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ABSTRACT

Mixed-halide perovskites of formula MAPb(Brxli-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(Brxlix)3
compositions using 7”#'Br and '’/ Nuclear Quadrupole Resonance (NQR) spectroscopy.
Furthermore, we present the first application of NQR under iz sifu 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 ¥Br NQR
spectra of MAPb(Broslo.1)s and MAPb(Broslo2); 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



coefficients, long carrier diffusion lengths, tunable bandgaps, and ease of synthesis.!? 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.>¢

In particular, mixed-halide perovskites of formula APb(X.:X’1x)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.®>~’ 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’1x)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(Br:lix)3 thin films through a redshift in emission under continuous
illumination, suggesting the formation of I-rich domains.® 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.®!!

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-



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,®!?"'* while in
other cases only signal broadening or a shift of the entire peak has been observed.'>™'” 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 ez al.?°

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.?!=28

Among these, SSNMR has been successfully employed for characterizing MHPs, as highlighted
by recent reviews on the topic.?’*! 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



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 / > 1/2), such as halogens (**3’Cl, 7#!Br and '*7),
which are challenging to investigate using SSNMR due to their large quadrupole moment resulting
in extremely broad signals.3>3*

As far as MHPs are concerned, while chloride and bromide SSNMR spectra have been reported
only in recent years,> halide NQR spectra in MHPs date back to the late 1960s and early 1970s,¢-
3% when the technique was primarily employed to study phase transitions.?”%4% In the last years,
interest in the NQR characterization of MHPs has grown significantly, driven by the increasing
scientific attention surrounding these materials.3®*' NQR has been recently used to investigate ion
dynamics and defect mobility,*>** to analyze thin films and nanoparticles,’®* to probe the
incorporation of Cs in FAPbBr3,* to explore the influence of additives on the stability and structure

of 3D perovskite phases,*43

and to study perovskites with different “molecular-level”
dimensionalities.*” Aebli et al. recently employed NQR to tackle the inherently challenging
characterization of highly disordered mixed-halide perovskites by examining the '?’T signals of
FAPb(Br:l1-x)3 compositions with x < 0.04.>° Their study suggested a homogeneous distribution of
halides within the material, consistent with 2°’Pb SSNMR findings on mixed-halide lead-based
perovskites.!>3 Recently, Wolffs et al.>* developed an automated wideline NQR setup and applied
it to mixed-cation MHPs MAxFA 1xPbls, enabling the acquisition of high-quality '?’I 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 sifu illumination conditions. This is essential because the



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,*>-7? 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 sifu investigations. In this context,
NQR offers a promising alternative, as suggested by Piveteau et al.,>* 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 "®!Br and '?1.

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% 1.5° Furthermore, no studies have
investigated the potential of NQR under in sifu illumination to assess changes in halide
distribution. This study aims to advance the application of NQR in characterizing mixed-halide
perovskites, focusing on MAPb(Br:li-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 3'Br NQR investigation of MAPb(Br.li-x)3
perovskites under in sitfu 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



Materials. Methylammonium Bromide (>98%), Methylammonium lodide (>99%), and Lead
Bromide (>98%) were supplied by TCI Europe. Lead Iodide (>99%) was supplied by Sigma
Aldrich.

Samples Preparation. Perovskites MAPb(Brxli+)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° 20 range, using a step size of 0.02° 20 and a scanning
rate of 6° 20 min~'. Measurements were performed with a Rigaku MiniFlex 600-C diffractometer
operating in Bragg—Brentano geometry and equipped with a D/teX detector, using Cu Ka radiation
(L=1.54056 A). 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.”

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



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(Bro.slo.2)3. Further details
can be found in Section S3.

Since the 7B, 8!Br and '>7I 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:’* 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 ps was used. Excitation
pulses had a duration of 2 pus 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 sifu 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.

[Mlumination during NQR acquisition was provided by a commercial LED-based source (LED
Tower) from Cicci Research,” composed of a 3 x 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.



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(Brxli-
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(Bro.1lo.9); and MAPbI3 show an average



tetragonal structure, corresponding to the space group [4/mcm, in agreement with previously
reported results.”®
As the bromine content increases, the crystal lattice contracts, as evidenced by a systematic shift

of the diffraction peaks toward higher angles.
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Figure 2. a) PXRD patterns of MAPb(Br:li-x)3 samples; b) Schematic representation of the cubic
perovskite unit cell of MAPb(Br:li1-+)3; ¢) Linear fit of the experimental unit cell volumes as a

function of the nominal fractional Br content x in MAPb(Brxl1-)s.
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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.””

V(x) =Vgr-x+V, - (1—x) (1)

where Vg, and V; are the unit cell volumes of MAPbBr3 and MAPDI3, respectively.
Compounds with a tetragonal phase were treated as pseudo-cubic, i.e., the following relations

were used:

Aps—cub = atet/\/E
Cps—cub = atet/z
Vps—cub = Vtet/4 (2)

where aps_cyp and cps_cyp denote pseudo-cubic lattice parameters, and Vps_cyp is the
corresponding pseudo-cubic unit cell volume.

As shown in Figure 2¢, 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.

7981Br and >7I NQR on MAPb(Brxli—)3. 7?'Br and '>’I NQR spectra were recorded for the
nine synthesized MAPb(Brxl1-x)s samples. 7Br and 3'Br isotopes have nuclear spin 7 = 3/2, while
1271 has nuclear spin /= 5/2. As a result, as described in Section S1, 7Br and 3'Br exhibit only the

3 1 3 .3 .. . 5 1 5
(|5; + 5> — |5 i+ E>) transition, whereas '?’I can undergo two transitions: |§; + E> — |5; +

3> and

2
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E; i%} — E, i§> In this work, we acquired the signals corresponding to the (l] ;i%> —

.. 5 5 .5 ..
|I; i%}) transitions for both 78!Br and '?’I. The |§; i%) - |E; i5> transition of 2’ was not

recorded, as its frequency was outside the range accessible with the probe used in this study.
Starting with the bromide-pure composition, MAPbBr3, the ”’Br and 8'Br NQR signals (Figure
3) were observed at 70.45 and 58.85 MHz, respectively, in agreement with values reported in the
literature.”® 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 MAPDbBTr3. For instance, in MAPb(Bro.slo.1)3, the following differences are

noted (Figure 3): (i) a broad signal from the E, i%> — E, i§> transition of '?’I appears at

approximately 78 MHz; (i) 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 73!Br signals

shift toward higher frequencies.
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Figure 3. Bottom: ’Br and ®'Br NQR signals of MAPbBr3. Top: "Br, 8'Br, and '’I NQR signals
of MAPb(Broolo.1)3, acquired using the VOCS technique. The dotted vertical lines indicate the

NQR frequencies of MAPbBrs3.

While the appearance of the '?’I 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’® in
FAPb(Br:li-+)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 2™, 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 A 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 7#'Br and '?7I NQR spectra of the nine MAPb(Brxli-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. 73Br and '*7I NQR spectra of the nine mixed halide MAPb(Brxli-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(Bro.olo.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(Broolo.1)3, the intensities of the '?’I and 7®'Br signals reflect the composition of
MAPD(Br:l1-x)s, with the '?7I signal increasing and the 7#'Br 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:

v(®'Br) = 61.93 — 1.30x — 1.80x?
v(7°Br) = 74.21 — 1.45x — 2.34x?
v(*’I) = 82.59 — 3.47x — 2.25x> (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: '?7I (Q = — 68.82 fm?) > 7Br (Q = 30.87 fm?) > 3!Br (Q = 25.79 fm?). In particular, the ratios

of the first-order coefficients in the polynomial functions referred to that of 3'Br (2.67:1.12:1)
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result very similar to the ratios of the absolute values of the quadrupole moments of the

corresponding nuclei (2.67:1.20:1).
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Figure 5. Left: Frequency trends of the three halide signals as a function of the Br content x in
MAPbH(Brxl1-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 ”#'Br NQR signals of MAPbBris 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 ®Br signal for
MAPb(Broslos)s (~ 60.87 MHz) corresponds to the average frequency of a #'Br 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 3Br 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°5-72

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
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quantitative spectra. This is particularly useful for experiments involving small amounts of sample,
as those under in sifu 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 7*®'Br- and >/ 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 2°’Pb spectra,”'? 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
MAPbH(Brxli1+)3 span a frequency range of several MHz. This, combined with the small amount of
sample used in in sifu 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 "Br, ¥ Br, and '?7I. 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(Br:li-+)3 compositions, the |I; + %> —|I; £ %} transition signals of "Br

and '?7I partially overlap. Based on these considerations, 3'Br 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(Bro.9lo.1)3, MAPb(Bro.slo.2)3, and
MAPD(Bro.slo.4)s.

The first sample studied under illumination was MAPb(Brolo.1);. By monitoring the signal

intensity at the 3'Br 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.'® 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 8'Br 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 8!Br signal was acquired through the superposition of 33 subspectra (Figure 6a).
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Figure 6. ' Br NQR spectra of MAPbBTr3 (bottom), MAPb(Bro.lo.1)3 (a), MAPb(Broslo.2)s (b), and

MAPb(Broslo4)s (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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MAPDBBr3. Arrows highlight the shoulders appearing in the signal lineshape recorded under in situ

illumination for MAPb(Bro.9lo.1)3 and MAPb(Bro.slo.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.

MAPD(Broslo.2)s was studied using the same approach as MAPb(Bro.slo.1)3. The lower bromine
content results in a reduced signal-to-noise ratio of the 3'Br NQR signal (Figure 6b).

The signal of MAPb(Bro.slo.2)3 acquired under illumination shows clear similarities to that of the
MAPb(Broolo.1)s sample. This signal also exhibits an asymmetric shape, with the maximum
appearing at the frequency characteristic of bromine-pure MAPbBr; domains (58.85 MHz).
Moreover, also in this case, the signal’s shoulders already observed in MAPb(Bro.slo.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.

21



The acquisition of the ¥ Br NQR spectrum of MAPb(Bro.slo.4)s 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 6¢). 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 3'Br NQR spectra
of MAPb(Bro.slo.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 8'Br NQR
signals of the three studied samples acquired with in situ illumination. Unlike the PL spectra
reported in the literature for different MAPb(Br:li-x)3 compositions, which tend to become nearly
identical under in situ illumination,® the NQR signals exhibit distinct shapes depending on the

sample composition.
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Figure 7. 3'Br NQR spectra of MAPb(Broslos); (bottom), MAPb(Broslo2)s (center), and
MAPbB(Broolo.1)3 (top), acquired with in sifu 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(Bro.slo4)s, 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(Bro.slo.1)3 and MAPb(Broslo2)s 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(Broslo.1)s and

MAPDbB(Broslo.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 8'Br NQR spectra of MAPb(Bro.lo.1)3 and MAPb(Bro.slo.2)3

acquired with in situ illumination.

MAPb(Bro.slo.1)3 MAPb(Bro.slo.2)s
Gaussian n. | Intensity Center FWHM Intensity Center FWHM
o] frequency (MHz] o] frequency (MHz]
[MHZz] [MHZz]
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 5896+0.08 | 1.44+0.13
3 12£8 59.66+0.06 | 0.37+0.18 8+5 59.55+0.09 03+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

24



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(Bro.lo.1)3 and 58.85 and 58.96 MHz
for MAPb(Bro.slo.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 8'Br 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(Br«l1-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(Bro.slo.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 systems*!#>-7° 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,

26



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(Br.l1-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.,'® who
investigated the photosegregation process in MAPb(Brxli-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(Bro.slo4)3 is
consistent with the findings of Suchan et al.'® and Hoke et al.,® although it contrasts with the
observations reported by Barker ef al.!” and Sutter-Fella et al.'’

While our results support this overall composition-dependent behavior, they also reveal a
contrasting trend in Br-rich compositions. Specifically, MAPb(Bro.lo.1)3 and MAPb(Bro.slo.2)s,
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,'* as well as in PL-based investigations.®!? In the latter case, although PL is not
well suited to probe compositional distributions, it often reveals nearly identical emission spectra
across different MAPb(Br:lix)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(Bro.slo.4); displays a broader and less shifted 3'Br 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
MAPDH(Br.li-x)3 mixed-halide perovskites, focusing on the 1/2 — 3/2 transitions of °Br, 3'Br,
and '?"I. 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, 8!Br
NQR spectra of MAPb(Broolo.1)s and MAPb(Broslo2)s 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(Bro.lo.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.!'® 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 sifu methods based on PL and XRD for the study of
photoinduced halide segregation. Although further studies are needed, including the complete
exploration of #'Br NQR and both '”7I 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.
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In situ NQR sheds light on photoinduced halide segregation in MAPb(Br:l1-x)3 perovskites.

FOR TABLE OF CONTENTS ONLY

In situ illumination 8'Br NQR

MAPb(Broslo2)s A
Light g .

MAPb(Broslo2)3
Dark

MAPbBTr3

£ o
v (MHz)

45



