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S1. NQR Theoretical Background

NQR is a spectroscopic technique!? based on the interaction between the electric quadrupole
moment of a nucleus and the Electric Field Gradient (EFG) at the nuclear site. This interaction, known
as quadrupolar interaction, occurs in nuclei with spin /> 1/2, as their non-spherical charge distribution
generates a nuclear quadrupole moment Q that interacts with the surrounding EFG giving rise to non-
degenerate nuclear spin states.>> Similar to NMR, NQR employs radiofrequency pulses to observe
the transitions between the different spin states and can be generally performed using the same
hardware as NMR. However, unlike NMR, which requires an external magnetic field to lift the
degeneracy of nuclear spin states, NQR operates in zero-field conditions, with the energy level
splitting arising solely from the quadrupolar interaction.

As aresult, the resonance frequencies depend exclusively on Q, a property of the nucleus, and EFG,
which originates from the charge distribution around the nucleus. This means that in NQR, signal

frequencies are determined, for a given nucleus, entirely by the surrounding environment.



The EFG is described as a symmetric, traceless second-rank tensor that contains information about
the charge distribution around the nucleus and, as a consequence, its structural environment. It can

be diagonalized in a coordinate system with three principal components Vi, V, and V,,,
conventionally chosen such that |V, | > |Vyy| > |Vixl-
The quadrupolar coupling constant, Cq, which determines the interaction strength, is given by:

Vz2Q
Co = eT (S1)

where e is the elementary charge, V,, is the maximum principal component of the EFG tensor (in
absolute value), Q is the nuclear quadrupole moment, and /4 is Planck’s constant.

The asymmetry parameter 7, (0 <7, < 1) quantifies the deviation of the EFG from axial

symmetry:
Vix— Vs
Mo = —(— - (S2)

The determination of the quadrupole coupling constant C, and the asymmetry parameter 7, enables
the description of the EFG tensor, providing structural and dynamic information.

When the EFG tensor is axially symmetric (1, = 0), the energy of the spin states (|I; m;)) with m,
=-I,-I+1, ...]) is given by:

VZZQ
Em = 4f(21—1) [3mf -1+ 1)] (S3)

According to the NQR selection rules, transitions are allowed when Am; =+ 1. Consequently, for
nuclei with half-integer spin 7, there are (I + '2) energy levels and (/ — %) transitions; for nuclei with
integer spin /, there are (/ + 1) energy levels and / transitions.

In absence of axial symmetry (ng # 0), Equation S3 must be multiplied by a corrective function
f(nq). These functions are tabulated® and depend on 1, the nuclear spin 7, and the type of transition
observed.

In this work the relevant isotopes are #'Br (I = 3/2) and '2’I (I = 5/2).

For nuclei with spin 7 = 3/2, there is only one NQR transition, with a frequency given by:

(it o Ritd)=2 1+ (4)

For nuclei with I = 5/2 (e.g. '?’I), the two transition frequencies are given by:



v([2;£2) e |25 £3)) = =Co(1 4+ 0.0925972 + 0.63403n*)
(|5 1> |z 3)) 230 .
|

5 5 3
bt J_r5>) = =Co (140.20370n? + 0.162157*) (S5)

For nuclei with higher spin values, similar equations exist.
To fully determine both Cq and 1, at least two transition frequencies are required. This is not

possible for nuclei with / = 3/2, where only one transition exists. However, according to Equation S4,

the effect of 1 is relatively small, allowing the useful approximation v =~ Cq/2.%7

S2. Stoichiometric ratios of reactants used for sample preparation
Perovskites MAPb(Brilix)s with 0<x<1 (in steps of x = 0.1) were synthesized via

mechanosynthesis by mixing the reactants in the following stoichiometric ratios:

MABTr + PbBr — MAPbBr3

0.3 MAI + 0.7 MABr + PbBr2 — MAPb(Bro.slo.1)3

0.6 MAI + 0.4 MABr + PbBr2 — MAPb(Bro.slo.2)3

0.9 MAI + 0.1 MABr + PbBr2 — MAPb(Bro.710.3)3

0.4 MAI + 1.6 MABr + PbBr2 + Pblz — 2 MAPb(Bro.clo.4)3
MATI + MABr + PbBr2 + Pblz — 2 MAPb(Broslos)3

1.6 MAI + 0.4 MABr + PbBr2 + Pblz — 2 MAPb(Bro.4lo.s)3
0.1 MAI + 0.9 MABr + Pblo — MAPb(Bro3lo.7)3

0.4 MAI + 0.6 MABr + Pbl2 — MAPb(Bro.2lo.s)3

0.7 MAI + 0.3 MABr + Pblo — MAPb(Bro.1l0.9)3

MALI + Pbl, — MAPbI3

S3. Comparison of Sample Setups
To ensure that the results obtained using a fully packed NMR tube are not affected by sample setup
and are consistent with those acquired using the thin layer in grease setup employed in the in situ

illumination experiments, control experiments were performed using the thin layer setup under dark



conditions for both MAPbBr3 and MAPb(Bro:slo2)s. Due to the time constraints associated with the
thin layer setup, only nine subspectra were acquired at different radiofrequency offsets for
MAPb(Broslo2)s. These subspectra were scaled by a common scaling factor to match the signal
obtained using the fully packed tube and verify if they described the same overall signal. As shown
in Figure S1, the spectra acquired using the two different setups are in excellent agreement for both
samples, thus confirming that differences in lineshape and signal intensity between dark and light

conditions are not influenced by sample setup.
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Figure S1. On the left, 3'Br NMR spectra of MAPbBr3 acquired using the fully packed NMR tube
setup (black) and the thin layer in grease setup (red). On the right, ' Br NMR spectra of MAPb(Bros

lo.2)3 acquired using the fully packed NMR tube setup (black) and the thin layer in grease setup (red).

S4. LED Light Source Specifications

Samples were illuminated during NQR experiments with all LEDs of the LED Tower, set to the

wavelengths and light intensities listed in Table S1.



Table S1. Wavelengths and light intensities of the LEDs used for NQR experiments under

illumination.

Color Nominal Max. Light
Wavelength Power [ mW]
Warm White > 4750 K 41.4
Cool White <3750K 56.6
Far UV 360-370 nm 71.3
Uuv 380-390 nm 101.4
Deep Blue 445-465 nm 80
Green 490-535 nm 37.6
Amber 580-600 nm 14.1
Red 620-630 nm 37.1
Hyper Red 650-670 nm 61

SS. Statistical approach to tackle the halide arrangement in MAPb(Brxl1-x)3

In highly disordered systems such as mixed halide perovskites, the vast number of possible local
atomic arrangements makes their description inherently complex. Here, with the aim of understanding
the halide NQR spectra reported in the manuscript, we propose a simplified approach to effectively
rationalize and theoretically quantify these local structures in the ideal case of a perfectly

homogeneous halide distribution in the lattice (solid solution).

In the case of mixed halide perovskites as MAPb(Brxli-x)3, the first step is to define the number n
of halide neighbors surrounding the nucleus (halide) of interest, which constitute the fundamental
relevant structural unit. For example, in MAPbBr3, based on the crystal structure, if only halide
neighbors within 4.2 A from a bromine are taken into account, 7 is 8. If the fundamental unit extends
to include halide neighbors up to 5.95 A, n increases to 14. Considering a generic mixed halide
composition MAPb(Br«l1-x)3, in an ideal scenario, the binomial distribution determines the probability
P (k) of having k bromine atoms (with & ranging from 0 to n) and (n — k) iodine atoms within the n

considered positions (Figure S2), according to:



P(k) = (7 )x*(1—x)"k (S6)

where X is the fraction of bromine atoms in the material and (1 — x) is the fraction of iodide atoms.
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Figure S2. Probability of having k bromine atoms among the first n = 8 halide neighbors around a
given halide nucleus, as described by the binomial distribution for different compositions of

MAPbH(Br:li-+)3: MAPb(Bro.2los)s (left), MAPb(Bro.slo.s)s (center), MAPb(Bro.slo2)s (right).

n!

For each value of £, the binomial coefficient (Z) = m

represents the number of possible

arrangements (or local structures). The total number of possible local structures for MAPb(Brxli-x)3
is given by 2™. Symmetry operations then group equivalent arrangements into what we refer to as
unique configurations. For example, when considering only the first eight halide neighbors (n = 8),
there are 256 (2%) possible local structures, which correspond to 34 unique configurations.

Figure S3 illustrates the ( 2 ) = 70 possible local structures associated with k = 4 bromine atoms

when considering n = 8, which reduce to 10 unique configurations when symmetry operations are

considered.
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Figure S3. Ten unique configurations with indicated the number of corresponding equivalent local
structures associated with k = 4 bromine atoms surrounding one central bromine atom in MAPb(Brxli-
x)3, considering only the first eight halide neighbors (n = 8). Bromine atoms are represented as red

dots, while iodine atoms in blue.

The number of possible local structures and unique configurations increases extremely rapidly as
the number of considered halide neighbors grows. For instance, when extending the analysis to the
first n = 14 halide neighbors, the number of local structures reaches 16384, which group into 1422
unique conformations. This highlights the immense variety of possible coordination environments

and the structural complexity of compositionally disordered systems as mixed halide perovskites.

S6. Systematic enumeration of local halide configurations: the Crystal Configuration
Generator (CCG)

To systematically explore the variety of possible halide environments in MAPb(Brli-x)3
perovskites, we developed the Crystal Configuration Generator (CCG), a flexible, open-source
Python toolkit for enumerating and visualizing all unique Br/I atomic configurations within a chosen

coordination sphere.



The primary goal of CCG is to provide a comprehensive and symmetry-aware mapping of possible
local structures in mixed-halide frameworks. Specifically, CCG counts both the total number of
possible Br/I local structures and the number of symmetry-inequivalent arrangements (i.e., unique
configurations, as defined by the symmetry group of the environment).

Currently, CCG considers three different coordination geometries that constitute the fundamental
structural unit (Figure S4): the “Reduced” (8 sites), the “First” (14 sites), and the “Second” (46 sites)

coordination spheres. All three environments belong to the D4n symmetry group.
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Figure S4. Coordination spheres used in the Crystal Configuration Generator (CCG): Reduced (8
sites), First (14 sites), and Second (46 sites). Red spheres represent bromide sites; a single blue sphere

indicates a iodide substitution.

Given a coordination geometry and a specified number of iodide atoms, the program generates
every possible Br/I arrangement and rigorously classifies them according to symmetry equivalence.
As a result, it outputs both the total number of local structures and the number of unique

configurations (i.e., those not interconvertible by symmetry).

CCG’s enumeration proceeds in two regimes:



1) Explicit Enumeration (below a user-defined threshold, default 30 million configurations): CCG
explicitly constructs every possible Br/l arrangement. For each configuration, it applies all Dan
symmetry operations, using permutations of atomic indices to identify and group together
configurations that are symmetry-equivalent. This process ensures only truly distinct (inequivalent)
arrangements are counted as unique.

2) Combinatorial Counting (above threshold):

When the total number of configurations becomes computationally prohibitive, CCG switches to a
mathematical approach based on Burnside’s lemma (the Cauchy-Frobenius-Burnside theorem).
Instead of generating configurations directly, the program systematically computes the number of
configurations fixed by each symmetry operation and averages over the group to obtain the count of
unique arrangements. This approach allows rapid and memory-efficient evaluation, providing exact

statistics on the number of unique environments without explicit enumeration.

In both regimes, the program reports the total and unique configuration counts; in the explicit
regime, it can also generate visualizations for each unique configuration. This symmetry-based

enumeration forms the basis for analysis of local chemical environments in mixed-halide perovskites.

For further detalils, source code, and usage instructions, see:

github.com/marcellocostamagna/Crystal-Configuration-Generator.

S7. Theoretical trend of unique configurations as a function of x in MAPb(Brxl1-x)3

To assess whether the experimentally observed trend of the FWHM for the three NQR signals of
7981Br and '?"I as a function of Br content x in MAPb(Brxl1-x)3 reflects the changes in coordination
environments at different stoichiometries, we employ a simple statistical model. This model assumes

that the linewidth is directly proportional to the structural diversity within the sample. Specifically,


https://github.com/marcellocostamagna/Crystal-Configuration-Generator

each coordination environment has a distinct NQR resonance frequency, and the overall linewidth
arises from the sum of contributions from all these environments.

In this analysis, we also approximate that different local structures grouped by symmetry into the
same unique configuration resonate at the same frequency.

To quantify this structural diversity, we estimate the relative number of unique configurations at a

given stoichiometry using the following linear combination:

n

Relative number of unique configurations (x) = Z ¢ (%) v
k=0

where:

Y 1s the number of unique configurations associated with a specific number k of bromine atoms
among the n considered halide neighbors.

¢, corresponds to the probability of having k bromine atoms and (n-k) iodine atoms within the n
considered neighbors, as determined by the binomial distribution for a given composition x of
MAPDB(Brxl1-x)s.

This approach provides an estimate of how the variety of local environments evolves with
composition, which in turn influences the observed NQR linewidths.

Considering only the first n = 8 halide neighbors and calculating the relative number of unique
configurations for the nine mixed compositions tested experimentally (x ranging from 0.1 to 0.9 in
increments of 0.1), we observe that its trend as a function of x qualitatively follows the trend
experimentally observed for FWHM as a function of x (Figure S5). This result supports the
hypothesis that the variation in linewidth across different compositions is primarily driven by changes

in the possible local structures.
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Figure S5. Trend of the relative number of unique configurations as a function of Br content x in

MAPb(Br:«l1-x)3, considering n = 8 halide neighbors.
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