass, crystal, and melt state, measured at T = 345 K, 446 K, and 458 K, respectively) 

by the temperature-dependent, one-phonon Bose-Einstein distribution that represents the phonon 

population with temperature (Figure 1d).64, 65 
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5. Solid-state nuclear magnetic resonance (ss-NMR) spectroscopy:  

For all solid-state nuclear magnetic resonance (ss-NMR) measurements, the crystalline and glassy 

SNPB materials were packed into 1.3 mm (outer diameter) cylindrical zirconia rotors fitted with 

Vespel® caps. All 1D 1H and 13C{1H} CP-MAS, and 2D 1H-207Pb and 1H-13C correlation NMR 

experiments were conducted on a Bruker AVANCE NEO (18.8 T, Larmor frequencies were 1H = 

800.1 MHz, 13C = 201.3 MHz and 207Pb = 167.4 MHz) spectrometer with a 1.3 mm H-X probehead 

operating at ambient temperature. Unless otherwise stated, the magic-angle spinning (MAS) was 

set to 50 kHz in all measurements. The 1H and 13C experimental shifts were calibrated with respect 

to neat TMS using adamantane as an external reference (higher ppm 13C resonance, 35.8 ppm, and 

the 1H resonance, 1.85 ppm).  

For crystalline and glassy SNPB materials, the 1D 1H MAS spectra were acquired by co-adding 

32 transients using a delay of 2.5 seconds. 1D 1H→13C CP-MAS spectra were acquired with 2048 

co-added transients with short (0.2 ms) and long (4 ms) CP contact times. The 1H-detected 2D 1H–
13C heteronuclear correlation (HETCOR) spectra were acquired with 128 t1 increments, each with 

co-addition of 32 transients. The 1D 1H{14N} heteronuclear multiple-quantum correlation 

(HMQC)-filtered 1H spectra were acquired with 32 co-added transients.  The 2D 1H-14N dipolar 

(D)-HMQC NMR spectra were acquired with SR4 recoupling to reintroduce the heteronuclear 
14N-1H dipolar couplings with a duration of 160 µs. For each of the 64 t1 increments, acquired 

using the States-TPPI method, a rotor synchronized increment of 20 µs was used. 4 transients were 

co-added with a recycle delay of 3 s. The 1H-1H Double-Quantum–Single-Quantum (DQ-SQ) 

correlation spectra were acquired with Back-to-Back (BaBa) pulse sequence using DQ recouping 

time of 20 µs, corresponding to one rotor period.  The 2D  spectra were obtained by co-addition 

of 128 rotor synchronized t1 increments, each with 16 transients. All 2D 1H-detected 1H–207Pb 

HETCOR spectra were acquired at fast MAS (50 kHz) with 48 t1 increments, each with 512 co-

added transients, using 6 ms of CP contact time. All 1D and 2D ssNMR spectra were processed 

with the built-in Bruker Topspin 4.1.1 package. 

6. Fourier transform infrared (FTIR) spectroscopy: 

FTIR measurements were made using Thermo Electron Nicolet 8700 instrument. A few 

micrograms of the crystalline and glassy SNPB powder were freshly prepared and mixed with KBr 

to form a pressed pellet for measurement under transmission mode. The FTIR measurements on 
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glassy and crystalline films (obtained through recrystallization of glassy films at 140 °C on a 

hotplate) were carried out under attenuated total reflectance (ATR) mode. 

7. In-situ temperature dependent X-ray diffraction (XRD): 

An in-situ temperature dependent XRD measurement was performed on a pre-prepared SNPB 

glassy film with an 8-micron overlayer of Kapton sheet using an Anton Paar XRDynamic 500 with 

HTK 1200N Stage. The sample was measured over the 3 - 25° 2θ range at various temperatures. 

Initially, the glassy sample was measured at 25 °C (room temperature), then heated to 140 °C at a 

ramp rate of 10 °C/min and held at this temperature for 5 minutes to allow crystallization of the 

sample. Subsequently, a measurement was performed in the crystalline state. Following this, the 

XRD stage was ramped to 190 °C at a ramp rate of 10 °C/min and held for 1 minute to ensure the 

melting of the crystalline film. Another measurement was then conducted to obtain the XRD 

spectrum in the melt state (Figure 5). 

8. Pair Distribution Function (PDF) analysis: 

Data collection and reduction:   

X-ray total scattering data were collected on APS 11-ID-B at the Argonne National Laboratory. 

Scans were collected over 180s for each sample at 58.7 keV incident X-ray energy. Samples were 

sealed in quartz capillaries and loaded into a Linkam stage for elevated temperature control.  

Background scattered intensity was subtracted from each azimuthal integration I(Q).  The reduced 

PDF was calculated from I(Q) using PDFgetX3 using the ad hoc reduction to F(Q) and subsequent 

sine Fourier transformation to G(r).87 The average scattering factor 〈f(Q)〉 for each SNPB state is 

taken as the crystal phase elemental composition: C24H28N2PbBr4. PDFgetX3 input parameters 

used to generate G(r) are listed in Table S1.   

𝐹𝐹(𝑄𝑄)  = 𝑄𝑄 �
𝐼𝐼(𝑄𝑄) − 〈𝑓𝑓(𝑄𝑄)2〉  +  〈𝑓𝑓(𝑄𝑄)〉2

〈𝑓𝑓(𝑄𝑄)〉2
 − 1� 

𝐺𝐺(𝑟𝑟)  =  �
2
𝜋𝜋
�� 𝐹𝐹(𝑄𝑄)𝑠𝑠𝑠𝑠𝑠𝑠(𝑄𝑄𝑄𝑄)𝑑𝑑𝑑𝑑

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

 

Radial distribution function analysis: 
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 From experimentally obtained G(r) we perform a conversion to the Radial Distribution Function 

R(r) using the average atomic density of crystalline SNPB: ρ0 = 0.0871 atoms/Å3 to calculate the 

linear baseline underlying G(r).  

𝑅𝑅(𝑟𝑟)  =  𝑟𝑟[𝐺𝐺(𝑟𝑟) + 4𝜋𝜋𝑟𝑟𝑟𝑟0] 

Note: As the histogram distances in manuscript Figure 6c are calculated pair-wise (not with respect 

to an origin) we plot the representative form R(r)/r with this histogram. 

To analyze coordination number and the distribution of Pb-Br bond lengths we fit and calculate 

the integrated area of R(r) peaks centered at approximately 3 Å.  Although this peak is the 

summation of partial contributions from six unique Pb-Br nearest neighbor distances in the crystal 

structure, we fit a simplified model comprising two Gaussian line shapes and a linear 

approximation of trailing edge peak overlap, which produces an adequate fit to the experimental 

data (Figure S9, Table S2). Peak parameters are optimized using a non-linear least squares method.  

Due to the imperfect scale of G(r) obtained experimentally, the total integrated area of the 

crystalline peak is then normalized to the assumed average Pb-Br coordination number of six, and 

this same scale is applied to glass and melt phases. All fitted parameters and calculated areas are 

reported in Table S2. Errors in Gaussian and linear fit variables are calculated from the covariance 

of the eight parameters fit simultaneously. Errors in the integrated area of these peaks are obtained 

via resampling a normal distribution of the Gaussian peak amplitude and width with calculated 

standard error. We note that there is a degree of systematic error introduced in the G(r) to R(r) 

conversion by assuming the atomic density, ρ0, of each phase is the same as that of the crystalline 

phase. As disordered phases realistically have lower atomic density than the crystal, this source of 

error would be consistent with the slight increase in total peak area found for the glass and melt. 

For the melt phase especially, additional thermal broadening and increased peak overlap hinders 

confident interpretation of this data. We draw qualitative conclusions for the melt phase, although 

fit results are generally consistent with expected high temperature behavior and similar to the glass 

phase results.  
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