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ABSTRACT 

Cesium lead halide (CsPbX3, X = F, Cl, Br, I ) nanomaterials have a number of novel optoelectronic 

and physical properties, both of which are tailorable based on halide type and concentration, such 

as halide composition-dependent photoluminescence and rapid halide exchange while maintaining 

crystal structure. In this work we take advantage of these properties and use colloidal CsPbI3 

nanoparticles as a proxy and colorimetric sensor of a chemical reaction in real-time. A solvolysis 

reaction between 2-bromo-2-methylbutane and butanol was used as a model system. A product of 

reaction, a bromide ion, could be detected via halide exchange with CsPbI3, by way of a 

quantitative blue shift (Δλ) in photoluminescence. The kinetics of this shift was calibrated against 

a known Br - source, which allowed for conversion to apparent values solvation kinetics. The 

observed rate constants (k) and corresponding activation energies (Ea) measured via the CsPbI3 

probe were consistent with literature values for the reaction, confirming the validity of the 

approach.   
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INTRODUCTION 

 

Spectrophotometric chemical probes play important roles in assay development and sensor 

applications, and there is a wide array of examples where color change is based on target 

coordination, redox, absorption/desorption, or energy transfer processes.1–5   Colorimetric 

assays include UV-visible absorption change,6 fluorescence,7 bioluminescence,8,9 or 

chemiluminescence,10,11 wavelength and or intensity changes. A complement to molecular probes 

is a growing assortment of nanoparticles that are used as colorimetric assays, such as noble 

metal particles undergoing surface plasmon resonance (SPR) shifts12,13,7  in the presence of 

biological or organic targets.14–21,7,22–25 Quantum dots (QDs) have also been used in a wide 

number of photoluminescence based sensing, especially those that take advantage of 

FRET.26 Similar work has been shown for 1D nanosheets, like MoS2,
27 in which novel 

absorption properties can be coupled with the redox active surface. In addition, bio-nano 

conjugates can combine molecular assaying with optoelectronic signaling, like quantum 

rod (QR) based FRET28 and BRET. 29–32 In addition to these, a number of chemical indicators 

and enzymatic probes have been developed to not only detect a target, but to allow for monitoring 

of chemical reactions.33,34  

 

Metal halide based perovskite nanoparticles,35 like methylammonium lead halides 

(MaPbX3),
36 and cesium lead halides  (CsPbX3, X = F, Cl, Br, I), 37–41 have a number of 

properties that may prove useful in colorimetric sensing. For instance, the optoelectronic 

properties are similar to QDs, but with a few interesting differences. Like QDs, 

optoelectronic properties are quantum confined and both size and composition tunable, 
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42,43,36 with MaPbX3 or CsPbX3 being particularly sensitive to small changes in 

stoichiometry.  This is best illustrated with the facile halide exchange (HE) observed in 

these systems, when for example, CsPbI3 are reacted with a Br- source forming CsPbI3-xBrx, 

or when CsPbBr3 is reacted with an excess of I-, resulting in CsPbBr3-xIx.  Such 

stoichiometry differences result in significant (>100 nm)  blue-, and red-shifts,  

respectfully. While chalcogenide QDs have also been demonstrated to experience ion-

exchange,44 for instance, the exchange in perovskites is more rapid due to the fast migration 

of anion vacancies through the lattice, and the fast exchange of oleylammonium-halide 

passivating ligands on and off the surface.37,45,46  Cation exchange is also possible, and 

observed to be a significantly slower process, with results being shown for Pb2+, Cd2+, Sn2+, 

and Zn2+.11,12   

 

Interestingly, perovskite oxides have a long history as a material for sensing47–52 as well as 

substrates in catalysis,53–56 and emerging materials in batteries.57 However the true potential 

of using MaPBX3 or CsPbX3  in catalysis, sensor, and assays development is just 

emerging.58–62  For instance, it has been shown that thin films of CsPbBr3 can undergo HE 

when exposed to HCl vapors and monitored optically via photoluminescnecne (PL) 

emission wavelength shift and intensity fluctuation.58    

 

We recently explored how CsPbX3 could be used as halide reservoirs for catalysts in 

organic reactions.63 In that work the CsPbX3 participated in the reaction as a reactant, but 

served as an inspiration for the development of a colorimetric assay that could be used to 

monitor a chemical reaction. Herein, we demonstrate that CsPbI3 nanoparticles undergo a 
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photoluminescence shift when reacted with aliquots of a reaction medium. We correlate these PL 

shifts with ion concentration, which allows us to directly monitor reaction kinetics.  The extracted 

rate constants and activation energies correlate with reported values for this model reaction.  

 

EXPERIMENTAL 

 

Chemicals and Reagents: Lead (II) iodide (99%), cesium carbonate (97%), octadecene (90%), 

oleic acid (90%), oleylamine (70%), methanol (99.8%), 1-butanol (anhydrous, 99.8 %) potassium 

bromide (99%), hydrobromic acid (48%), and 2-bromo-2-methylbutane were purchased from 

Sigma Aldrich. Hexanes (reagent grade, 95.5 %) and acetone (reagent grade, 99.5 %) were 

purchased from BDH. Dimethyl sulfoxide (99.9%) and potassium hydroxide (88.1%) were 

purchased from Fisher Scientific, and ethanol (200 proof) was purchased from Pharmco-AAPER. 

All chemicals were used without further purification. 

 

Instrumentation: UV-Vis spectra were measured with a Cary 50 Bio UV-Vis spectrophotometer 

and PL emission was measured using a Horiba Jobin Yvon Fluoromax-4 spectrophotometer Time 

correlated PL spectra were recorded using a Cary 100 Bio.  

CsPbI3 Synthesis: The synthesis of the CsPbI3 nanoparticles used for assaying follows a previously 

published protocol.37 Briefly, 84 mg of lead iodide was mixed with 5 mL of octadecene and was 

heated under vacuum at 120°C for 40 minutes with mild stirring.  After drying, the vessel was 

placed under inert Ar atmosphere and 0.5mL of oleylamine and 0.5 mL of oleic acid were injected 

into the solution.  The reaction was allowed to mix until all of the solid was dissolved yielding a 

faint yellow solution.  The temperature was raised to 140°C and allowed to equilibrate.  A premade 

solution of 0.125M cesium oleate was heated to ~80°C and then 0.4 mL of this solution was rapidly 

injected.  Upon injection the solution turned a dark red and was immediately quenched in a water 
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bath.  During cooling, the reaction was removed in 1mL aliquots and added to pre-degassed vials 

containing 20 mL of hexanes.  The vials were then stored in the fridge with desiccant and used as 

required. 

 

Purification: A 1mL sample of the stock CsPbI3 Perovskite solution was taken and placed in an 

Eppendorf tube. The tube was then centrifuged at 5,000 rpm (1844 × 𝑔) for 1min. to remove large 

aggregates. The supernatant was transferred and evaporated to 0.2mL under an Ar stream. 1-BuOH 

was added to reach a total volume of 1.5 mL, the tube was vortexed for 6s and immediately 

centrifuged at 10,000 rpm (7378 × 𝑔) for 1min. The supernatant then was decanted and the pellet 

was dried under an Ar stream for 12s to remove excess leftover butanol. The NP pellet was re-

suspended in 1mL of hexanes. An optimal 30nM concentration of NP was achieved by diluting 

the cleaned stock. The concentration was determined using an extinction coefficient of 6.4×106 M-

1 cm-1 at 425 nm45 and Beer-Lambert’s Law.  

 

Assay: A 25mL four-necked round bottom flask with a condenser was loaded with 10mL of 1-

BuOH and heated to the target temperature. Subsequently, 12.8µL of 2-bromo-2-methylbutane 

were added to the flask to yield a 10mM solution. During the reaction a 100µL reaction aliquot 

was collected and immediately cooled. Next, 2.5µL of this aliquot was injected into the NP assay 

(700 µL, [CsPbI3] = 30-40 nM) vortexed, and allowed to equilibrate for 3 minutes before PL 

measurement with a Cary Eclipse fluorimeter at and excitation wavelength of 385 nm.   
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RESULTS AND DISCUSSION 

Figure 1a illustrates the chemical reaction (i) and CsPbI3 assay approach used in this study (ii). In 

the assay, a small liquid aliquot is sampled from an organohalide reaction (i) between 2-bromo-2-

methylbutane (denoted as S) with 1-butanol (BuOH). As this solvolysis reaction proceeds, the 

products, tert-amyl butyl ether (denoted as P), protons (H+) and bromide ions (Br-) ions continually 

increase in concentration and is detected by reaction with a known concentration of CsPbI3 NP 

assay solution (ii), by way of PL shift ().  

 

 

Scheme 1:  (i) The solvation reaction between substrate 2-bromo-2-methylbutane (S) and 

solvent 1-BuOH. (ii). Illustration of the assay in operation, where an aliquot of the reaction 

solution is sampled and then mixed with the CsPbI3 assay, resulting in halide exchange 

(HE) and a quantitative PL color shift.   

 

Figure 1a shows a representative set of CsPbI3 absorbance (i) and PL emission spectra (ii). 

The CsPBI3 were synthesized following reported methods,37 with modifications to the 

purification protocol recently described.46 The CsPbI3 were quantified using a reported 

extinction coefficient of ε425 nm = 6.4 x 106 M-1cm-1,45,46 and showed strong 

photoluminescence at 662 nm. Before use in the assay, the CsPbI3 ion exchange response 
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was calibrated using known concentrations of either HBr or TOABr.63 Figure 1b shows a 

typical PL response, where increasing [Br-] in the presence of CsPbI3 causes a  up to 90 

nm for the concentrations ranged probed in this study.  

 

Figure 1: (a) Representative UV-vis (i)  and PL emission (ii) of CsPbI3 in hexane.  (c) PL shift 

calibration using HBr dissolved in BuOH. (c) Calibration plot used in this assay (d), where the x-

axis is CsPbI3 concentration in nanomolar units, and the y-axis is the determined sensitivity 

parameter C, which relates expected PL shift () with accessible Br- concentrations ([Br-]) in 

micro molar concentrations. (d)   Temporal monitoring of  during HE ([CsPbI3] = 44 nM, [HBr] 

= 92 μM).   

 

Figure 1c shows a colorimetric calibration curve, showing a linear correlation between 

particle concentration, PL shift, and Br- concentration.  The y-axis in the plot is the calibration 

factor (denoted as C) and is in units of nanometers (from PL shift, ) and Br- concentration (M).  

For instance, if the assay is using a 30 nM solution of CsPbI3, then one can expect a 3.66 nm shift 

in PL emission per uM of Br- added to the solution.  It is important to note that care must be made 

to add sufficient [CsPbI3] to not rapidly saturate the ion-exchange response (i.e., low [CsPbI3] 
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compared to high [Br-]). In this study, [CsPbI3] was kept between 20-40 nM. One limitation of this 

approach is that the value of C is influenced by the size of the CsPbI3 nanoparticle used requiring 

an additional correction (see Fig. S1).64,65  Empirically, we found that the correlation of [Br-] to 

Δλ is linear up to ~80% Br- exchange (i.e., CsPbI0.2Br0.8, Δλ = 122 nm), at which point ion 

equilibrium between I- and Br- plays a more direct role in exchange dynamics. In addition, we 

studied the colorimetric response time for each data point in order to quantify the time needed for 

full exchange before measuring PL. Figure 1e shows that the assay response is essentially complete 

at 180s. However, earlier times may also provide a good indicator of [Br-] as most of the exchange 

takes place within the first 60s.   

 
Figure 2: (a) Representative PL spectra of CsPbI3 assay during the reaction monitoring. (b) 

Plots showing the corresponding PL shift ( b-i), which is converted to [Br-] using 

equation 1 (b-ii, C = 1.302 nm/μM). Finally, [Br-] is converted to [S] decrease using and 

equation 2 (dilution factor, D = 126).       
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Figure 2 shows a representative workflow for this assay, where the PL response after each 

aliquot is measured as a function of time. In practicality, this included careful sampling of 

the reaction vessel as precise volumes, and adding it to a cuvette with a known [CsPbI3].  

In this study, the reaction was at 50 oC, while the assay was performed at room temperature.  

Next, these PL values were converted to free [Br-] via equation 1: 

      (1) 

as shown in Fig. 2b-ii. In this conversion, a C value of 1.302 nm/μM Br-  was used, due to 

the [CsPbI3] = 46 nM. This [Br-] could then be converted to product formation (an 

equimolar amount, Fig. 1a), by: 

     [S]t = [S]0 –D[Br-]t        (2) 

where [Br-]t is the Br- concentration at the assay time point, and D is the corresponding 

dilution factor used in the transfer of reaction to the assay. In this system, a 2.5 μl aliquot 

of the reaction medium was reacted with 0.7 ml of CsPbI3 solution. Figure 2b-iii show the 

assay result, namely the kinetic trace for the decrease in [S] as a function of time.  

Using the above procedure, the reaction was monitored at several temperatures (T) 

from 50 - 70°C, as shown in Figure 3a i-v. In a control study, the CsPbI3 showed negligible 

Δλ in the presence of S alone (see Fig. S2) under these conditions, confirming that PL 

change is due to the solvolysis reaction and not a halide exchange between S and CsPbI3, 

C =
Dl(nm)

[Br-](mM )
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a  Finkelstein reaction, as we have shown previously.63 Interestingly, each of the reactions 

reach an expected equilibrium concentration of S, which indicate that the buildup of Br- 

(formation of HBr) promotes acid catalyzed ether cleavage and re-generate S, as has been 

reported for other tertiary ethers under anhydrous conditions.66,67 Repeating the experiment 

three times confirmed that equilibrium was established (Figure 3a (iv-v), error bars) and 

shows that the assay is reproducible.  

 
Figure 3: (a) Kinetic traces using CsPbI3 assay from reactions occurring at T = (i) 50, (ii) 55, (iii) 

60, (iv) 65 and (v) 70°C.  The dashed lines indicate the calculated kinetics using a literature values 

for the activation energy, Ea and pre-exponential factor A obtained from a rate constant at 25°C.68 
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(b) An Arrhenius Plot of Ln(k) vs. 1/T used to calculate Ea for the reaction. For additional 

information and fitting parameters and representative spectra, see Table S1-S2, and Fig. S3. 

Next, the reaction rate constant, k, was extracted from the final kinetic plots, which 

for an SN1 reaction like this one, obeys a first order rate law with respect to [S] by: 

d[S]/dt = e-kt                                         (3) 

where k is the apparent rate constant at a given T. The data in Figure 3a were fit to a single 

exponential decay (Table S1) from which the rate constants were found (Table S2). For 

reference, the predicted solvolysis rates based on literature values of Ea of 103.3 kJ and a 

pre-exponential factor, A of 6.626× 1018 are shown as dashed lines in Figure 3a.68  At higher 

temperatures, the acid catalyzed tertiary ether cleavage has been proposed to be a 

bimolecular reaction which obeys second order kinetics but is governed by a slow R3C-

OH+-R rearrangement.69 Assuming the rearrangement is the slowest step, the kinetic rate 

relationship can be approximated in the steady state condition as a pseudo reversible first 

order reaction given as: 

                                           [𝑺] =
𝒌𝟐[𝑨𝟎]

𝒌𝟏+𝒌𝟏
[𝟏 +

𝒌𝟏

𝒌𝟐
𝒆−(𝒌𝟏+𝒌𝟐)𝒕]        (4) 

where k1 is the rate for solvolysis of S to form P and k2 is the rate for HBr mediated cleavage 

of n-butyl tert amyl ether to regenerate [S].  Focusing on the higher temperature reactions, 

and fitting the data in Fig 3a-iv with a single exponential and rearranging terms, we find 

that k1 = 884.7 × 10-6 s and k2 = 174.6 × 10-6 s (see Table S1-S2). At 70°C (Fig. 3a-v), a bi-

exponential rate function was the best fit, with a fast component of kfast = 923.1× 10-6 s and 

kslow = 77.9  × 10-6 s, suggesting that the forward reaction becomes more competitive at 
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70°C. Fitting the region between 0 and 3600s with a single exponential and using Eqn 4, 

we find that k1 = 725.4 × 10-6 s and k2 = 162.22 × 10-6 s. The decrease in rate at higher 

temperatures may also reflect more complex rate behavior due to intermediates not 

accounted for in the steady state hypothesis during alkylhalide sovolysis,70,71 which seems 

likely given the slower decay component at 70°C. 

 To further validate the CsPbI3 assay approach to monitoring these reaction kinetics, 

the extracted k values were plotted as a function of temperature (Fig. 3b) and fit according 

to the Arrhenius relationship:  

                k = Ae(-Ea/RT)                                      (5) 

where Ea is the activation energy for the reaction, and A is the pre-exponential factor. The 

plot shows a linear relationship (Figure 3b), from which we can extract an Ea of 96.3 ± 8.0 

kJ/mol. Previous NMR based studies of solvolysis of S in 1-butanol at 25°C using found a 

rate constant of k = 5.02 × 10-6 s-1 and a corresponding activation energy of 103.3 kJ/mol,68 

which are similar to other estimates of Ea for the solvolysis of tert-butyl bromide.72 which 

is in reasonable agreement with these CsPbI3 NP based assay results.    

 

CONCLUSION 

Taken together these results indicate that halide exchange in perovskite nanoparticles can 

be used as colorimetric chemical assays.  In this system, CsPbI3 nanoparticles serve as 

colorimetric probes of an organic reaction by measuring one of the bi-products, a Br- ion.  
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By reacting this ion with the CsPbI3, a change in composition to CsPbI3-xBrx occurs, leading 

to a quantitative shift in photoluminescence. This shift is thus a proxy for the chemical 

reaction, and can be used monitor reaction rates and corresponding activation energies of 

these reaction.  While the presented assay is a model system prototype, future studies 

monitoring a number of relevant organo halide based reactions are possible, as well as is 

the possibility of developing colorimetric assays for halide containing compounds.  
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