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ABSTRACT  

Mixed-halide perovskites of formula MAPb(BrxI1-x)3, where MA is methylammonium, are of great 

interest for optoelectronic applications — particularly high-efficiency solar cells – due to their 

finely tunable bandgap, which enables precise control over light absorption. However, their 

stability remains a critical challenge, notably due to reversible photoinduced halide segregation. 

Under continuous illumination, this process leads to the formation of Br- and I-rich domains, 

which lower device performance by introducing low-bandgap regions that trap charge carriers. 

Despite extensive efforts, the mechanism of photosegregation remains debated, partly due to the 

difficulty of characterizing these compositionally disordered systems, especially under 

illumination. Here, we report a systematic investigation across a series of MAPb(BrxI1-x)3 

compositions using 79/81Br and 127I Nuclear Quadrupole Resonance (NQR) spectroscopy. 

Furthermore, we present the first application of NQR under in situ illumination to directly probe 

photoinduced halide segregation, focusing on compositions with x = 0.9, 0.8, and 0.6. Our findings 

highlight the potential of NQR as a powerful, non-invasive technique for studying local 

environments under illumination. The results reveal a composition-dependent light-induced 

segregation when comparing substantially different stoichiometries. In contrast, the 81Br NQR 

spectra of MAPb(Br0.9I0.1)3 and MAPb(Br0.8I0.2)3 show the emergence of comparable local 

environments, with preferential formation of MAPbBr3-like domains. 

 

INTRODUCTION  

In the last fifteen years, metal halide perovskites (MHPs) have emerged as exceptional materials 

in the field of optoelectronics due to their remarkable properties, including high absorption 
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coefficients, long carrier diffusion lengths, tunable bandgaps, and ease of synthesis.1,2 This is 

favored by the intrinsic ability of the perovskite structure to accommodate a variety of cations and 

anions, which in turn influences the optical and electronic behavior as well as the structural 

stability of such compounds.3–6 

In particular, mixed-halide perovskites of formula APb(XxX’1-x)3, (where A is a large 

monovalent cation - typically methylammonium (MA), formamidinium (FA), or Cs+ - and X and 

X’ are halide anions), are known for their exceptional light-harvesting properties and for their 

tunable bandgaps.5–7 Despite their advantages, mixed-halide perovskites face stability issues. One 

of the main problems is that, under continuous illumination, numerous perovskites of the type 

APb(XxX’1-x)3 undergo reversible phase segregation into X-rich and X’-rich domains. 

Photoinduced anion segregation in mixed-halide perovskites, also known as the Hoke effect or 

LIPS (Light-Induced Phase Segregation), was first observed in 2015 by Hoke and colleagues in 

0.2 ≤ x ≤ 1.0 MAPb(BrxI1-x)3 thin films through a redshift in emission under continuous 

illumination, suggesting the formation of I-rich domains.8 Since then, significant attention has been 

devoted to this effect, as highlighted by numerous reviews on the topic, but the underlying 

mechanism is still debated.9–11  

Understanding the Hoke effect is critical not only for fundamental science but also for improving 

the stability and performance of perovskite-based devices in optoelectronic applications, since the 

photoinduced formation of iodide-rich regions creates low-bandgap domains that trap charge 

carriers, reducing both charge extraction efficiency and open-circuit voltage, ultimately lowering 

device performance.  

Most studies investigating this phenomenon have relied on photoluminescence (PL), which, 

although effective in revealing the onset of photosegregation, is not suitable for providing atomic-
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scale structural information about the material. Among the techniques employed to probe structural 

changes associated with photosegregation, in situ X-ray diffraction (XRD) has been applied to 

study mixed-halide (Br/I) perovskites under illumination. However, these studies have often 

yielded conflicting results, sometimes indicating the formation of two distinct I-rich and Br-rich 

domains, evidenced by the splitting of the initial signals into two separate peaks,8,12–14 while in 

other cases only signal broadening or a shift of the entire peak has been observed.15–19 This 

inconsistency probably arises from the complex dependence of photoinduced segregation on 

factors such as incident light intensity, wavelength, surface defects, temperature, environmental 

conditions, and synthesis methods. These dependencies make it extremely challenging to 

reproduce experimental conditions and to compare and rationalize different experimental 

observations. Moreover, this technique may itself alter the photosegregation process, due to the 

generation of X-ray-induced defects, as recently reported by Suchan et al.20  

The distribution of halides and the structure of the material following photosegregation remain 

unresolved issues. A deeper understanding of halide segregation would greatly benefit from a 

technique capable of structurally characterizing highly disordered systems, ideally without 

perturbing them during the measurement. In this regard, Solid-State Nuclear Magnetic Resonance 

(SSNMR) and Nuclear Quadrupole Resonance (NQR) spectroscopies have proven to be powerful, 

non-destructive tools for investigating the structure and dynamics of a wide range of materials, 

from highly ordered to fully disordered systems.21–28  

Among these, SSNMR has been successfully employed for characterizing MHPs, as highlighted 

by recent reviews on the topic.29–31 More recently, NQR has gained increasing recognition as a 

valuable complementary tool for studying these systems. Unlike SSNMR, NQR does not require 

an external magnetic field to remove the degeneracy of the nuclear spin levels; instead, it relies on 
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the interaction between a nuclear quadrupole moment and the local electric field gradient present 

at the nucleus to generate the spin-energy splitting (Section S1). This makes it particularly well-

suited for observing quadrupolar nuclei (spin I > 1/2), such as halogens (35/37Cl, 79/81Br and 127I), 

which are challenging to investigate using SSNMR due to their large quadrupole moment resulting 

in extremely broad signals.32–34  

As far as MHPs are concerned, while chloride and bromide SSNMR spectra have been reported 

only in recent years,35 halide NQR spectra in MHPs date back to the late 1960s and early 1970s,36–

38 when the technique was primarily employed to study phase transitions.37,39,40 In the last years, 

interest in the NQR characterization of MHPs has grown significantly, driven by the increasing 

scientific attention surrounding these materials.30,41 NQR has been recently used to investigate ion 

dynamics and defect mobility,42–44 to analyze thin films and nanoparticles,30,35 to probe the 

incorporation of Cs in FAPbBr3,45 to explore the influence of additives on the stability and structure 

of 3D perovskite phases,46–48 and to study perovskites with different “molecular-level” 

dimensionalities.49 Aebli et al. recently employed NQR to tackle the inherently challenging 

characterization of highly disordered mixed-halide perovskites by examining the 127I signals of 

FAPb(BrxI1-x)3 compositions with x ≤ 0.04.50 Their study suggested a homogeneous distribution of 

halides within the material, consistent with 207Pb SSNMR findings on mixed-halide lead-based 

perovskites.51–53 Recently, Wolffs et al.54 developed an automated wideline NQR setup and applied 

it to mixed-cation MHPs MAxFA1-xPbI3, enabling the acquisition of high-quality 127I spectra. Their 

statistical analysis revealed signs of MA–MA and FA–FA clustering, highlighting the potential of 

wideline NQR in probing local cation arrangements in disordered perovskites. 

To advance the understanding of photoinduced halide segregation in MHPs, it is crucial to 

characterize these materials under in situ illumination conditions. This is essential because the 
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photosegregation process is reversible, and in the absence of light, the phenomenon reverts within 

minutes. Although SSNMR experiments under in situ illumination have been reported,44,55–72 such 

studies remain limited due to several technical challenges, including the inherently low sensitivity 

of SSNMR, the limited penetration depth of light in different photoactive materials, and the 

difficulties in adapting standard SSNMR instrumentation for in situ investigations. In this context, 

NQR offers a promising alternative, as suggested by Piveteau et al.,30 since it operates in the 

absence of an external magnetic field (allowing easier sample access and more efficient 

illumination), does not require complex instrumentation, and exhibits high sensitivity in the 

observation of various nuclei, such as 79/81Br and 127I. 

To the best of our knowledge, no NQR studies have been reported in the literature on perovskites 

with halide mixing degrees exceeding 4% Br and 96% I.50 Furthermore, no studies have 

investigated the potential of NQR under in situ illumination to assess changes in halide 

distribution. This study aims to advance the application of NQR in characterizing mixed-halide 

perovskites, focusing on MAPb(BrxI1-x)3 compositions ranging from x = 0.1 to x = 1 (in steps of 

0.1), proving how NQR can provide insights into halide distribution, particularly in highly mixed-

halide systems. Moreover, this work reports the first 81Br NQR investigation of MAPb(BrxI1-x)3 

perovskites under in situ illumination, providing the first experimental evidence of the effect of 

photoinduced halide segregation on NQR spectra, opening the way to the use of this spectroscopy 

for understanding photoinduced structural modifications occurring in metal halide perovskites. 

 

EXPERIMENTAL SECTION 



 7 

Materials. Methylammonium Bromide (>98%), Methylammonium Iodide (>99%), and Lead 

Bromide (>98%) were supplied by TCI Europe. Lead Iodide (>99%) was supplied by Sigma 

Aldrich. 

Samples Preparation. Perovskites MAPb(BrxI1-x)3 with 0 ≤ x ≤1 (in steps of x = 0.1) were 

synthesized via mechanosynthesis by mixing the reactants, as received, in the required 

stoichiometric ratios (Section S2). The reagents were placed in a 10 mL jar with a 10 mm stainless 

steel ball. The ball mill used was a Paar BM-500. The synthesis was performed at 30 Hz for 30 

minutes. After synthesis, the samples were transferred into separate glass vials and heated in an 

oven at 110 °C for 10 minutes. 

Powder X-Ray Diffraction. Powder X-ray diffraction (PXRD) patterns were collected for all 

synthesized perovskite samples in the 10–60° 2θ range, using a step size of 0.02° 2θ and a scanning 

rate of 6° 2θ min⁻¹. Measurements were performed with a Rigaku MiniFlex 600-C diffractometer 

operating in Bragg–Brentano geometry and equipped with a D/teX detector, using Cu Kα radiation 

(λ = 1.54056 Å). The X-ray tube was operated at a voltage of 40 kV and a current of 15 mA. Lattice 

parameters were evaluated from a Pawley refinement using the TOPAS 6 Academic software.73 

Nuclear Quadrupole Resonance Spectroscopy. Nuclear Quadrupole Resonance (NQR) 

experiments were conducted using a single-channel static Bruker NMR widebore probe equipped 

with a custom-built coil. The probe was connected to a Bruker Avance Neo console and positioned 

outside the NMR magnet, secured to a bench. The home-made coil, made from silver-coated 

copper wire, consisted of 10 turns and was designed to accommodate a shortened NMR glass tube 

with an external diameter of 5 mm. For experiments conducted without illumination, samples were 

packed into the tubes until completely filled. In the experiments carried out under illumination, a 

small amount of sample was spread as a thin layer adhering to the inner tube walls using 
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transparent silicone grease to maximize the amount of material effectively exposed to light. To 

enable a direct comparison between the results obtained with the two different sample setups, 

control measurements were performed for both MAPbBr3 and MAPb(Br0.8I0.2)3. Further details 

can be found in Section S3. 

Since the 79Br, 81Br and 127I NQR signals are expected to span a frequency range of several MHz, 

the Variable Offset Cumulative Spectroscopy (VOCS) technique was employed to acquire the 

entire NQR spectra:74 multiple subspectra were acquired at different resonance offset frequencies 

(in steps of 100-300 kHz) and combined to form the total spectrum. Each subspectrum was 

recorded using a Hahn Echo sequence, acquiring the full echo. To prevent coherence decay and 

ensure the obtainment of quantitative spectra, a short echo delay of 15 μs was used. Excitation 

pulses had a duration of 2 μs at a power of 162 W. All the experiments were conducted at a 

controlled temperature of 296 K. The recycle delay between consecutive scans was 1 ms for all 

experiments. For experiments without illumination, each subspectrum required 40000 scans, 

corresponding to an acquisition time of approximately 57 seconds. On the other hand, due to the 

small amount of sample, in situ illumination experiments required 4000000 or 2000000 scans for 

each subspectrum, corresponding to acquisition times of approximately 1 hour and 36 minutes, 

and 48 minutes, respectively.  

Illumination during NQR acquisition was provided by a commercial LED-based source (LED 

Tower) from Cicci Research,75 composed of a 3 × 3 matrix of independently tunable UV-Vis 

LEDs. This setup allowed for precise control over illumination wavelengths and light intensities. 

The source was positioned in close proximity to the sample (Figure 1). The LED wavelengths and 

corresponding intensities are reported in Table S1. 
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Figure 1. Experimental setup used for NQR experiments under in situ illumination. 

 

During the experiments under illumination, the NQR probe was wrapped with an aluminum foil, 

leaving an opening for light access, as interferences caused by the LED Tower’s proximity to the 

sample were observed in the NQR probe tuning curve. This adjustment allowed a noticeable 

increase of the signal-to-noise ratio. 

 

RESULTS AND DISCUSSION 

PXRD. PXRD measurements were performed at room temperature on all synthesized samples 

to confirm the success of the synthesis. The recorded diffractograms (Figure 2a) confirmed that 

the reactions were complete for all compounds, with no traces of unreacted precursors detected. 

Furthermore, no evidence of phase segregation was observed in the PXRD patterns. MAPb(BrxI1-

x)3 samples with x ≥ 0.2 exhibit an average cubic crystalline structure (Figure 2b), corresponding 

to the space group Pm−3m, while the samples MAPb(Br0.1I0.9)3 and MAPbI3 show an average 
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tetragonal structure, corresponding to the space group I4/mcm, in agreement with previously 

reported results.76 

As the bromine content increases, the crystal lattice contracts, as evidenced by a systematic shift 

of the diffraction peaks toward higher angles. 

 

 

Figure 2. a) PXRD patterns of MAPb(BrxI1−x)3 samples; b) Schematic representation of the cubic 

perovskite unit cell of MAPb(BrxI1−x)3; c) Linear fit of the experimental unit cell volumes as a 

function of the nominal fractional Br content x in MAPb(BrxI1−x)3. 
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The effective Br/I content in the samples was verified by plotting the unit cell volumes of the 

perovskites 𝑉(𝑥), obtained from Pawley fit of the PXRD patterns, as a function of Br fractional 

content x, since Vegard’s law (Equation 1) predicts a linear relationship between these quantities.77   

 

𝑉(𝑥) = 𝑉𝐵𝑟 ∙ 𝑥 + 𝑉𝐼 ∙ (1 − 𝑥)     ( 1 ) 
 

where 𝑉𝐵𝑟 and 𝑉𝐼 are the unit cell volumes of MAPbBr3 and MAPbI3, respectively. 

Compounds with a tetragonal phase were treated as pseudo-cubic, i.e., the following relations 

were used: 

 

𝑎𝑝𝑠−𝑐𝑢𝑏 = 𝑎𝑡𝑒𝑡 √2⁄  

𝑐𝑝𝑠−𝑐𝑢𝑏 = 𝑎𝑡𝑒𝑡 2⁄  

𝑉𝑝𝑠−𝑐𝑢𝑏 = 𝑉𝑡𝑒𝑡 4⁄                                                                     ( 2 ) 

 

where 𝑎𝑝𝑠−𝑐𝑢𝑏  and 𝑐𝑝𝑠−𝑐𝑢𝑏 denote pseudo-cubic lattice parameters, and 𝑉𝑝𝑠−𝑐𝑢𝑏 is the 

corresponding pseudo-cubic unit cell volume. 

As shown in Figure 2c, an excellent linear correlation is observed between the experimental 

unit cell volumes and the fractional Br content, indicating that the nominal fractional Br content x 

in the samples can be considered accurate. 

 

79/81Br and 127I NQR on MAPb(BrxI1−x)3. 
79/81Br and 127I NQR spectra were recorded for the 

nine synthesized MAPb(BrxI1−x)3 samples. 79Br and 81Br isotopes have nuclear spin I = 3/2, while 

127I has nuclear spin I = 5/2. As a result, as described in Section S1, 79Br and 81Br exhibit only the 
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recorded, as its frequency was outside the range accessible with the probe used in this study. 

Starting with the bromide-pure composition, MAPbBr3, the 79Br and 81Br NQR signals (Figure 

3) were observed at 70.45 and 58.85 MHz, respectively, in agreement with values reported in the 

literature.78 The signals are relatively narrow, with a Full Width at Half Maximum (FWHM) of 

approximately 100 kHz. The presence of a single signal for each of the nuclei is consistent with 

the cubic structure of the sample at the experimental temperature (296 K). 

When examining mixed halide compositions, three significant changes are observed in the NQR 

spectra compared to MAPbBr3. For instance, in MAPb(Br0.9I0.1)3, the following differences are 

noted (Figure 3): (i) a broad signal from the |
5

2
; ±
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2
⟩ ⟷ |

5

2
; ±

3

2
⟩ transition of 127I appears at 

approximately 78 MHz; (ii) the signals of both bromine isotopes become significantly broader than 

for the pure bromide composition, making the use of the Variable Offset Cumulative Spectroscopy 

(VOCS) technique essential (Experimental Section); (iii) the peak positions of the 79/81Br signals 

shift toward higher frequencies. 
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Figure 3. Bottom: 79Br and 81Br NQR signals of MAPbBr3. Top: 79Br, 81Br, and 127I NQR signals 

of MAPb(Br0.9I0.1)3, acquired using the VOCS technique. The dotted vertical lines indicate the 

NQR frequencies of MAPbBr3. 

 

While the appearance of the 127I signal in a mixed Br/I sample is obvious, the broadening and 

shift of the Br and I signals can be attributed to the vast distribution of possible environments in 

terms of I/Br surrounding the observed nuclei, as previously reported by Aebli et al.50 in 

FAPb(BrxI1-x)3 samples. 

To properly account for the complexity and diversity of possible halide coordination 

environments in mixed halide compositions, a simple statistical approach can be useful to 

approximate the number of possible local structures (Section S5). The number of possible local 

structures is 2𝑛, where n represents the number of halide neighbors considered. For example, when 
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considering only the first eight halide neighbors (𝑛 = 8 halides within a distance of 4.2 Å from 

the observed halide in MAPbBr3), there are 256 possible local structures. These can be grouped 

into equivalent arrangements through symmetry operations, resulting in 34 unique configurations 

(Section S6). 

To obtain the 79/81Br and 127I NQR spectra of the nine MAPb(BrxI1-x)3 samples with different 

mixed halide compositions, multiple subspectra were acquired and combined using the VOCS 

technique. To account for intensity variations caused by differences in the Boltzmann distribution 

of populations over the explored frequency range, the individual subspectra were properly scaled. 

For each sample, the intensities at the center frequencies of the individual subspectra were plotted 

to obtain the whole NQR spectra shown in Figure 4, which were then fitted to a sum of three 

Gaussian functions, each associated with a different isotope.  
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Figure 4. 79/81Br and 127I NQR spectra of the nine mixed halide MAPb(BrxI1−x)3 samples. The 

individual dots represent the intensities of the single subspectra. The dotted vertical lines indicate 

the frequencies of the three maxima of the spectrum of MAPb(Br0.9I0.1)3. The error bars represent 

the uncertainty with a 95% confidence interval.  

 

As already observed from the comparison between the spectra of MAPbBr3 and 

MAPb(Br0.9I0.1)3, the intensities of the 127I and 79/81Br signals reflect the composition of 

MAPb(BrxI1-x)₃, with the 127I signal increasing and the 79/81Br signals decreasing as the bromine 

fraction decreases. The width of the three signals varies with the Br/I ratio and the positions of the 

three peaks shift toward higher frequencies as the iodine content increases. 

The trends in frequency and linewidth of the three observed signals as a function of fractional 

bromine content (x) are reported in Figure 5. The signal frequencies do not follow a linear 

dependence on x, with changes in frequency being more pronounced for compositions with higher 

bromine content. For all three signals, the frequency trends were accurately fitted using 

phenomenological second-order polynomial functions: 

 

𝜈( 𝐵𝑟81 ) = 61.93 − 1.30𝑥 − 1.80𝑥2 

𝜈( 𝐵𝑟79 ) = 74.21 − 1.45𝑥 − 2.34𝑥2 

𝜈( 𝐼127 ) = 82.59 − 3.47𝑥 − 2.25𝑥2                                                   ( 3 ) 

 

These functions show that the frequency shift of the signal with compositional changes becomes 

more pronounced as the absolute value of the nuclear quadrupole moment increases, following the 

order: 127I (Q = – 68.82 fm2) > 79Br (Q = 30.87 fm2) > 81Br (Q = 25.79 fm2). In particular, the ratios 

of the first-order coefficients in the polynomial functions referred to that of 81Br (2.67:1.12:1) 



 17 

result very similar to the ratios of the absolute values of the quadrupole moments of the 

corresponding nuclei (2.67:1.20:1). 

 

 

Figure 5. Left: Frequency trends of the three halide signals as a function of the Br content x in 

MAPb(BrxI1−x)3, fitted with the second-order polynomial functions reported in the main text. Right: 

Trends of the FWHM of the three signals of the mixed-halide compositions as a function of the 

bromine content x. The FWHM of the 79/81Br NQR signals of MAPbBr is approximately 100 kHz. 

 

For each of the three isotopes, the shift in the resonance frequency can be attributed to changes 

in the probabilities of different coordination environments as the composition varies. At a given 

composition, it can be hypothesized that the signal maximum corresponds to the coordination 

environment with the highest probability. For example, considering only the first eight halide 

neighbors, we can speculate that the frequency of the maximum of the 81Br signal for 

MAPb(Br0.5I0.5)3 (∼ 60.87 MHz) corresponds to the average frequency of a 81Br atom surrounded 

by 4 bromine atoms and 4 iodide atoms, as this arrangement is the most probable according to the 

binomial distribution with x = 0.5 and n = 8 (Section S5). 
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Similarly, the trend of the signals' FWHM can be interpreted in terms of the distribution of 

coordination environments. The FWHM exhibits a similar behavior for all three nuclei: signals are 

narrower at the compositional extremes and broader for intermediate halide compositions, 

reaching the maximum at x = 0.5 (50% Br, 50% I). While other factors, such as the presence of 

vacancies and defects, as well as dipolar interactions and J-couplings, may contribute to linewidth 

broadening, the observed trend is primarily driven by the distribution of different coordination 

environments as the sample composition varies. The increased structural diversity at intermediate 

compositions leads to a broader frequency distribution and, consequently, a broader signal. 

Supporting this hypothesis, the theoretical relative number of distinct unique configurations as a 

function of Br content qualitatively follows the same trend observed for the FWHM (Section S7). 

Moreover, a greater distribution of coordination environments is intrinsically associated with a 

higher degree of lattice distortion, which affects the NQR resonance frequencies and further 

enhances the signal broadening. 

 

In situ illumination 81Br NQR experiments. To date, no studies have been reported on 

photoinduced halide segregation in mixed halide perovskites exploiting nuclear resonance 

spectroscopies such as SSNMR or NQR. This is primarily due to the experimental difficulties 

associated with performing measurements under in situ illumination; such challenges have only 

been partially addressed in a few pioneering SSNMR studies. 44,55–72 

Although both SSNMR and NQR offer distinct advantages and limitations, in this work the 

photoinduced segregation effect is investigated using NQR, which provides three key advantages 

in this context. A first advantage lies in the typically short relaxation times of halide nuclei, which 

allow for the use of extremely short recycle delays between consecutive scans, while still obtaining 



 19 

quantitative spectra. This is particularly useful for experiments involving small amounts of sample, 

as those under in situ illumination. 

A second major advantage is the simplicity of the instrumentation used in NQR experiments. In 

fact, the probe is located outside the superconducting magnet, enabling easier access to the sample 

and more efficient illumination. An additional advantage of employing 79/81Br- and 127I NQR for 

investigating photoinduced halide segregation is that it enables the direct study of the nuclei 

involved in the migration process. In contrast, in SSNMR, halide distribution in perovskites is 

typically studied indirectly through the acquisition of 207Pb spectra,51–53 as lead is coordinated by 

six halide atoms. 

On the other hand, the main drawback of NQR experiments is that the signals of halides in 

MAPb(BrxI1-x)3 span a frequency range of several MHz. This, combined with the small amount of 

sample used in in situ illumination experiments, results in extremely time-consuming experiments. 

For this reason, in this work we have investigated photoinduced halide segregation by observing a 

single isotope among 79Br, 81Br, and 127I. Several factors influenced the selection of the nucleus to 

observe. Nuclei with higher quadrupole moments provide greater sensitivity to structural changes 

but also exhibit significantly broader signals, making acquisition more challenging. Moreover, for 

many of the studied MAPb(BrxI1-x)3 compositions, the |𝐼; ±
1

2
⟩ ⟷ |𝐼; ±

3

2
⟩ transition signals of 79Br 

and 127I partially overlap. Based on these considerations, 81Br was selected for the in situ 

illumination NQR experiments. Moreover, to facilitate signal acquisition, sample selection was 

directed toward bromine-rich compositions, in particular:  MAPb(Br0.9I0.1)3, MAPb(Br0.8I0.2)3, and 

MAPb(Br0.6I0.4)3.  

The first sample studied under illumination was MAPb(Br0.9I0.1)3. By monitoring the signal 

intensity at the 81Br resonance frequency of MAPbBr3 (58.85 MHz), a continuous increase was 
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observed over time, with a particularly rapid growth during the first hours of illumination. 

Although the intensity evolution was not monitored systematically, the measurements indicated 

that after approximately 16–17 hours the signal approached a plateau, with variations within the 

experimental uncertainty. This timescale is significantly longer than those reported in the literature 

for photoinduced segregation.10 The slower kinetics observed here may stem from several factors. 

A key difference is the thickness of the illuminated perovskite powder layer, likely greater than 

that of thin films typically studied (a few hundred nanometers). Increased thickness could slow 

down the photoinduced segregation process in the inner layers of the material, thereby delaying 

the overall progression. To ensure consistency and adopt a conservative approach, all 81Br NQR 

signals were acquired after 24 hours of continuous illumination for all three samples. Additionally, 

subspectra at selected frequencies were recorded at different times, confirming that the intensities 

remained stable within the experimental uncertainty and reflected a steady-state condition. 

The whole 81Br signal was acquired through the superposition of 33 subspectra (Figure 6a).  

 

 

Figure 6. 81Br NQR spectra of MAPbBr3 (bottom), MAPb(Br0.9I0.1)3 (a), MAPb(Br0.8I0.2)3 (b), and 

MAPb(Br0.6I0.4)3 (c), measured without (middle) and under in situ illumination (top), labeled as 

“Dark” and “Light,” respectively. The dashed vertical lines mark the resonance frequency of 
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MAPbBr3. Arrows highlight the shoulders appearing in the signal lineshape recorded under in situ 

illumination for MAPb(Br0.9I0.1)3 and MAPb(Br0.8I0.2)3. 

 

The lineshape of the signal under illumination shows notable differences compared to that 

acquired without illumination. The shape is no longer Gaussian but strongly asymmetric, with a 

maximum appearing at 58.85 MHz and two distinct shoulders at higher frequencies, around 59.6 

MHz and 60.2 MHz. Additionally, the signal spans a slightly narrower frequency range compared 

to the signal recorded without illumination. The signal maximum, observed here at the same 

frequency as that of the MAPbBr3 sample, strongly suggests the formation, under illumination, of 

bromine-pure domains in the investigated sample. However, the broad distribution of signals 

across a wide frequency range indicates the presence of substantial amounts of domains with 

mixed Br/I compositions. It can be hypothesized that the observed shoulders correspond to the 

preferential formation of coordination environments with frequencies centered around ∼ 59.6 

MHz and ∼ 60.2 MHz. This hypothesis will be discussed in more detail below. 

MAPb(Br0.8I0.2)3 was studied using the same approach as MAPb(Br0.9I0.1)3. The lower bromine 

content results in a reduced signal-to-noise ratio of the 81Br NQR signal (Figure 6b).  

The signal of MAPb(Br0.8I0.2)3 acquired under illumination shows clear similarities to that of the 

MAPb(Br0.9I0.1)3 sample. This signal also exhibits an asymmetric shape, with the maximum 

appearing at the frequency characteristic of bromine-pure MAPbBr3 domains (58.85 MHz). 

Moreover, also in this case, the signal’s shoulders already observed in MAPb(Br0.9I0.1)3, although 

less defined, appear at approximately the same frequencies, despite the different composition of 

the two samples. This suggests the formation of similar environments in both materials as a result 

of photoinduced halide segregation. 
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The acquisition of the 81Br NQR spectrum of MAPb(Br0.6I0.4)3 was more challenging due to its 

lower bromine content and a significantly broader signal recorded without illumination. 

Under illumination, the entire signal changes in shape and shifts toward lower frequencies, 

consistent with the formation of environments richer in bromine atoms (Figure 6c). In contrast to 

the two previous samples, the signal maximum here appears at a frequency higher than that 

characteristic of MAPbBr3. This suggests that, for intermediate compositions, segregation leads to 

the formation of bromine-rich domains but does not progress sufficiently to form predominantly 

bromide-pure MAPbBr3 domains, at least under the illumination conditions here used.  

Additionally, the distribution of coordination environments remains significantly broad. While 

the most intense signals are shifted toward the bromine-rich region, the lineshape is asymmetric, 

with a tail extending into the iodine-rich higher frequency range. 

It is worth mentioning that the changes observed in the NQR spectra recorded under illumination 

cannot be ascribed to local heating effects. This was verified by comparing the 81Br NQR spectra 

of MAPb(Br0.6I0.4)3 recorded in the absence of illumination at 296 and 349 K (corresponding to 

the upper limit achievable with the used experimental setup), which resulted almost identical. 

To facilitate the comparison among different compositions, Figure 7 shows the 81Br NQR 

signals of the three studied samples acquired with in situ illumination. Unlike the PL spectra 

reported in the literature for different MAPb(BrxI1-x)3 compositions, which tend to become nearly 

identical under in situ illumination,8 the NQR signals exhibit distinct shapes depending on the 

sample composition. 
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Figure 7. 81Br NQR spectra of MAPb(Br0.6I0.4)3 (bottom), MAPb(Br0.8I0.2)3 (center), and 

MAPb(Br0.9I0.1)3 (top), acquired with in situ illumination. The signals have been fitted as described 

in the text: colored solid lines represent the individual fitting Gaussian peaks, while the dashed 

lines indicate the total fitted signals. 

 

This is particularly evident when comparing the NQR signal of an intermediate composition, 

such as MAPb(Br0.6I0.4)3, with those of the two bromine-richer compositions. This observation 

suggests that, under the experimental conditions here used, the structural changes induced by 

photosegregation depend on the perovskite’s composition. 

Despite the differences in signal shapes, all three spectra recorded under illumination share 

common features, including a shift of the signal toward lower frequencies compared to the spectra 
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acquired without illumination, associated with Br-rich domains, and the presence of a tail 

extending toward higher frequencies, related to higher iodine concentrations. 

The signals of MAPb(Br0.9I0.1)3 and MAPb(Br0.8I0.2)3 under illumination appear very similar, 

despite the corresponding signals acquired without illumination exhibiting two Gaussian profiles 

shifted by approximately 0.5 MHz relative to each other. 

To further compare and analyze the signals under illumination of MAPb(Br0.9I0.1)3 and 

MAPb(Br0.8I0.2)3, a spectral deconvolution was performed by fitting the intensities measured at the 

center frequencies of the individual subspectra, using the minimum number of Gaussian functions 

(four) required to adequately reproduce the overall lineshape. 

 

Table 1. Fitting parameters for the 81Br NQR spectra of MAPb(Br0.9I0.1)3 and MAPb(Br0.8I0.2)3 

acquired with in situ illumination. 

 MAPb(Br0.9I0.1)3 MAPb(Br0.8I0.2)3 

Gaussian n. Intensity 

[a.u.] 

Center  

frequency 

[MHz] 

FWHM 

[MHz] 

Intensity 

[a.u.] 

Center  

frequency 

[MHz] 

FWHM 

[MHz] 

1 25 ± 9 58.93  0.04 0.50  0.13 16 ± 4 58.85 ± 0.02 0.16 ± 0.04 

2 76 ± 10 58.97  0.10 1.53  0.10 85 ± 5 58.96 ± 0.08 1.44 ± 0.13 

3 12 ± 8 59.66  0.06 0.37  0.18 8 ± 5 59.55 ± 0.09 0.3 ± 0.2 

4 23 ± 7 60.23  0.14 1.0  0.2 44 ± 6 60.31 ± 0.12 1.3 ± 0.2 

 

As shown in Table 1, the Gaussian centers are determined with high precision, while the 

intensities and the widths exhibit larger uncertainties. This is primarily due to strong correlations 

between intensity and width parameters in the fitting procedure, which is a common issue in the 
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deconvolution of overlapping peaks. Nevertheless, these uncertainties are not particularly relevant 

to our analysis, as we do not attempt a quantitative evaluation of the relative populations of 

different local environments based on peak areas. Instead, our interpretation relies on the centers 

of the Gaussian functions, which are robustly determined. Notably, the fitting procedure returned, 

for both samples, Gaussian peaks centered at nearly identical frequencies. Specifically, in both 

compositions, fitting the lower-frequency region of the spectrum required two Gaussians centered 

at very similar frequencies: 58.93 and 58.97 MHz for MAPb(Br0.9I0.1)3 and 58.85 and 58.96 MHz 

for MAPb(Br0.8I0.2)3, but with different linewidths and intensities. The presence of two signals in 

both compositions, centered near the characteristic frequency of MAPbBr3 (58.85 MHz), clearly 

indicates the photoinduced formation of bromine-rich MAPbBr3-like local environments. The 

differing widths of these signals may reflect variations in the size of such domains: larger, more 

ordered domains, arising from extended repetition of pure-bromine environments, are expected to 

give rise to narrower 81Br signals, whereas smaller, less ordered domains, resulting from shorter-

range repetition, would lead to broader resonances due to increased local inhomogeneity. 

Interestingly, for the two pairs of Gaussians (1 and 2 in Table 1) associated with bromine-rich 

domains, it is observed that the narrower the signal, the closer its frequency is to the frequency of 

58.85 MHz measured for the MAPbBr3 composition.  

Gaussians 3 and 4 also exhibit very similar center frequencies for the two different samples and 

successfully reproduce the shoulders observed at approximately 59.60 MHz and 60.25 MHz. 

Although a quantitative analysis of the distinct coordination environments is not feasible due to 

the strong overlap of resonances in these highly disordered systems, the consistent positions and 

comparable standard deviations of the four Gaussian components in both spectra suggest that 

photosegregation gives rise to similar distributions of local environments in the two compositions. 
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The differences in the relative contributions of each component to the overall signal likely arise 

from the distinct stoichiometries of the samples.  

Using Equation 3, the center frequencies of the individual Gaussian functions can be associated 

with the signal maxima of MAPb(BrxI1-x)3 compositions with x ≈ 1 (Gaussians 1 and 2), x ≈ 0.83 

(Gaussian 3), and x ≈ 0.67 (Gaussian 4). By applying the same assumptions previously used, 

namely, to associate a frequency with the most likely coordination environments, considering only 

the first eight halide neighbors to directly affect the NQR frequency, these x values correspond to 

local structures with 8, 7, and 5-6 bromides surrounding the central Br ion, respectively. 

The signal acquired under illumination for MAPb(Br0.6I0.4)3, in contrast, shows a significantly 

larger linewidth compared to those observed for the two Br-rich compositions. The signal can be 

fitted with a primary Gaussian component centered at ~59.83 MHz, and a minor one at 61.77 MHz, 

the latter associated with iodine-rich environments. According to Equation 3, the frequencies of 

these two Gaussian functions correspond to compositions with x ≈ 0.78 and x ≈ 0.11, respectively. 

The broad nature of the signal, along with the absence of a signal maximum at approximately 

58.85 MHz, suggest that although halide photosegregation occurs, it is less pronounced than in the 

two Br-richer samples, and does not result in the preferential formation of bromine-pure MAPbBr3 

domains. A wide range of coordination environments still appears to be present in the material. 

A more detailed interpretation of the NQR spectra could potentially be achieved through a 

combined experimental–theoretical approach. In particular, first-principles calculations offer a 

promising strategy to predict NQR frequencies and support spectral assignments. Recent DFT 

studies in perovskite systems41,49,79 have demonstrated that such calculations can provide valuable 

guidance for experimentalists by reducing the frequency window to be explored during signal 

search and acquisition, and by enabling a clearer assignment of the observed signals. However, 
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current DFT methodologies tend to systematically overestimate absolute NQR frequencies by a 

few MHz, which limits their accuracy in reliably linking specific frequencies to defined 

coordination environments. As a result, further methodological developments are still needed 

before computational approaches can be applied to extract quantitative information about 

distributions of coordination environments from experimental NQR data in mixed-halide 

perovskites. 

It is interesting to compare these results with those from previous studies of halide 

photosegregation in MAPb(BrxI1–x)3 perovskites, obtained using complementary characterization 

techniques such as XRD and PL spectroscopy. However, comparisons across different studies 

should be made with caution, as photosegregation is highly sensitive to several experimental 

parameters. In particular, the use of powdered samples in this work, rather than thin films, may 

influence the segregation process and thus partially limit direct comparisons with literature reports. 

In this context, our results partially align with the observations reported by Suchan et al.,16 who 

investigated the photosegregation process in MAPb(BrxI1-x)3 perovskites using in situ XRD. In 

particular, our data support a composition-dependent photosegregation behavior, with Br-richer 

samples exhibiting a higher degree of segregation. Notably, the preferential formation of an 

environment resembling a composition with x ≈ 0.78 under illumination for MAPb(Br0.6I0.4)3 is 

consistent with the findings of Suchan et al.16 and Hoke et al.,8  although it contrasts with the 

observations reported by Barker et al.17 and Sutter-Fella et al.19 

While our results support this overall composition-dependent behavior, they also reveal a 

contrasting trend in Br-rich compositions. Specifically, MAPb(Br0.9I0.1)3 and MAPb(Br0.8I0.2)3, 

despite their different halide ratios and distinct NQR signals in the dark, exhibit remarkably similar 

81Br NQR spectra under illumination. This observation suggests that, in Br-rich systems, 
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photosegregation may lead to the formation of local environments with a similar Br/I ratio, 

regardless of their composition. 

The formation of preferred halide environments upon illumination has been previously reported 

in XRD studies,14 as well as in PL-based investigations.8,10 In the latter case, although PL is not 

well suited to probe compositional distributions, it often reveals nearly identical emission spectra 

across different MAPb(BrxI1-x)3 compositions under illumination. However, in our study, this 

composition convergence is clearly observed only for the two Br-richer samples. In contrast, the 

intermediate composition MAPb(Br0.6I0.4)3 displays a broader and less shifted 81Br NQR signal, 

indicative of a lower degree of photoinduced halide segregation. These features are particularly 

well captured by NQR spectroscopy which, unlike XRD or PL, is sensitive to short-range order, 

capable of detecting small or highly disordered domains, and allows for the selective observation 

of Br-rich environments that are non-emissive and therefore invisible to PL techniques. 

 

CONCLUSIONS 

In this study, we employed NQR spectroscopy to investigate the halide distribution in 

MAPb(BrxI1-x)3 mixed-halide perovskites, focusing on the 1 2⁄  →  3 2⁄  transitions of 79Br, 81Br, 

and 127I. The NQR spectra reveal a clear dependence of both resonance frequency and signal 

linewidth on perovskites composition, reflecting the underlying distribution of local coordination 

environments and the degree of halide mixing in the samples. These results demonstrate that NQR 

can serve as a powerful probe of local structural features in MHPs, even in systems with a high 

degree of intrinsic disorder, such as mixed-halide compositions. 

Most notably, we have shown that NQR can be applied under in situ illumination to gain 

structural insight into photoinduced processes in these materials. In particular, this work presents 
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the first application of nuclear resonance spectroscopy to investigate the phenomenon of 

photoinduced halide segregation in mixed-halide perovskites. Under continuous illumination, 81Br 

NQR spectra of MAPb(Br0.9I0.1)3 and MAPb(Br0.8I0.2)3 reveal clear evidence of halide 

redistribution, including the preferential formation of MAPbBr3-like domains as well as local 

environments with intermediate Br/I compositions. Interestingly, despite their different halide 

ratios, both compositions exhibit remarkably similar spectral features under illumination, 

suggesting that in Br-rich samples, photoinduced segregation leads to the formation of preferred 

coordination environments that are partially independent of the sample composition. In contrast, 

in a sample with a more similar content of Br and I, MAPb(Br0.6I0.4)3, the signal under illumination 

is broader and less resolved, indicating of a lower degree of halide segregation. These findings 

support the idea of a composition-dependent segregation mechanism, in agreement with previous 

observations based on PL and XRD.16 However, unlike PL, which selectively probes emissive I-

rich domains, or XRD, which primarily detects long-range crystalline order, NQR offers a 

complementary perspective. Being affected by short-range interactions, NQR enables the detection 

of all local environments, including domains that are non-emissive, highly disordered, or too small 

to be effectively characterized by either PL or XRD. 

Moreover, its non-invasive nature minimizes experimental perturbations, addressing one of the 

key limitations of conventional in situ methods based on PL and XRD for the study of 

photoinduced halide segregation. Although further studies are needed, including the complete 

exploration of 79/81Br NQR and both 127I NQR transitions to obtain complementary information 

and possibly quantify the distribution of local environments during photosegregation, this study 

clearly demonstrates the value of NQR in this context. Thanks to its unique features, NQR 
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represents a valuable and relatively unexplored tool for probing the complex structural evolution 

of metal halide perovskites, particularly under operating conditions such as illumination.  

We believe that this study provides a solid foundation for future investigations employing NQR 

under in situ illumination to deepen our understanding of the structural transformations that govern 

the stability and performance of perovskite-based optoelectronic devices.  

 

ASSOCIATED CONTENT 

Supporting Information. Overview of the theoretical principles governing NQR spectroscopy, 

stoichiometric ratios for sample preparation, NQR illumination setup, statistical model of halide 

distribution, symmetry-based enumeration of local configurations, correlation between structural 

diversity and NQR linewidths (PDF). 

 

AUTHOR INFORMATION 

Corresponding Author 

*marco.geppi@unipi.it  

*silvia.borsacchi@cnr.it 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval 

to the final version of the manuscript. 

Funding Sources 

mailto:marco.geppi@unipi.it
mailto:silvia.borsacchi@cnr.it


 31 

This work is financially supported by the European Union “NextGenerationEU”, Mission 4 

Component 1, through the PRIN 2022 program promoted by Italian Ministry of University and 

Research (MUR), project NUTSHELL (2022P3B4YJ), CUP I53D23003870006 and CUP 

B53D23013900006. 

Notes 

The authors declare no conflict of interest. 

 

ACKNOWLEDGMENT 

The authors gratefully acknowledge Dr. Giovanni Barcaro for helpful discussions, and Dr. 

Roberto Melzi (Bruker Italia Srl) for his guidance in adapting the probe for in situ illumination 

experiments. 

 

REFERENCES 

  

(1) Gao, P.; Grätzel, M.; Nazeeruddin, M. K. Organohalide Lead Perovskites for 

Photovoltaic Applications. Energy Environ. Sci. 2014, 7 (8), 2448–2463. 

https://doi.org/10.1039/C4EE00942H. 

(2) Mahapatra, A.; Kumar, S.; Kumar, P.; Pradhan, B. Recent Progress in Perovskite 

Solar Cells: Challenges from Efficiency to Stability. Mater Today Chem 2022, 23, 100686. 

https://doi.org/10.1016/j.mtchem.2021.100686. 



 32 

(3) Jeon, N. J.; Noh, J. H.; Yang, W. S.; Kim, Y. C.; Ryu, S.; Seo, J.; Seok, S. Il. 

Compositional Engineering of Perovskite Materials for High-Performance Solar Cells. 

Nature 2015, 517 (7535), 476–480. https://doi.org/10.1038/nature14133. 

(4) Zhou, Y.; Zhou, Z.; Chen, M.; Zong, Y.; Huang, J.; Pang, S.; Padture, N. P. Doping 

and Alloying for Improved Perovskite Solar Cells. J Mater Chem A Mater 2016, 4 (45), 

17623–17635. https://doi.org/10.1039/C6TA08699C. 

(5) Saliba, M.; Matsui, T.; Seo, J. Y.; Domanski, K.; Correa-Baena, J. P.; Nazeeruddin, 

M. K.; Zakeeruddin, S. M.; Tress, W.; Abate, A.; Hagfeldt, A.; Grätzel, M. Cesium-

Containing Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and 

High Efficiency. Energy Environ Sci 2016, 9 (6), 1989–1997. 

https://doi.org/10.1039/c5ee03874j. 

(6) Ono, L. K.; Juarez-Perez, E. J.; Qi, Y. Progress on Perovskite Materials and Solar 

Cells with Mixed Cations and Halide Anions. ACS Appl Mater Interfaces 2017, 9 (36), 

30197–30246. https://doi.org/10.1021/acsami.7b06001. 

(7) Sala, J.; Heydarian, M.; Lammar, S.; Abdulraheem, Y.; Aernouts, T.; Hadipour, A.; 

Poortmans, J. Compositional Investigation for Bandgap Engineering of Wide Bandgap 

Triple Cation Perovskite. ACS Appl Energy Mater 2021, 4 (7), 6377–6384. 

https://doi.org/10.1021/acsaem.1c00810. 

(8) Hoke, E. T.; Slotcavage, D. J.; Dohner, E. R.; Bowring, A. R.; Karunadasa, H. I.; 

McGehee, M. D. Reversible Photo-Induced Trap Formation in Mixed-Halide Hybrid 

Perovskites for Photovoltaics. Chem Sci 2015, 6 (1), 613–617. 

https://doi.org/10.1039/c4sc03141e. 



 33 

(9) Brennan, M. C.; Draguta, S.; Kamat, P. V.; Kuno, M. Light-Induced Anion Phase 

Segregation in Mixed Halide Perovskites. ACS Energy Lett 2018, 3 (1), 204–213. 

https://doi.org/10.1021/acsenergylett.7b01151. 

(10) Brennan, M. C.; Ruth, A.; Kamat, P. V.; Kuno, M. Photoinduced Anion 

Segregation in Mixed Halide Perovskites. Trends Chem 2020, 2 (4), 282–301. 

https://doi.org/10.1016/j.trechm.2020.01.010. 

(11) Guo, D.; Andaji Garmaroudi, Z.; Abdi-Jalebi, M.; Stranks, S. D.; Savenije, T. J. 

Reversible Removal of Intermixed Shallow States by Light Soaking in Multication Mixed 

Halide Perovskite Films. ACS Energy Lett 2019, 4 (10), 2360–2367. 

https://doi.org/10.1021/acsenergylett.9b01726. 

(12) Duong, T.; Mulmudi, H. K.; Wu, Y.; Fu, X.; Shen, H.; Peng, J.; Wu, N.; Nguyen, 

H. T.; Macdonald, D.; Lockrey, M.; White, T. P.; Weber, K.; Catchpole, K. Light and 

Electrically Induced Phase Segregation and Its Impact on the Stability of Quadruple Cation 

High Bandgap Perovskite Solar Cells. ACS Appl Mater Interfaces 2017, 9 (32), 26859–

26866. https://doi.org/10.1021/acsami.7b06816. 

(13) Hu, M.; Bi, C.; Yuan, Y.; Bai, Y.; Huang, J. Stabilized Wide Bandgap MAPbBrxI3–

x Perovskite by Enhanced Grain Size and Improved Crystallinity. Advanced Science 2016, 

3 (6). https://doi.org/10.1002/advs.201500301. 

(14) Halford, G. C.; Deng, Q.; Gomez, A.; Green, T.; Mankoff, J. M.; Belisle, R. A. 

Structural Dynamics of Metal Halide Perovskites during Photoinduced Halide Segregation. 

ACS Appl Mater Interfaces 2022, 14 (3), 4335–4343. 

https://doi.org/10.1021/acsami.1c22854. 



 34 

(15) Yang, Z.; Rajagopal, A.; Jo, S. B.; Chueh, C.-C.; Williams, S.; Huang, C.-C.; 

Katahara, J. K.; Hillhouse, H. W.; Jen, A. K.-Y. Stabilized Wide Bandgap Perovskite Solar 

Cells by Tin Substitution. Nano Lett 2016, 16 (12), 7739–7747. 

https://doi.org/10.1021/acs.nanolett.6b03857. 

(16) Suchan, K.; Just, J.; Beblo, P.; Rehermann, C.; Merdasa, A.; Mainz, R.; Scheblykin, 

I. G.; Unger, E. Multi‐Stage Phase‐Segregation of Mixed Halide Perovskites under 

Illumination: A Quantitative Comparison of Experimental Observations and 

Thermodynamic Models. Adv Funct Mater 2023, 33 (3). 

https://doi.org/10.1002/adfm.202206047. 

(17) Barker, A. J.; Sadhanala, A.; Deschler, F.; Gandini, M.; Senanayak, S. P.; Pearce, 

P. M.; Mosconi, E.; Pearson, A. J.; Wu, Y.; Srimath Kandada, A. R.; Leijtens, T.; De 

Angelis, F.; Dutton, S. E.; Petrozza, A.; Friend, R. H. Defect-Assisted Photoinduced Halide 

Segregation in Mixed-Halide Perovskite Thin Films. ACS Energy Lett 2017, 2 (6), 1416–

1424. https://doi.org/10.1021/acsenergylett.7b00282. 

(18) Ruf, F.; Rietz, P.; Aygüler, M. F.; Kelz, I.; Docampo, P.; Kalt, H.; Hetterich, M. 

The Bandgap as a Moving Target: Reversible Bandgap Instabilities in Multiple-Cation 

Mixed-Halide Perovskite Solar Cells. ACS Energy Lett 2018, 3 (12), 2995–3001. 

https://doi.org/10.1021/acsenergylett.8b01857. 

(19) Sutter-Fella, C. M.; Ngo, Q. P.; Cefarin, N.; Gardner, K. L.; Tamura, N.; Stan, C. 

V.; Drisdell, W. S.; Javey, A.; Toma, F. M.; Sharp, I. D. Cation-Dependent Light-Induced 

Halide Demixing in Hybrid Organic–Inorganic Perovskites. Nano Lett 2018, 18 (6), 3473–

3480. https://doi.org/10.1021/acs.nanolett.8b00541. 



 35 

(20) Suchan, K. Life and Death of Mixed Metal Halide Perovskites: Mechanism and 

Consequences of Light Induced Halide Segregation in MAPb(I,Br)3. PhD Thesis, Lund 

University, 2023. 

(21) Geppi, M.; Borsacchi, S.; Mollica, G.; Veracini, C. A. Applications of Solid-State 

NMR to the Study of Organic/Inorganic Multicomponent Materials. Appl Spectrosc Rev 

2009, 44 (1), 1–89. https://doi.org/10.1080/05704920802352564. 

(22) Müller, K.; Geppi, M. Solid State NMR: Principles, Methods, and Applications, 

Wiley-VCH.; Wiley-VCH: Weinheim (Germany), 2021. 

(23) Ashbrook, S. E.; Dawson, D. M.; Seymour, V. R. Recent Developments in Solid-

State NMR Spectroscopy of Crystalline Microporous Materials. Phys. Chem. Chem. Phys. 

2014, 16 (18), 8223–8242. https://doi.org/10.1039/C4CP00578C. 

(24) Reif, B.; Ashbrook, S. E.; Emsley, L.; Hong, M. Solid-State NMR Spectroscopy. 

Nature Reviews Methods Primers 2021, 1 (1), 2. https://doi.org/10.1038/s43586-020-

00002-1. 

(25) Gutmann, T.; Groszewicz, P. B.; Buntkowsky, G. Solid-State NMR of 

Nanocrystals; 2019; pp 1–82. https://doi.org/10.1016/bs.arnmr.2018.12.001. 

(26) Pound, R. V. Nuclear Electric Quadrupole Interactions in Crystals. Physical Review 

1950, 79 (4), 685–702. https://doi.org/10.1103/PhysRev.79.685. 

(27) Trontelj, Z.; Pirnat, J.; Jazbinšek, V.; Lužnik, J.; Srčič, S.; Lavrič, Z.; Beguš, S.; 

Apih, T.; Žagar, V.; Seliger, J. Nuclear Quadrupole Resonance (NQR)—A Useful 



 36 

Spectroscopic Tool in Pharmacy for the Study of Polymorphism. Crystals (Basel) 2020, 10 

(6), 450. https://doi.org/10.3390/cryst10060450. 

(28) Horace-Herron, K. L.; Masna, N. V. R.; Bhunia, S.; Mandal, S.; Ray, S. Nuclear 

Quadrupole Resonance for Substance Detection. IEEE Access 2024, 12, 111709–111722. 

https://doi.org/10.1109/ACCESS.2024.3438877. 

(29) Franssen, W. M. J.; Kentgens, A. P. M. Solid–State NMR of Hybrid Halide 

Perovskites. Solid State Nucl Magn Reson 2019, 100, 36–44. 

https://doi.org/10.1016/j.ssnmr.2019.03.005. 

(30) Piveteau, L.; Morad, V.; Kovalenko, M. V. Solid-State NMR and NQR 

Spectroscopy of Lead-Halide Perovskite Materials. J Am Chem Soc 2020, 142 (46), 19413–

19437. https://doi.org/10.1021/jacs.0c07338. 

(31) Kubicki, D. J.; Stranks, S. D.; Grey, C. P.; Emsley, L. NMR Spectroscopy Probes 

Microstructure, Dynamics and Doping of Metal Halide Perovskites. Nature Reviews 

Chemistry 2021, 624–645. https://doi.org/10.1038/s41570-021-00309-x. 

(32) Chapman, R. P.; Widdifield, C. M.; Bryce, D. L. Solid-State NMR of Quadrupolar 

Halogen Nuclei. Prog Nucl Magn Reson Spectrosc 2009, 55 (3), 215–237. 

https://doi.org/10.1016/j.pnmrs.2009.05.001. 

(33) Nari, A.; Rahman, M.; Szell, P. M. J.; Semeniuchenko, V.; Bryce, D. L. Halogen 

Bond Strength in Solids Quantified via Zeeman-Perturbed Nuclear Quadrupole Resonance 

Spectroscopy. J Am Chem Soc 2025, 147 (11), 9528–9543. 

https://doi.org/10.1021/jacs.4c17321. 



 37 

(34) Szell, P. M. J.; Grébert, L.; Bryce, D. L. Rapid Identification of Halogen Bonds in 

Co‐Crystalline Powders via 127I Nuclear Quadrupole Resonance Spectroscopy. Angewandte 

Chemie International Edition 2019, 58 (38), 13479–13485. 

https://doi.org/10.1002/anie.201905788. 

(35) Piveteau, L.; Aebli, M.; Yazdani, N.; Millen, M.; Korosec, L.; Krieg, F.; Benin, B. 

M.; Morad, V.; Piveteau, C.; Shiroka, T.; Comas-Vives, A.; Copéret, C.; Lindenberg, A. 

M.; Wood, V.; Verel, R.; Kovalenko, M. V. Bulk and Nanocrystalline Cesium Lead-Halide 

Perovskites as Seen by Halide Magnetic Resonance. ACS Cent Sci 2020, 6 (7), 1138–1149. 

https://doi.org/10.1021/acscentsci.0c00587. 

(36) Volkov, A. F.; Venevtsev, Yu. N.; Semin, G. K. Nuclear Quadrupole Resonance 

(NQR) of 79Br and 81Br in Perovskite and Orthorhombic Forms of CsPbBr3 and CsPbJ3. 

physica status solidi (b) 1969, 35 (2). https://doi.org/10.1002/pssb.19690350277. 

(37) Tovborg-Jensen, N. NQR Investigation of Phase Transitions in Cesium 

Plumbochloride. The Journal of Chemical Physics. 1969, 569–571. 

https://doi.org/10.1063/1.1670853. 

(38) van Driel, H. M.; Armstrong, R. L. 35Cl Spin-Lattice Relaxation Study of Phase 

Tansitions in CsPbCl3. Phys Rev B 1975, 12 (3), 839–841. 

https://doi.org/10.1103/PhysRevB.12.839. 

(39) Hidaka, M.; Okamoto, Y.; Zikumaru, Y. Structural Phase Transition of CsPbCl3 

below Room Temperature. Physica Status Solidi (a) 1983, 79 (1), 263–269. 

https://doi.org/10.1002/pssa.2210790129. 



 38 

(40) Sharma, S.; Weiden, N.; Weiss, A. Phase Transitions in CsSnCl3 and CsPbBr3 An 

NMR and NQR Study. Zeitschrift für Naturforschung A 1991, 46 (4), 329–336. 

https://doi.org/10.1515/zna-1991-0406. 

(41) Quarti, C.; Gautier, R.; Zacharias, M.; Gansmuller, A.; Katan, C. Nuclear 

Quadrupolar Resonance Structural Characterization of Halide Perovskites and 

Perovskitoids: A Roadmap from Electronic Structure Calculations for Lead-Iodide-Based 

Compounds. J Am Chem Soc 2024. https://doi.org/10.1021/jacs.4c09877. 

(42) Franssen, W. M. J.; van Es, S. G. D.; Dervişoğlu, R.; de Wijs, G. A.; Kentgens, A. 

P. M. Symmetry, Dynamics, and Defects in Methylammonium Lead Halide Perovskites. J 

Phys Chem Lett 2017, 8 (1), 61–66. https://doi.org/10.1021/acs.jpclett.6b02542. 

(43) Senocrate, A.; Moudrakovski, I.; Kim, G. Y.; Yang, T. Y.; Gregori, G.; Grätzel, 

M.; Maier, J. The Nature of Ion Conduction in Methylammonium Lead Iodide: A 

Multimethod Approach. Angewandte Chemie - International Edition 2017, 56 (27), 7755–

7759. https://doi.org/10.1002/anie.201701724. 

(44) Senocrate, A.; Moudrakovski, I.; Maier, J. Short-Range Ion Dynamics in 

Methylammonium Lead Iodide by Multinuclear Solid State NMR and 127I NQR. Physical 

Chemistry Chemical Physics 2018, 20 (30), 20043–20055. 

https://doi.org/10.1039/C8CP01535J. 

(45) Mozur, E. M.; Hope, M. A.; Trowbridge, J. C.; Halat, D. M.; Daemen, L. L.; 

Maughan, A. E.; Prisk, T. R.; Grey, C. P.; Neilson, J. R. Cesium Substitution Disrupts 

Concerted Cation Dynamics in Formamidinium Hybrid Perovskites. Chemistry of Materials 

2020, 32 (14), 6266–6277. https://doi.org/10.1021/acs.chemmater.0c01862. 



 39 

(46) Doherty, T. A. S.; Nagane, S.; Kubicki, D. J.; Jung, Y.-K.; Johnstone, D. N.; Iqbal, 

A. N.; Guo, D.; Frohna, K.; Danaie, M.; Tennyson, E. M.; Macpherson, S.; Abfalterer, A.; 

Anaya, M.; Chiang, Y.-H.; Crout, P.; Ruggeri, F. S.; Collins, S.; Grey, C. P.; Walsh, A.; 

Midgley, P. A.; Stranks, S. D. Stabilized Tilted-Octahedra Halide Perovskites Inhibit Local 

Formation of Performance-Limiting Phases. Science (1979) 2021, 374 (6575), 1598–1605. 

https://doi.org/10.1126/science.abl4890. 

(47) Greve, C.; Ramming, P.; Griesbach, M.; Leupold, N.; Moos, R.; Köhler, A.; Herzig, 

E. M.; Panzer, F.; Grüninger, H. To Stop or to Shuttle Halides? The Role of an Ionic Liquid 

in Thermal Halide Mixing of Hybrid Perovskites. ACS Energy Lett 2023, 8 (12), 5041–

5049. https://doi.org/10.1021/acsenergylett.3c01878. 

(48) Duijnstee, E. A.; Gallant, B. M.; Holzhey, P.; Kubicki, D. J.; Collavini, S.; Sturdza, 

B. K.; Sansom, H. C.; Smith, J.; Gutmann, M. J.; Saha, S.; Gedda, M.; Nugraha, M. I.; 

Kober-Czerny, M.; Xia, C.; Wright, A. D.; Lin, Y.-H.; Ramadan, A. J.; Matzen, A.; Hung, 

E. Y.-H.; Seo, S.; Zhou, S.; Lim, J.; Anthopoulos, T. D.; Filip, M. R.; Johnston, M. B.; 

Nicholas, R. J.; Delgado, J. L.; Snaith, H. J. Understanding the Degradation of 

Methylenediammonium and Its Role in Phase-Stabilizing Formamidinium Lead Triiodide. 

J Am Chem Soc 2023, 145 (18), 10275–10284. https://doi.org/10.1021/jacs.3c01531. 

(49) Hooper, R. W.; Lin, K.; Veinot, J. G. C.; Michaelis, V. K. 3D to 0D Cesium Lead 

Bromide: A 79/81Br NMR, NQR and Theoretical Investigation. Journal of Magnetic 

Resonance 2023, 352, 107472. https://doi.org/10.1016/j.jmr.2023.107472. 

(50) Aebli, M.; Porenta, N.; Aregger, N.; Kovalenko, M. V. Local Structure of Multinary 

Hybrid Lead Halide Perovskites Investigated by Nuclear Quadrupole Resonance 



 40 

Spectroscopy. Chemistry of Materials 2021, 33 (17), 6965–6973. 

https://doi.org/10.1021/acs.chemmater.1c01945. 

(51) Karmakar, A.; Askar, A. M.; Bernard, G. M.; Terskikh, V. V.; Ha, M.; Patel, S.; 

Shankar, K.; Michaelis, V. K. Mechanochemical Synthesis of Methylammonium Lead 

Mixed-Halide Perovskites: Unraveling the Solid-Solution Behavior Using Solid-State 

NMR. Chemistry of Materials 2018, 30 (7), 2309–2321. 

https://doi.org/10.1021/acs.chemmater.7b05209. 

(52) Askar, A. M.; Karmakar, A.; Bernard, G. M.; Ha, M.; Terskikh, V. V.; Wiltshire, 

B. D.; Patel, S.; Fleet, J.; Shankar, K.; Michaelis, V. K. Composition-Tunable 

Formamidinium Lead Mixed Halide Perovskites via Solvent-Free Mechanochemical 

Synthesis: Decoding the Pb Environments Using Solid-State NMR Spectroscopy. Journal 

of Physical Chemistry Letters 2018, 9 (10), 2671–2677. 

https://doi.org/10.1021/acs.jpclett.8b01084. 

(53) Fykouras, K.; Lahnsteiner, J.; Leupold, N.; Tinnemans, P.; Moos, R.; Panzer, F.; 

de Wijs, G. A.; Bokdam, M.; Grüninger, H.; Kentgens, A. P. M. Disorder to Order: How 

Halide Mixing in MAPbI3−xBrx Perovskites Restricts MA Dynamics. J Mater Chem A Mater 

2023, 11 (9), 4587–4597. https://doi.org/10.1039/D2TA09069D. 

(54) Wolffs, J. W.; Gomez, J.; Janssen, G. E.; de Wijs, G. A.; Kentgens, A. P. M. 

Automated Wideline Nuclear Quadrupole Resonance of Mixed-Cation Lead Halide 

Perovskites 2025. https://doi.org/10.5194/mr-2025-2. 

(55) Colella, S.; Todaro, M.; Masi, S.; Listorti, A.; Altamura, D.; Caliandro, R.; 

Giannini, C.; Carignani, E.; Geppi, M.; Meggiolaro, D.; Buscarino, G.; De Angelis, F.; 



 41 

Rizzo, A. Light-Induced Formation of Pb3+ Paramagnetic Species in Lead Halide 

Perovskites. ACS Energy Lett 2018, 3 (8), 1840–1847. 

https://doi.org/10.1021/acsenergylett.8b00944. 

(56) Mishra, A.; Hope, M. A.; Emsley, L. Light-Induced Metallic and Paramagnetic 

Defects in Halide Perovskites from Magnetic Resonance. ACS Energy Lett 2024, 9 (10), 

5074–5080. https://doi.org/10.1021/acsenergylett.4c02557. 

(57) Qiao, W.-C.; Liang, J.; Dong, W.; Ma, K.; Wang, X. L.; Yao, Y.-F. Illumination-

Induced Changes in Methylammonium Lead Bromine Perovskites. An In Situ 2 H NMR 

Study. The Journal of Physical Chemistry C 2021, 125 (18), 9908–9915. 

https://doi.org/10.1021/acs.jpcc.1c01814. 

(58) Qiao, W.-C.; Wu, J.; Zhang, R.; Ou-Yang, W.; Chen, X.; Yang, G.; Chen, Q.; 

Wang, X. L.; Wang, H. F.; Yao, Y.-F. In Situ NMR Investigation of the Photoresponse of 

Perovskite Crystal. Matter 2020, 3 (6), 2042–2054. 

https://doi.org/10.1016/j.matt.2020.09.004. 

(59) Hwang, S.-J.; Petucci, C.; Raftery, D. In Situ Solid-State NMR Studies of 

Trichloroethylene Photocatalysis: Formation and Characterization of Surface-Bound 

Intermediates. J Am Chem Soc 1998, 120 (18), 4388–4397. 

https://doi.org/10.1021/ja974192i. 

(60) Pilkenton, S.; Hwang, S.-J.; Raftery, D. Ethanol Photocatalysis on TiO2-Coated 

Optical Microfiber, Supported Monolayer, and Powdered Catalysts:  An in Situ NMR 

Study. J Phys Chem B 1999, 103 (50), 11152–11160. https://doi.org/10.1021/jp9927092. 



 42 

(61) Hwang, S.-J.; Raftery, D. In Situ Solid-State NMR Studies of Ethanol 

Photocatalysis: Characterization of Surface Sites and Their Reactivities. Catal Today 1999, 

49 (4), 353–361. https://doi.org/10.1016/S0920-5861(98)00449-0. 

(62) Pradhan, A. R.; Macnaughtan, M. A.; Raftery, D. Zeolite-Coated Optical 

Microfibers for Intrazeolite Photocatalysis Studied by in Situ Solid-State NMR. J Am Chem 

Soc 2000, 122 (2), 404–405. https://doi.org/10.1021/ja992683s. 

(63) Xu, W.; Raftery, D. Photocatalytic Oxidation of 2-Propanol on TiO2 Powder and 

TiO2 Monolayer Catalysts Studied by Solid-State NMR. J Phys Chem B 2001, 105 (19), 

4343–4349. https://doi.org/10.1021/jp004381e. 

(64) Pilkenton, S.; Raftery, D. Solid-State NMR Studies of the Adsorption and 

Photooxidation of Ethanol on Mixed TiO2–SnO2 Photocatalysts. Solid State Nucl Magn 

Reson 2003, 24 (4), 236–253. https://doi.org/10.1016/S0926-2040(03)00030-4. 

(65) Concistrè, M.; Gansmüller, A.; McLean, N.; Johannessen, O. G.; Marín 

Montesinos, I.; Bovee-Geurts, P. H. M.; Verdegem, P.; Lugtenburg, J.; Brown, R. C. D.; 

DeGrip, W. J.; Levitt, M. H. Double-Quantum 13C Nuclear Magnetic Resonance of 

Bathorhodopsin, the First Photointermediate in Mammalian Vision. J Am Chem Soc 2008, 

130 (32), 10490–10491. https://doi.org/10.1021/ja803801u. 

(66) Concistrè, M.; Gansmüller, A.; McLean, N.; Johannessen, O. G.; Marín 

Montesinos, I.; Bovee-Geurts, P. H. M.; Brown, R. C. D.; DeGrip, W. J.; Levitt, M. H. Light 

Penetration and Photoisomerization in Rhodopsin Studied by Numerical Simulations and 

Double-Quantum Solid-State NMR Spectroscopy. J Am Chem Soc 2009, 131 (17), 6133–

6140. https://doi.org/10.1021/ja809878c. 



 43 

(67) Concistrè, M.; Johannessen, O. G.; McLean, N.; Bovee-Geurts, P. H. M.; Brown, 

R. C. D.; DeGrip, W. J.; Levitt, M. H. A Large Geometric Distortion in the First 

Photointermediate of Rhodopsin, Determined by Double-Quantum Solid-State NMR. J 

Biomol NMR 2012, 53 (3), 247–256. https://doi.org/10.1007/s10858-012-9635-4. 

(68) de Mos, J.; Jakob, A.; Becker‐Baldus, J.; Heckel, A.; Glaubitz, C. Light‐Induced 

Uncaging for Time‐Resolved Observations of Biochemical Reactions by MAS NMR 

Spectroscopy. Chemistry – A European Journal 2020, 26 (30), 6789–6792. 

https://doi.org/10.1002/chem.202000770. 

(69) Oshima, K.; Shigeta, A.; Makino, Y.; Kawamura, I.; Okitsu, T.; Wada, A.; Tuzi, 

S.; Iwasa, T.; Naito, A. Characterization of Photo-Intermediates in the Photo-Reaction 

Pathways of a Bacteriorhodopsin Y185F Mutant Using in Situ Photo-Irradiation Solid-State 

NMR Spectroscopy. Photochemical & Photobiological Sciences 2015, 14 (9), 1694–1702. 

https://doi.org/10.1039/c5pp00154d. 

(70) Yomoda, H.; Makino, Y.; Tomonaga, Y.; Hidaka, T.; Kawamura, I.; Okitsu, T.; 

Wada, A.; Sudo, Y.; Naito, A. Color‐Discriminating Retinal Configurations of Sensory 

Rhodopsin I by Photo‐Irradiation Solid‐State NMR Spectroscopy. Angewandte Chemie 

International Edition 2014, 53 (27), 6960–6964. https://doi.org/10.1002/anie.201309258. 

(71) Tomonaga, Y.; Hidaka, T.; Kawamura, I.; Nishio, T.; Ohsawa, K.; Okitsu, T.; 

Wada, A.; Sudo, Y.; Kamo, N.; Ramamoorthy, A.; Naito, A. An Active Photoreceptor 

Intermediate Revealed by In Situ Photoirradiated Solid-State NMR Spectroscopy. Biophys 

J 2011, 101 (10), L50–L52. https://doi.org/10.1016/j.bpj.2011.10.022. 



 44 

(72) Makino, Y.; Kawamura, I.; Okitsu, T.; Wada, A.; Kamo, N.; Sudo, Y.; Ueda, K.; 

Naito, A. Retinal Configuration of PpR Intermediates Revealed by Photoirradiation Solid-

State NMR and DFT. Biophys J 2018, 115 (1), 72–83. 

https://doi.org/10.1016/j.bpj.2018.05.030. 

(73) Coelho, A. A. TOPAS and TOPAS-Academic : An Optimization Program 

Integrating Computer Algebra and Crystallographic Objects Written in C++. J Appl 

Crystallogr 2018, 51 (1), 210–218. https://doi.org/10.1107/S1600576718000183. 

(74) Massiot, D.; Farnan, I.; Gautier, N.; Trumeau, D.; Trokiner, A.; Coutures, J. P. 71Ga 

and 69Ga Nuclear Magnetic Resonance Study of β-Ga2O3: Resolution of Four- and Six-Fold 

Coordinated Ga Sites in Static Conditions. Solid State Nucl Magn Reson 1995, 4 (4), 241–

248. https://doi.org/10.1016/0926-2040(95)00002-8. 

(75) Cicci Research. http://www.cicciresearch.it/ (accessed 2025-08-19). 

(76) Lehmann, F.; Franz, A.; Többens, D. M.; Levcenco, S.; Unold, T.; Taubert, A.; 

Schorr, S. The Phase Diagram of a Mixed Halide (Br, I) Hybrid Perovskite Obtained by 

Synchrotron X-Ray Diffraction. RSC Adv 2019, 9 (20), 11151–11159. 

https://doi.org/10.1039/C8RA09398A. 

(77) Vegard, L. Die Konstitution Der Mischkristalle Und Die Raumfüllung Der Atome. 

Zeitschrift für Physik 1921, 5 (1), 17–26. https://doi.org/10.1007/BF01349680. 

(78) Xu, Q.; Eguchi, T.; Nakayama, H.; Nakamura, N.; Kishita, M. Molecular Motions 

and Phase Transitions in Solid CH3NH3PbX3 (X = Cl, Br, I) as Studied by NMR and NQR. 



 45 

Zeitschrift für Naturforschung A 1991, 46 (3), 240–246. https://doi.org/10.1515/zna-1991-

0305. 

(79) Sarkar, D.; Hooper, R. W.; Karmakar, A.; Bhattacharya, A.; Pominov, A.; Terskikh, 

V. V.; Michaelis, V. K. Metal Halide Perovskite and Perovskite-like Materials through the 

Lens of Ultra-Wideline 35/37Cl NMR Spectroscopy. ACS Mater Lett 2022, 4 (7), 1255–1263. 

https://doi.org/10.1021/acsmaterialslett.2c00377. 

  

 

SYNOPSIS  

In situ NQR sheds light on photoinduced halide segregation in MAPb(BrxI1-x)3 perovskites. 
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