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This study investigates the use of optical tweezers as a precise and non-invasive tool for probing chemical
reaction kinetics, focusing specifically on halide exchange reactions in hybrid perovskite systems. A
continuous-wave, tightly focused 1064 nm near-infrared laser beam was utilized to establish optical
trapping conditions that precisely confine and manipulate the reaction interface between
a methylammonium lead bromide (MAPbBrz) microcrystal and a methylammonium iodide (MAI) solution.
Upon laser irradiation, bromide ions within the perovskite lattice were progressively substituted by iodide
ions, enabling controlled Br-to-| halide exchange. This compositional evolution was monitored in real
time via optical spectroscopy by tracking the bandgap shift of the perovskite, which decreased from
2.29 eV (characteristic of pure MAPbBr3) to 2.02 eV, confirming the formation of a mixed-halide phase,
MAPb(Bri_,l,)3 (0 = x = 1). Kinetic analysis of the bandgap evolution reveals a zero-order reaction

behavior with a rate constant of 1.0 x 107 M min~! and a calculated half-life of approximately 55
Received 25th August 2025 inutes. Th findi d trate that optical t t | . ibulati
Accepted 30th September 2025 minutes. These findings demonstrate that optical tweezers can serve not only as a micromanipulation
tool but also as an effective platform for in situ kinetic studies in solution-phase reactions. The approach

DOI: 10.1039/d5ra06340j enables detailed investigation of microscale reaction dynamics, delivering high spatial accuracy and
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1. Introduction

To achieve precise, non-invasive monitoring of chemical reac-
tions, optical tweezers have emerged as a transformative tool.*
Traditional techniques often disrupt the reaction environment,
limiting the accuracy of kinetic studies.>® In contrast, optical
tweezers employ highly focused laser beams to confine and
manipulate microscopic particles in a non-contact manner,
enabling real-time observation of chemical transformations.**
This study leverages a 1064 nm near-infrared laser to induce
halide exchange in MAPbBr; hybrid perovskite microcrystals,
specifically monitoring the Br-to-I substitution through
bandgap modulation.® As the halide composition shifts,
measurable changes in optical properties—captured via UV-vis
absorption and photoluminescence spectroscopy—offer direct
insight into reaction rates, mechanisms, and intermediate
species.”® The non-invasive nature of laser trapping provides
high spatial resolution and precise environmental control,
enabling unprecedented analysis of microscale chemical
dynamics.’ By detecting bandgap shifts, key kinetic parameters
such as activation energy and reaction order can be extracted.
Building on the foundational work of Arthur Ashkin, laser
trapping now represents a powerful approach for studying
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second-scale temporal resolution for continuous monitoring of slow-evolving processes.

chemical kinetics in confined systems, bridging the gap
between physical manipulation and spectroscopic observation
for advanced material and reaction analysis."®

Haifeng Yuan et al. (RIES group) have imaged heteroge-
neously distributed photo-active traps in perovskite single
crystals, demonstrating how trap distributions affect local
photophysics but without resolving the kinetics of halide
exchange under optical perturbation.'* Similarly, previous work
has employed optical trapping to induce nucleation and growth
of MAPbX; crystals in precursor solutions, showing that local
concentration effects via optical forces are operative in perov-
skite systems.” Also, detailed quantitative imaging of anion
exchange kinetics in single crystalline nanoplates (by confocal
PL) has been reported, which provides useful benchmarks for
rate constants and diffusion coefficients.”* However, none of
these studies have combined optical trapping with explicit
determination of reaction order under continuous monitoring.

Our application of optical tweezers for real-time kinetic
monitoring and localized bandgap engineering represents
a significant advancement over conventional techniques. Most
prior works in this field rely on bulk solution-phase reactions,
thermal activation, or ensemble-averaged spectroscopic
measurements.”” In contrast, employing a tightly focused
1064 nm laser enables precise microscale manipulation and
real-time monitoring of the halide exchange reaction. This
enables localized reaction initiation and selective modification

RSC Adv, 2025, 15, 37597-37608 | 37597


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra06340j&domain=pdf&date_stamp=2025-10-08
http://orcid.org/0000-0003-0188-2773
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06340j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015045

Open Access Article. Published on 08 October 2025. Downloaded on 2/12/2026 8:51:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

of individual MAPbBr; crystals, offering a novel route toward
programmable perovskite bandgap tuning.

This study explores the novel application of optical trapping
to investigate chemical reaction kinetics, focusing on reaction
rate and order determination. By using laser tweezers to
manipulate and concentrate reactants at the focal point, we
enhance molecular interactions and accelerate reaction
processes. Perovskite materials, especially hybrid metal halide
perovskites (ABX;), are chosen as model systems owing to their
highly tunable optoelectronic properties and straightforward
synthesis. Monitoring the time-dependent changes in reactant
and product concentrations allows us to gain precise insights
into kinetic behavior, demonstrating the potential of optical
trapping in advancing reaction analysis techniques.

Hybrid metal halide perovskites, represented by the formula
ABX;, offer a versatile platform for optoelectronic applications.
Here, A-site +1 oxidation state ion, B-site +2 oxidation state ion,
and X is univalent halide ion (X7). Fig. 1 illustrates the crystal
structure of the ABX; perovskite. In earlier studies, halide-based
materials have shown tunable optical band structures and
absorption edges that are critical for tailoring optoelectronic
performance in photonic applications.”® Among the various
modulation techniques, halide exchange is particularly attrac-
tive due to its relative ease and the significant impact it has on
the material's optoelectronic properties.**** The low activation
energy for halide exchange, ranging from 0.25 to 0.58 eV,
compared to the higher activation energies (2.1 eV) for cation
exchange, makes it a more feasible approach. A similar
dependency of electronic and optical properties on material
composition has been observed in magnetic and semi-
conducting systems,'® further validating the importance of
halide modulation in band structure engineering.

In this study, MAPbBr; crystals were synthesized and sub-
jected to laser-induced halide exchange using MAI solution,
forming MAPb(Br; ,I,); with tunable iodine content (0 < x =<
1). Laser trapping at the crystal-solution interface accelerated

Fig. 1 Schematic diagram of molecular structure of ABXz hybrid lead
halide perovskite. Where A = monovalent cation, B = divalent metal
cation, X = monovalent halide ion.
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Br to I substitution, observed via red-shifted emission
spectra. Kinetic analysis based on MAI concentration and
iodine incorporation revealed the reaction mechanism and rate
parameters.

Our main halide exchange chemical reaction is-

MAPBr; + MAI — MAPb(Br;_,1,); 1)

Here 0 = x = 1.

For determining the ratio of iodine in the inorganic metal
halide perovskite CsPb(Br;_,lI,); composition utilizing the
bandgap, there is well established equation developed by Y.
Zhang et al.,"®

E{CsPb(Br;_,I,);} =2.34 — 0.27x — 0.29x” (2)

Here, E, - Bandgap of Br/I mixed halide perovskites,
E4(CsPbBr;) = 2.34 eV, E/(MAPbI;) = 1.76 eV.

This equation was originally developed for the hybrid
perovskite MAPb(Br; ,I,); by K. Chen et al.**

E,{MAPDb(Br,_,I,)3} = (1 — x) x E,(MAPbBr;)
+ x X EJ(MAPDbI3) — b x x x (1 —x) (3)

Here, E, -~ Bandgap of Br/I mixed halide perovskites,
Ey(MAPDbBr;) = 2.29 eV, E,(MAPbI;) = 1.6 €V. b is bowing
constant whose value is 0.57 eV.

Due to the large concentration difference between solid
MAPDBr; and micromolar MAI solution, the reaction can be
approximated as a unimolecular process, focusing on the
consumption of MAI The excess MAPbBr; maintains a constant
concentration, while MAI undergoes significant changes. The
reaction rate is thus expressed as

Rate = —(d[A])/dt = k[A,]" (4)

where A, is the MAI concentration at time ¢, and 7 is the reaction
order. The change in MAPb(Br; ,I,); bandgap serves as an
indirect measure of MAI consumption, linking optical proper-
ties to reaction kinetics.

Previous reports have convincingly demonstrated that laser
trapping can facilitate halide migration and induce Br-to-I
exchange in hybrid perovskites by locally enhancing ionic
mobility and filling lattice vacancies.'®'”'®* However, while the
phenomenological aspects of laser-driven exchange are well
documented, the kinetic framework underlying such processes
has not been quantitatively established. In particular, the
reaction order, which provides mechanistic insight into
whether the exchange is governed by diffusion-limited, vacancy-
mediated, or concentration-driven pathways, has not been
addressed.

In this work, we explicitly determine that the Br-to-I halide
exchange under laser trapping conditions follows a zero-order
kinetic process, with a well-defined rate constant and half-life.
This novel contribution provides the first quantitative mecha-
nistic description of laser-induced halide exchange and distin-
guishes our study from prior observations that primarily
reported the occurrence of exchange without kinetic evaluation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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However, unlike conventional diffusion-limited or thermal
activation methods, our laser trapping approach allows non-
invasive, spatially selective control of iodide incorporation in
MAPDBr3;, thereby achieving localized and controllable bandgap
narrowing.

2. Experimental

2.1. Experimental procedures: reagents and sample
preparation

The reagents were used as received, without additional purifi-
cation, for the halide exchange reaction. MABr (>97.0%) and
MAI (>99.0%) were obtained from TCI, PbBr, (=99.0%) from
Sigma-Aldrich, and N,N-dimethylformamide (DMF, =98.50%),
isopropanol (98.9%), and hexadecene (96.0%) from Wako.
Micrometer-sized MAPbBr; perovskite crystals (~5 x 5 um?)
were synthesized via a solvent evaporation method. For crystal
growth, a 1.3 M MAPDbBr; precursor solution was prepared by
dissolving MABr and PbBr, in DMF under stirring at room
temperature. The crystal size was controlled through drop-
casting the precursor solution onto glass substrates. Within
very short time (~1 minute), crystallization appears, and many
small crystals formed in very close distance. When the size of
the grown thin film crystal reached the 5 um scale, we remove
the excess solvent using tissue paper. For conducting trapping
experiment, the 110 uM MAI solution prepared in mixed solvent
of isopropanol/hexadecane, 1/100, v/v is poured to the reaction
chamber which contain MAPbBr; crystal.

2.2. Experimental: optical arrangement for laser-induced
halide exchange

For laser trapping and optical measurements, we followed
standard protocols. Fig. 2 illustrates the optical system
employed in this study. Experiments were carried out using
a near-IR CW irradiation (wavelength A = 1064 nm) as the
irradiation root, coupled with a bottom-illumination micro-
scope, a CCD imaging device, and a spectrometer. To regulate
the NIR laser power, a half-wave plate in combination with
a polarizing beam splitter was employed. The half-wave plate
rotates the polarization of the linearly polarized laser beam,
while the beam splitter selectively transmits horizontally
polarized light and reflects vertically polarized light. Together,
this arrangement enables fine control over the NIR laser power.

An inverted microscope (Olympus IX71) with a dichroic
mirror introduced a 1064 nm NIR laser for optical trapping,
reflecting NIR light while transmitting visible light for simul-
taneous imaging. A 60x objective lens (NA 0.90) focused the NIR
laser, with power controlled up to 1.0 W via a half-wave plate
and polarizing beam splitter. A co-aligned 405 nm UV laser
(Thorlabs CPS405) was focused through the same objective. Its
power was reduced from 4 mW to <0.04 mW after passing
through the optics and fine-tuned using a neutral density filter.
Wide-field illumination (100 x 80 pm?) was achieved by align-
ing the UV beam parallel to the objective axis. Imaging used
a CCD camera (Watec WAT250D), and microspectroscopy
employed an Ocean Optics Flame spectrometer with a 200 pm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optical setup for laser-trapping halide exchange (MAPbBrs +
MAI — MAPb(Br;_,l,)3) to determine reaction kinetics. A 1064 nm (0.5
W) Nd : YAG laser serves as the trapping source, and a 405 nm (4 mW)
laser was used for emission imaging. PBS = polarizing beam splitter;
HW = half-wave plate; DM = dichroic mirror.

fiber (~3 pm detection area). Optical filters blocked interference
from the NIR and UV lasers.

2.3. Experimental: set of photophysical measurement
during halide exchange dynamics

Microspectroscopic analysis involved detecting transmitted
light or photoluminescence (PL) using a spectrometer. Absor-
bance spectra were recorded from 240 nm to capture high-
energy transitions of MAI and solvents, as well as any features
affecting halide exchange kinetics. Transmission spectra of
perovskite crystals were obtained by dividing the white-light
spectrum after reaction (I by a reference spectrum (I,
canceling dichroic mirror effects.

PL was generated via one-photon UV and two-photon NIR
excitation. Two-photon excitation was achieved using a tightly
focused continuous-wave NIR laser, with the high photon
density at the focal spot mimicking pulsed-laser conditions. PL
signals were corrected for the dichroic mirror's transmittance.
For imaging, samples were observed in transmission (halogen
lamp) and PL (wide-field UV laser) modes, captured by a CCD
camera at video rates. Low-magnification objectives (x4, NA 0.1;
%10, NA 0.3) were used for larger fields of view.

2.4. Experimental data analysis

To determine the bandgap of the synthesized materials, we
collected emission spectra and subsequently converted them

RSC Adv, 2025, 15, 37597-37608 | 37599
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into bandgap in eV. The ratio of I in MApbBr, I, is calculated
using eqn (3). We acknowledge that PL-derived bandgaps can be
influenced by Stokes shift and trap-state emission. Although
absorbance-based Tauc plots provide more direct bandgap
values, limitations in signal intensity and scattering from single
microcrystals made such analysis challenging in this setup.
However, we performed transmission measurements (I¢ vs.
IL.ryst) to support the PL results and are developing a combined
trapping-UV-vis system for future studies.

We recognize that estimating temperature rise from bubble
formation provides only an indirect upper bound of the local
temperature. To improve accuracy, future experiments will
employ Raman thermometry of the solvent or crystal lattice to
obtain direct, real-time temperature profiles during laser
irradiation.

The incorporation of iodine inside the MAPbBr; was directly
proportional to the decrease of concentration of reactant MAIL
By employing Microsoft Excel, we were able to analyze the data,
identify trends, and calculate the equivalent concentration
changes associated with the measured iodine ratio progress.

3. Results and discussion

To study halide exchange kinetics in hybrid perovskites, we
used a standard halogen exchange reaction. MAPDbBr; crystals
(~5 x 5 um) were synthesized via solvent evaporation of a DMF
precursor solution containing MABr and PbBr, in a custom
30 mL glass-silicone reaction chamber. Excess solvent was
removed with tissue, and the chamber was placed on an
inverted microscope (IX70) stage. Spectroscopic measurements
of both pristine and halide-exchanged crystals were performed
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using a mercury lamp, while the solid MAPbBr; crystal was
illuminated with a 1064 nm continuous-wave laser.

A 0.5 W NIR laser, focused through a 60x, high-NA objective,
enabled precise control and in situ monitoring of the halide
exchange process (Fig. 2). Prior to laser irradiation, the as-grown
MAPbDBr; crystal was characterized by transmission and emis-
sion spectroscopy, showing a broad absorption edge at 540 nm
and a sharp green emission peak at 540 nm (FWHM 30 nm). A
reaction solution of 110 uM MAI in IPA/hexadecene (1 : 30, v/v)
was then introduced into the chamber. The continuous laser
irradiation was then directed onto the target crystal, inducing
the halide exchange process. Microscopic imaging additionally
spectroscopic analysis with the XRD analysis results of freshly
synthesis MAPbBr; perovskite crystals were illustrated in the
Fig. 3. These data revealed the successful synthesis of initial
perovskite crystal. Before halide exchange MAPbBr; shows
characteristic green color emission at 540 nm and after addition
of iodide ion onto the MAPDBr; crystal it shows red emission.
The transmission image (Fig. 3a) shows the crystal structure
using white light on a bright background, while the emission
images (Fig. 3b and c) display photoluminescence under UV
excitation, where the black background enhances contrast and
highlights the emission color change due to Br-to-I
substitution.

To optimize the halide exchange reaction, a concentration-
dependent study (controlled experiment) was conducted.
Control experiments with and without laser trapping revealed
a critical concentration threshold. At concentrations below 110
uM of the halide source (MAI), no significant red color change
(indicative of iodide incorporation) was observed in the green-
emitting MAPDbBr; perovskite within 30 minutes Fig. 4.
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Fig. 3 Characterization of MAPbBr5 crystals and halide-exchange products: (a) transmission microscopy of a MAPbBr3 crystal grown via solvent
evaporation. (b) Emission image before halide exchange. (c) Emission image of MAPb(Br;_,l,)s after laser-induced halide exchange with 110 uM
MAI in IPA/hexadecene (1: 100, v/v). (d) XRD pattern of MAPbBr=. (e) Emission spectrum before exchange. (f) Emission spectrum after exchange.
Note: Halide exchange was induced using a 0.5 W continuous-wave laser for 30 min with a 60x, 0.9 NA objective. All images: 35 x 45 pm?;

target crystal: 5 x 5 pm?.
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Fig. 4 Optimization of halide exchange parameters for laser-trapping-controlled reaction: (a and b) complete conversion of green-emitting
MAPbBr3 to red-emitting MAPb(Br;_,lx)s within 1 min upon addition of 1100 uM MAI in IPA/hexadecene. (c) Emission spectra with varying MAI
concentrations: 0 uM (green), 10 uM (yellow), 110 uM (violet) after 30 min—no red-shift; 1100 uM (red) after 1 min—red-shift from 540 to 680 nm

observed.

Conversely, at higher concentrations 1100 pM, spontaneous
halide exchange occurred throughout the entire sample,
hindering precise control over the reaction within a specific
region. Therefore, an MAI concentration of 110 pM was selected
for subsequent laser trapping experiments, providing a suitable
balance between efficient halide exchange and spatial control
within the laser focus of MAI for conducting laser trapping
induced halide exchange reaction.

Isopropyl alcohol, while suitable for dissolving MAI, was not
ideal for the stability of MAPbBr; crystals. The strong absorp-
tion of NIR laser light at 1064 nm by the O-H stretching band of
isopropyl alcohol leads to rapid temperature elevation, poten-
tially causing the explosion of the target crystal. To mitigate this
issue, it was crucial to employ solvents that exhibit minimal
absorption at the laser wavelength. Hexadecane, with its lower
absorption coefficient, is a more suitable solvent for the dilu-
tion of the MAI solution. During the reaction, MAPbBr; crystals
gradually shift from bright green to a lighter red emission,
indicating halide exchange in which bromide ions (Br™) are
replaced by other halides such as chloride (Cl") or iodide (I7).

In Fig. 5a, while some broadening of the PL peak was
observed during extended laser exposure, we attribute this
effect to halide inhomogeneity in the mixed halide region rather

© 2025 The Author(s). Published by the Royal Society of Chemistry

than laser-induced crystal damage. XRD patterns (Fig. 3d)
confirmed structural integrity, and optimized laser power was
maintained at levels that avoided ablation or explosive degra-
dation. Nonetheless, we acknowledge that high-resolution
techniques like time-resolved PL or Raman analysis will be
required in future work to fully exclude laser-induced defect
formation.

Bandgap of the MAPDb(Br; ,I,); change with the ratio of
Iodine, can be expressed following the equation given below:

E,{MAPb(Br;_,1,);} = (1 — x) x E,(MAPbBr3)
+ X x E(MAPbLy) — b x x x (1 — x) (5)

Here, E, - Bandgap of Br/I mixed halide perovskites,
E,(MAPDbBr;) = 2.29 eV, E,(MAPbI;) = 1.6 eV. b is bowing
constant whose value is 0.57 eV.

The iodine(I) ratio in MAPb(Br; ,I,);, corresponding to
various emission peaks observed during the halide exchange
reaction, was determined using eqn (3).

E.,{MAPb(Br,_,I,)3} = (1 — x) x E,(MAPbBr3)
+ x X Ey(MAPDI;) — b x x x (1 — x)

RSC Adv, 2025, 15, 37597-37608 | 37601
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Fig.5 Progress of the halide exchange reaction (MAl + MAPbBrs — MAPb(Br;_,l,)s) for reaction rate and order determination: (a) emission band
red-shifts over time. (b) Corresponding bandgap narrows as iodine content increases. No red-shift or bandgap change is observed during the first
8 minutes of the reaction. (c) Change of bandgap with the ratio of iodine in MAPb(Br;_,l,)3 following the equation Eq{MAPb(Br;_,l,)z} = (1 — x) x
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absorption of the 1064 nm trapping laser.

At 566 nm = 2.19eV = (1 — x) x 2.29
+xx 1.6 —0.57 x x x (1 — x); x=0.08

At 578 nm = 2.14eV = (1 — x) x 2.29
+xx1.6—-057xxx(1—x)x=0.12
At 600 nm = 2.06 eV = (1 — x) x 2.29

+xx1.6-057 xx x (1 —x);x=0.20

At 612 nm = 2.02eV = (1 — x) x 2.29
+xx 1.6 —-0.57 x x x (1 —x); x=0.23

This observation is in good agreement with prior studies
where progressive halide substitution was shown to induce
controlled bandgap narrowing in hybrid perovskite systems."
The halide exchange reaction between MAI and MAPb(Br; ,I,)s,
monitored by bandgap changes, reveals a time-dependent
incorporation of iodide ions. Importantly, control experiments
at the same MAI concentration (110 uM) but without laser
irradiation showed no detectable halide exchange over 30
minutes, as evident in Fig. 4. In contrast, laser-irradiated
regions exhibited localized, time-dependent red-shifted PL.
This suggests that the laser's optical gradient field contributes
to a localized MAI concentration increase—likely by trapping
molecular clusters, as supported by DLS data in Fig. 7b. The
highly selective reaction region, with neighboring crystals

37602 | RSC Adv, 2025, 15, 37597-37608

remained unchanged, further supports the role of optical
trapping over spontaneous diffusion. Initially, at time zero, MAI
was considered 100% with a corresponding bandgap of 2.29 eV,
indicating no iodide incorporation. Even after 8 minutes of
reaction time, no significant change was observed, with the
bandgap remaining at 2.29 eV and it was presumed the MAI was
still 100%. However, at 15 minutes, the bandgap shifted to
2.19 eV, reflecting a 8% incorporation of iodide ions, leaving
92% of the original MAIL. After 30 minutes, the bandgap
decreased to 2.02 eV, corresponding to ~23% iodide incorpo-
ration and a remaining MAI concentration of 77%. Calculated
bandgap changes, iodide incorporation, and MAI consumption
were summarized in Table 1. Near-zero values in Table 2

Table 1 Illustration of the extent of the laser trapping-induced halide
exchange reaction by presenting the elemental mapping of the
ingredients, which confirms the compositional change to
MAPDb(Br;_,l,)3 in the hybrid lead halide perovskite formed from solid
MAPDbBr3 and liquid MAI

Compound Mass percentage

Atom MAPDBT; MAPD(Br; _,I,);
Pb 46.3% 43.23%

Br 53.7% 38.51%

I 0% 18.27%

Total 100% 100%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Time dependent parameter change for kinetic analysis, rate and order determination of the laser trapping induced halogen exchange

reaction of MAI ()+ MAPDbBrz (s) — MAPb(Br;_l,)3(s)*

Absolute

Time/ Emission  Emission  Ratio (x)of [I"] Consumed  Remaining concentration

min peak/nm  peak/ev incorporation (%) of [MAI] (%) of [MAI] = A4, InA, 1/A, of remaining MAI (M)
1 542 2.29 0 0 100 4.605170186  0.0100000 0.0001100

8 542 2.29 0 0 100 4.605170186  0.0100000 0.0001100

15 566 2.19 0.08 8 92 4.521788577  0.01086957  0.0001012

20 578 2.14 0.12 12 88 4.477336814 0.01136364  0.0000968

25 600 2.06 0.2 20 80 4.382026635  0.01250000  0.0000880

30 612 2.02 0.23 23 77 4.343805422  0.01298701  0.0000847

“ Note: 2.29 eV = initial bandgap of MAPDbBr3;, A, = equivalent to concentration of the reactant MAI; absolute initial concentration of MAI is 110 pm.
To avoid issues encountered with logarithmic plotting, we present the data using relative values instead of absolute concentrations.

indicate MAI depletion, confirming that iodide incorporation
was nearly complete and the reaction slows down due to limited
iodine, consistent with zero-order kinetics. The reaction reaches
saturation within ~30 minutes, as MAI falls below the threshold
needed for further exchange, illustrated by emission red-shifts
in Fig. 5.

The initial 0-8 min induction period acts as the rate-
determining step. MAPbX; crystals contain inherent iodide
vacancies, which were initially filled by incoming iodide ions to
establish a concentration gradient for Br-to-I exchange. The low
MAI concentration (110 pM) and sub nanometer size limit its
accumulation at the laser focal point, delaying the reaction.
Once the threshold is reached, the exchange accelerates and
proceeds rapidly.

The emission spectra of the crystals were monitored at
regular intervals during the halide exchange reaction. The
progressive red-shift in the emission band confirms the
ongoing halide exchange process. Pure MAPbBr; and MAPbI;
crystals exhibit distinct emission bands with emission peak at
approximately 540 nm (2.29 eV) and 780 nm (1.6 eV), respec-
tively. This difference in bandgap energy is attributed to the
different halide ions, with bromide-based perovskites generally
having higher bandgaps than iodide-based perovskites.

We evaluated the laser-trapping-induced halide exchange
reaction using EDS elemental mapping to track the change in

the bromine and iodine ratio relative to the lead content (Table
1). Initially, the MAPbBr; crystal showed a Br: Pb atomic molar
ratio of approximately 3:1 (Pb 46.3% and Br 53.7% mass
percentages). After a 30-minute incorporation period with
iodide ions, elemental mapping revealed a distinct composi-
tional shift. The bromine content dropped to 38.51%, and the
iodine content rose to 18.27%, while the lead value stabilized at
43.23%. This clear change in the Br/I ratio strongly supports the
halide exchange process and the resulting formation of the
mixed-halide perovskite, with composition of MAPbBr; 311 60-
The EDS spectrum confirmed the presence of the constituent
elements, displaying characteristic peaks for lead at 2.345 keV
(Ma), 10.551 keV (Let), and LB; = 12.6137 keV; Bromine at
11.924 keV (Ka), and iodine at 3.937 keV (La) (Fig. 6).

Due to the large concentration difference between solid
MAPDBr; and micromolar MAI solution, the reaction can be
approximated as a unimolecular process, focusing on the
consumption of MAI The excess MAPbBr; maintains a constant
concentration, while MAI undergoes significant changes. The
reaction rate is thus expressed as Rate = —(d[A])/dt = k[A]",
where A, is the MAI concentration at time ¢, and 7 is the reaction
order. The change in MAPb(Br;_,L); bandgap serves as an
indirect measure of MAI consumption, linking optical proper-
ties to reaction kinetics, as further explored through different
reaction orders in Table 1.

EDS of MAPbBr2.3I0.7
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Fig. 6 EDS of MAPb(Br;_,l,)s observed in the halide exchange reaction induced by laser trapping.
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The initial 0-8 min induction period likely reflects the time
needed for iodide ions to accumulate at the laser focal point and
to fill intrinsic vacancies in the MAPDbBr; lattice. At low
precursor concentration and sub nanometer MAI aggregates,
optical trapping initially enriches the local environment slowly.
Once a critical threshold of iodide concentration and vacancy
occupancy is reached, rapid Br-to-I exchange is initiated,
leading to the observed acceleration after 8 min.

After 30 minutes of continuous laser irradiation, the
MAPDBT; crystal exhibited a pronounced red-shift in its trans-
mittance edge from 540 nm to 610 nm, corresponding to
a composition of MAPbBEr,.;],.; and indicating selective halide
exchange. Other crystals in the solution showed negligible
changes, demonstrating the specificity of the laser-induced
process. Reaction progress was tracked via emission red-
shifts, which were converted to bandgap values to determine
iodine incorporation at different stages. Based on the solid-state
nature of MAPbBr; and its high concentration relative to MAI,
the reaction kinetics follow zero-order behavior.

The concentration of MAPbBr; was assumed to remain
constant during the halide exchange reaction, as the excess
amount ensured that it did not significantly deplete. This
assumption simplifies the reaction kinetics to a zero order
reaction, where the rate does not depends primarily on the
concentration of MAI. To determine the exact order of the
reaction, the data was fitted to zero-order, first-order, and
second-order rate equations. To test whether the observed zero-
order behavior was truly laser-induced, we conducted control

(a)

View Article Online
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experiments at 110 pM MAI without laser exposure. No
observable bandgap change occurred within 30 minutes, indi-
cating that optical trapping was essential for surpassing the
local concentration threshold necessary to initiate the reaction.
However, at 1100 pM MAI, spontaneous halide exchange was
observed without laser, although this process lacked spatial
selectivity and control. We plan to expand these control studies
in future work to fully map kinetic behavior under non-trapped
conditions.

The highest regression coefficient (R*) was observed for the
zero-order rate equation, indicating the closest fit to the
experimental data. Compared to earlier kinetic studies
involving bulk perovskite systems,**** our laser-induced
approach yields zero-order kinetics. This suggests that the
reaction rate was independent of MAI concentration once the
local accumulation threshold was reached, a behavior made
possible by the optical trapping-induced concentration
enhancement mechanism. While a perfect match to any specific
order was not found, the data strongly suggests a zero-order
reaction with respect to MAI. This was supported by the
observed reaction behavior: at low MAI concentrations, the
reaction proceeds slowly, and the color shift is minimal.>*™* At
higher concentrations, the reaction proceeds rapidly, producing
a pronounced color change. The laser-trapping-induced halide
exchange kinetics are illustrated in Fig. 7.

By monitoring the emission band changes over time, the
reaction rate and half-life were determined. The zero-order
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Fig.7 Verification of the halide exchange reaction order (MAI (1) + MAPbBr3 (s) = MAPb(Br;_,l,)3 (s)) under 1064 nm CW laser trapping (0.5 W): (a)
Plot of concentration (A, vs. time (t); a straight line indicates zero-order kinetics. (b) Ln A, vs. t; a straight line with negative slope indicates first-
order. (c) 1/A¢ vs. t; a straight line with positive slope indicates second-order. Insets show regression values; (a) inset gives the zero-order rate
constant, 1.0 x 107° M min ™7, based on the initial MAI concentration of 110 x 10° M.
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reaction exhibited a half-life of 55 minutes, indicating a rela-
tively slow reaction rate.

Ay

2k

Initial concentration of MAI is 110 pm = 110 x 10~ ° M.
The unit of constant is
concentration  mol L™

time minute
Here, rate constant k = 1.0 x 10 ® (M min ")

Half-life of the zero order reaction is ¢;/, =

-1 1

= (mol L )min™ = M min~

tip = A, _ 110 x 10°°M = 55 minutes
27 2k~ 2x 1.0 x 105(M per minute)

The halide exchange under focused NIR laser irradiation was
driven by a local MAI concentration increase via laser trapping.
While the optical force cannot trap individual MAI molecules,
clusters formed through Brownian motion can be trapped and
concentrated at the focal point.”>*® Then solid-liquid interface
at the perovskite crystal surface further allow diffusion,
enhancing the local concentration of MAI. While this mecha-
nism provides a plausible explanation, further investigation was
needed to fully understand the underlying processes involved in
the local concentration elevation and halide exchange reaction.
Although the change in MAPb(Br, ,I,); bandgap was used here
as an indirect proxy for MAI consumption, this approach
assumed a direct correlation between iodide incorporation and
emission red-shift. While our dynamic light scattering data
(Fig. 7b) supported a local concentration increase via optical
trapping, future work will employ fluorescently tagged MAI and
advanced spectroscopy to directly visualize and quantify the
concentration gradients created by the trap.

Fig. 8 provides insights into the characteristics of methyl-
ammonium iodide (MAI) in the isopropanol/hexadecane
solvent mixture. Dynamic light scattering (DLS) analysis, as
shown in Fig. 7b, revealed that the size of MAI in this solution
was in the sub nanometer range, indicating the presence of
individual ions or small aggregates. Furthermore, Fig. 7a
suggests the presence of an absorption band at 1064 nm and
a potential two-photon excitation band at 532 nm within the
MALI solution. These findings provide crucial information about
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the physical and optical properties of MAI in the reaction
medium, which are essential for understanding the subsequent
laser-induced halide exchange processes. Here it is mention-
able, during the transmittance measurement, around 5% light
loss by reflection form the air/glass interface.

While the 1064 nm trapping laser exhibits possible absorp-
tion by the MAI precursor solution along with solid MAPbBr;
crystal due to the presence of an absorption band at that
wavelength, we investigated the influence of temperature on the
halide exchange kinetics of MAPbBr; to MAPb(Br; _,I,); Fig. 7.

To assess temperature, rise during halide exchange, the
MAPDBr; crystal was irradiated with a focused 1064 nm NIR
laser, inducing two-photon absorption as confirmed by emis-
sion. The non-radiative relaxation of absorbed energy generates
a localized temperature increase at the laser focal point.>”*® To
estimate this temperature rise, the study utilized the concept of
spinodal temperature (Ts) concept, the temperature limit
beyond which a metastable liquid (in this case, isopropyl
alcohol with a Ty of 239 °C) becomes unstable and undergoes
rapid phase transition. By observing bubble formation in iso-
propyl alcohol surrounding the laser-irradiated MAPDbBI;
crystal, the study inferred that the localized temperature at the
focal spot exceeded the spinodal temperature of the solvent,
providing an indirect measure of the temperature rise induced
by the two-photon absorption process in the MAPbBr; crystal.

The effect of temperature on the halide exchange in
MAPbDBr; crystals was examined using a 1100 pM MAI solution
in a hexadecane:isopropanol mixture. The reaction conducted
at elevated temperatures is shown in Fig. 9.

In temperature dependent halide exchange spontaneous
reaction, MAPbBr; crystals were exposed to a 1100 uM MAI
solution at varying temperatures (18, 70, 100, 150 °C) for 5
minutes. The melting point of solvent 1-hexadecene is 5 °C. At
18 °C, a green-to-red emission (Fig. 8.a.i) shift (halide exchange)
was observed via photoluminescence (PL) imaging. However, at
elevated temperatures, the crystals retained their green emis-
sion (Fig. 9a(ii-iv)), indicating suppression of halide exchange.
Fig. 9b shows the corresponding emission band shift at varying
temperatures (18, 70, 100, 150 °C). Heating suppresses a reac-
tion involving MAI, as evidenced by absorption spectra showing
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(a) UV-vis-NIR absorption spectrum of the MAI solution in the isopropanol/hexadecane mixed solvent. (b) Dynamic Light Scattering (DLS)

measurements of the methyl ammonium iodide (MAI) precursor particle size distribution in the isopropanol/hexadecane solution used for laser

trapping-controlled halide exchange reactions.
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PL spectra of MAPbBr; + MAI
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Fig. 9 Temperature-dependent halide exchange in MAPbBr3 crystals: (a) PL images show green-to-red emission shift at 18 °C (i), while green
emission is retained at 70 °C (ii), 100 °C (iii), and 150 °C (iv), indicating suppressed exchange. (b) Emission spectra of MAPbBrz + MAI at different
temperatures. (c) Absorption spectra show disappearance of the MAI peak (450-550 nm) at higher temperatures, reflecting accelerated MAI
evaporation and reduced iodide availability, which inhibits halide exchange.

the disappearance of MAI characteristic peak (450-550 nm) at
higher temperatures (Fig. 9c). This suggests accelerated MAI
evaporation, reducing iodide ion concentration. This observa-
tion is more accurately attributed to evaporation of isopropanol
(IPA), not MAI itself, given MAI's negligible volatility. IPA's low
boiling point (~82.5 °C) and MAT's limited solubility in hexa-
decane likely result in phase separation or precipitation,
reducing effective iodide concentration. We have revised the
interpretation accordingly. Consequently, the halide exchange
reaction with MAPDbBr; crystals is inhibited at elevated
temperatures due to insufficient iodide ions.

Halide exchange experiments were performed in hexa-
decene, a low-thermal-conductivity solvent (0.085 W m™* K™ )
compared to isopropanol (0.14 W m™' K ').>° This caused
a significant local temperature rise (~61 K) under laser irradi-
ation, with the crystal surface reaching ~80 °C. As elevated
temperatures suppress halide exchange, the two-photon-
induced heating likely inhibited the reaction at the focal spot.
To provide direct confirmation of the temperature elevation
previously inferred from indirect chemical measurements of
MAI thermal dissociation, we utilized a remote sensing NIR
active thermometer (Micro IR-200 Infrared Thermometer).
Under identical experimental conditions, a 1064 nm NIR trap-
ping laser operating at 500 mW was focused into a reaction
solution containing MAPbBr;. Five repeated measurements of
the temperature at the laser's focal spot yielded readings of 78,

37606 | RSC Adv, 2025, 15, 37597-37608

79, 79, 79, and 81 °C. This consistent and significant local
temperature increase directly authenticates the conditions—
specifically the high localized heating—evolved during the laser
trapping induced halide exchange reaction for kinetics analysis.

The vacancy-assisted halide exchange in hybrid lead halide
perovskites occurs via a multi-step process.***' Halide ions from
the precursor solution rapidly diffuse into the perovskite lattice,
but the accumulation of iodide at the laser focal point was
slower. Once a threshold iodide concentration was reached, the
exchange begins, though an extended induction period occurs
due to the low concentration and small size of MAI, limiting its
trapping. Vacancies in the lattice facilitate ion migration,
allowing incoming halides to displace original ions, altering the
crystal's composition and optical properties. The exchange rate
depends on precursor concentration, temperature, halide type,
and lattice vacancy density, with higher vacancy concentrations
accelerating ion diffusion and reaction kinetics.***

Here, we employed laser trapping to induce halide exchange
reactions, offering a unique platform for investigating chemical
kinetics and developing novel optical manipulation techniques.
This non-contact approach allows for precise control over the
reaction zone, enabling the acceleration of chemical reactions
within a specific region while leaving the surrounding area
undisturbed. This capability is particularly valuable for
manipulating multi-color emitting perovskites, where the
precise control of halide ion concentrations is crucial for tuning

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their emission properties. By implementing laser trapping, we
can selectively modify the composition and optical properties of
perovskite nanocrystals within a complex mixture. The bandgap
evolution trend we observed experimentally aligns with
computational predictions of halide exchange effects on elec-
tronic structure in perovskites.***

4. Conclusion

We performed a laser-trapping-induced halide exchange to
study the kinetics in MAPbBr; single crystals (~5 x 5 pum)
prepared via solvent evaporation from DMF. Crystals were
irradiated with a 0.5 W, 1064 nm continuous-wave laser, while
a 10 mL solution of 110 uM MAI in IPA/hexadecene served as the
iodide source. MAI gradually accumulated at the laser focal
point, enabling iodide ions to replace bromide ions at the solid-
solution interface, forming MAPb(Br;_,I,);. Monitoring lumi-
nescence spectra allowed tracking of bromide and iodide
emission peaks. After 30 min of irradiation, the emission red-
shifted from 540 nm to 612 nm, corresponding to a bandgap
change from 2.29 eV to 2.02 eV, indicating formation of
MAPDBI,.31,.7. Bandgap changes were correlated with reactant
concentration to construct concentration-time plots. Compar-
ison of zero-, first, and second-order fits indicated closest
agreement with zero-order kinetics, yielding a rate constant of
1.0 x 10°° M min~" and a half-life of 55 min. These results
demonstrate that laser trapping serves as a precise and versatile
tool for studying chemical kinetics while simultaneously
enabling spatial control over halide composition. Such capa-
bility opens new opportunities for site-specific bandgap engi-
neering in perovskite-based photonic and photovoltaic devices.
Importantly, our findings not only confirm the occurrence of
laser-driven halide exchange but also establish, for the first
time, its zero-order kinetic nature, thereby providing a mecha-
nistic framework that advances beyond prior phenomenological
reports. This novelty underscores the broader potential of
optical tweezers as a quantitative probe of ionic transport
processes in hybrid perovskites, offering a powerful approach
for both fundamental studies and practical applications in next-
generation optoelectronic materials.
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