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Abstract  

 

          The rapid growth in the field of N,C-chelate organoborate photochemistry over the past ten 

years has inspired for research in energy storage. N, C- chelate photochromic organoborates were 

investigated as potential molecular solar thermal (MOST) energy conversion systems. Nine 

photochromic boron compounds were selected as the target compounds and converted to their 

respective photoisomers (“dark” isomers). The catalytic conversion of these high energy 

photoisomers back to the low energy starting materials using electron acceptors/oxidants was 

investigated. Trityl tetrakis(pentafluorophenyl)borate was successful at converting the respective 

“dark” isomers of ppyB(Mes)(3,5-bistrifluorophenyl), (2-ph-py)BMes2 and (5-BMes2-2-ph-

py)BMes2 to their respective parent isomers. PpyB(Mes)(3,5-bistrifluorophenyl) was fully 

recovered when using tris(pentafluorophenyl)borane. Catalytic amounts of trityl fully recovered 

(2-ph-py)BMes2 in C6D6 but 5 mol% trityl was not enough to recover (5-BMes2-2-ph-py)BMes2. 

The stability of this photoisomer and the relatively low cost of CD2Cl2 favors this system for 

energy harvesting. 

 

           Room temperature semiconductor detectors are an important class of gamma-ray sensors 

because they can generate high-resolution spectra at ambient operating temperatures. This work 

focuses on the development of high performance, low cost γ-ray detector material, CsPbBr3 at room 

temperature. Polycrystalline CsPbBr3 was produced (97% yield) from Cs2CO3 and Pb(NO3)2 via 

solution chemistry routes and its powder X-ray Diffraction (XRD) patterns indicated that they 

were of the room temperature orthorhombic phase. Despite, the lack of a reference material for 

CsPbBr3, we establish a method validation of inductively coupled plasma mass spectrometry (ICP-
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MS) for impurity detection and quantification. The validation includes the performance parameters 

linearity, range, repeatability (single laboratory precision), instrument limit of detection, limit of 

quantification. Apart from Cr and Se, a linear increase of detected concentration was observed 

amongst these elements only. Using method of standard addition, only Tl, In and Sb recovered 

concentrations comparable to their original values. The segregation of impurities was investigated 

in three sections cut from an ingot purified by zone refining. The total impurity levels of the zone-

refined samples range from 15.7 ± 1.3 to 54.6 ± 1.2 μg/g and depends on the position of the samples 

within the ingot. ICP-MS also proved that zone refining is effective in producing detector 

materials. 
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Chapter 1- Introduction 

N,C-Chelate Organoboron Compounds as Potential 

Molecular Solar Thermal (MOST) Systems 

1.1 Introduction 

 

The main scientific challenge of our generation is probably meeting the increasing global 

energy demand in a sustainable manner. Although capturing solar energy can answer this problem, 

the diurnal nature of solar radiation and its dependence on environmental factors make solar energy 

power generation difficult.1 Developing closed solar energy systems over open-system systems 

offer key advantages including the elimination of environmentally detrimental oxidative products, 

the recyclability of the spent fuel and the relatively cheap cost of molecules used as fuel.2 

Therefore, the storage of solar photon energy into solar thermal fuels is a promising solution, where 

light energy is converted into chemical bonds of metastable and high energy photoisomers.3 This 

idea led to a technology called molecular solar thermal (MOST) systems, where photons induce 

photoisomerization of a parent compound to a high-energy metastable species which can release 

thermal energy on demand (e.g., with a catalyst).4 Essentially, heating or catalyst addition triggers 

the photoisomer to isomerize back to the precursor without material exchange with the 

environment, releasing the stored energy which can be used to do work. Many examples of 

chromophores have been studied as potential photoswitches like E/Z-azobenzenes, 

norbornadiene/quadricyclane and fulvalene/diruthenium.5 The principal challenges in optimizing 

the existing MOST systems are finding appropriate catalysts, enhancing their portability, and 

understanding the relationship between molecular strain and reactivity.2 Consequently, the 
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development of a controllable MOST pair primary requires the full recovery of the parent 

compound with catalyst addition. 

1.2 Renewable energy 

 

Energy resources are grouped into three classification: 1) nuclear; 2) fossil fuels and 3) 

renewable.6 Renewable energy is defined as energy obtained from non-depletable sources.7 To be 

considered sustainable, the accumulated effects of renewable energy practices should not 

significantly damage the environment. There are numerous types of renewable energy, namely: 

solar, wind, geothermal, biomass, hydro, tidal, wave and ocean thermal energy.7 Although they 

possess excellent advantages, one common limitation exists as the discontinuity of generation due 

to seasonal variation because most renewable energy resources are climate-dependent.6 Therefore, 

the successful exploitation of these renewable energy resources depend heavily on the 

development of technology capable of harvesting and storing the energy generated from them.  

1.3 Energy powered by the sun 

 

Recent projection indicates that the annual global energy demand will attain ~780 EJ 

(exajoules) by 2035.2 Acceptable solutions to meet this increase in energy demands must primarily 

avoid catastrophic effects on climate. Therefore, the proportion of renewable and non-CO2-

emitting (e.g. nuclear) sources of energy should represent at least 38% of the energy composition 

by 2035.2 Sunlight is the most abundant carbon-neutral source of energy on earth, delivering ~430 

EJ of energy each hour.8 Though humanity has always relied on solar energy stored by natural 

photosynthesis as biomass and fossil fuels to satisfy its energy needs, photosynthesis will not be 

enough to continue doing so. The increasing levels of CO2 since the dawn of the industrial 

revolution suggests that we consume photosynthetically stored sunlight faster than the biosphere 
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captures it as C-H and C-C bonds.8 There are few strategies employed to bypass photosynthesis 

for the conversion of sunlight into forms of energy suitable for storage, distribution, and terminal 

use. These strategies include photovoltaic (converts to electrostatic gradients), photothermal 

(converts to thermal gradients) and photocatalytic (converts to electrochemical gradients) 

methods.9-10 In theory, photocatalytic or photothermal generation of high-energy chemicals give 

solar storage with the highest energy density and longest lifetime, which is crucial for mobile 

applications (e.g. transportation).2 The maximum efficiency of a single junction solar photovoltaic 

cell is ~32% (solar to electricity) due to spectrum losses.11 Comparatively, the efficiency of solar 

water heating (SWH) systems is ~20-80% depending on the application.12 Therefore, there is an 

urgent need for technologies capable of enhancing the storage of the abundant sunlight energy. 

1.4 Molecular solar thermal (MOST) energy storage systems 

 

The main advantages of closed systems are the elimination of potentially detrimental 

oxidative products and the potential regeneration of the consumed fuel.13 The exergonic reaction 

in solar thermal batteries leads to the rearrangement of chemical bonds without changes in the 

chemical makeup of the molecules. In other words, the energy storing and releasing cycle involves 

isomerization. The advantage of collecting solar energy for storage in the form of chemical bonds 

is that the harvesting and storing processes are combined in one entity.13 The storage of solar 

energy as latent chemical energy in photo-induced isomerization in chemical bonds is called 

MOST energy storage.14 In a MOST system, a photoactive parent molecule is exposed to photons 

and transformed into a high energy photoisomer that is kinetically stable but can isomerize back 

to the parent molecule while releasing heat in the process. The parent molecule is regenerated 

using an external stimulus like heat or a catalyst (Figure 1-1).15 Basically, the stored energy in the 
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photoisomer can be released in a controlled manner along with the regeneration of the parent 

molecule (Figure 1-1). 

 

Figure 1-1. Representation of a MOST energy storage system. The energy levels are not drawn to 

scale. 

 

Several chemical systems have been proposed as candidates for MOST energy storage, 

including norbornadiene–quadricyclane (NBD–QC),16 azobenzenes,17 ruthenium-fulvalene,5 

anthracene dimerization etc. (Figure 1-2). 18 However, most of these candidates possess inherent 

disadvantages, limiting their effective implementations. For example, NBD only absorbs light 

below 300 nm13 and requires additional sensitizers to absorb sunlight; Ru-based organometallic 

compounds are expensive to produce.3  
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Figure 1-2. Classes of chromophores previously studied as potential MOST energy storage: (A) 

anthracene/its dimer, (B) norbornadiene (NBD)/quadricyclane (QC), 1/2, (C) 

tricyclic/bishomocubane 3/4, (D) E/Z azobenzenes, (E) E/Z N,N’-dialkylindigos and (F) 

(fulvalene)tetracarbonyl-diruthenium. The metastable isomers are on the right.2 

 

From an application perspective, few important requirements need to be addressed for a 

MOST system to function efficiently. Particularly, a large portion of the solar spectrum should be 

absorbed, the quantum efficiency should be close to unity and the energy should be stored at a 

high energy density.1 Additionally, the photoisomers should be excited by an external agent (e.g. 

catalyst), the photoisomer should not degrade over time and the photoisomers should be switchable 

for many cycles. 14 Therefore, it becomes important to develop new classes of cost-saving MOST 

systems that can fulfill most of these requirements. In this regard, MOST systems with catalytically 

triggered back-isomerization of the photoisomer to the parent compound are very attractive. 

1.5 Photochromic four-coordinate boron compounds 

 

To investigate other examples of chromophores as potential photoswitchable solar fuels, 

photochromic four-coordinate boron compounds developed in our group were used. A 

photochromic compound is a molecule capable of undergoing reversible transformations between 
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two isomers of different colours when excited by light in at least one pathway.19 Many organic 

photochromic compounds have been thoroughly studied including azobenzenes, diarylethenes 

(DTEs) etc.20 Most of these compounds consist of a ring-closing and opening process, except 

azobenzenes. To the best of my knowledge, N, C-chelate boron compounds reported by our group 

is among the very few photochromic compounds to display the reversible photoisomerization 

phenomena.  

1.6 Boriranes (“dark” isomers) 

 

An unprecedented photoisomerization of four-coordinated N,C-chelate organoboron 

compounds with 2-phenylpyridine (ppy) backbone (Figure 1-3) was discovered in 2008.21 The 

lowest unoccupied molecular orbital (LUMO) of the compounds is usually localized in the π-

conjugated chelate ligand (ppy), while the highest occupied molecular orbital (HOMO) is localized 

on the mesityl moiety.20 It was observed that these compounds undergo thermally reversible C-C 

bond formation/rearrangement around the boron core to give base stabilized boriranes.22  

 

Figure 1-3. Photoisomerization of photochromic four-coordinate N, C- chelate organoboron 

compounds. 

These boriranes (“dark” isomers) are deeply colored and usually absorb strongly in the 

visible region of the spectrum. Moreover, suitable substitution can lead to further photo-and/or 

thermal reactivities of the boron compounds, producing a range of new isomers with valuable 

photophysical properties. In addition to high ring strain, boriranes are also acidic because of the 
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incorporation of an electron-deficient boron atom, making them very reactive in comparison to 

other cyclopropane analogues (e.g. epoxide etc.).23 Boron is electron-deficient due to the presence 

of an empty p orbital, capable of accepting electrons. These systems can be stabilized using Lewis 

bases (LBs) which are capable of coordinating to the boron centers.22  

1.7 Photoisomerization mechanism 
 

To improve the development of next-generation smart materials based on boron, it is 

crucial to understand the excited state processes that lead to their unique photoreactivity. The 

mechanism of this photoisomerization is believed to involve a triplet biradical excited-state.24 The 

initial excitation with UV light excites the molecule and weakens the B−Cppy bond. Following 

intersystem crossing to the T1 state, the biradical intermediate (IM-T1) is generated from fast 

migration of the Cph atom to the same position of the less bulky aryl substituent, which collapses 

via a barrierless reaction to the borirane (Figure 1-4).24 

 

Figure 1-4. Summary of the proposed mechanistic picture of N,C-chelate organoborates used in 

MOST systems.24 
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 In all the compounds studied in this work, the presence of two o-methyl groups are 

important to stabilize the T1 state and restrict rotation of B-aryl bond to ease the formation of the 

new C-C bond.25 These recent observations strongly suggest the adiabatic nature of this 

mechanism, allowing products to reverse back to the starting material when heated.26 This further 

indicate that four-coordinated N,C-chelate organoborates could also be recovered with a catalyst 

in a MOST system. 

1.8 Choice of organoboron compounds  

 

Representative four-coordinated N,C-chelate organoboron compounds developed in our 

laboratory group were used as potential candidates for a MOST system. For the purpose of this 

study, three examples of N,C-chelate organoborates with 2-phenylpyridine (ppy) backbones, such 

as, 1-3a are shown in Scheme 1-1. 

 

Scheme 1-1. N,C-Chelate organoborates 1−3a studied in this work and their photoreactions. 

When irradiating 1a with UV light (365 nm) in benzene under N2, 1a becomes 

yellow/orange. Compound 1a is interesting because of its thermal stability due to the presence of 
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the trifluoromethyl group (-CF3), which stabilizes the HOMO orbital of the molecule 

(borirane/cyclohexadienyl).25, 27 The stabilized HOMO level prevents any further photochemical 

transformations that would otherwise occur through the excited state. After irradiation by UV light 

(365 nm) in toluene or benzene, 2a becomes dark navy blue and 3a becomes dark olive green. 

Their respective photoisomers (2b and 3b) are fully thermally reversible.21 DFT calculation 

determined that the HOMO levels of 1b-3b are dominated by the cyclohexadienyl and the boron 

atom while the LUMO level is a π* orbital involving mostly the ph-py ring.21 Their intense color 

corresponds to charge transfer (CT) transition of the molecule from HOMO (π-Mes) → LUMO 

(π*-ppy). The bulky BMes2 in 3a destabilizes transition state of 3a,21 hence explaining the slower 

conversion of 3a to 3b, relative to that of 2a and 2b. The stabilization of the π*-ppy in 3b lowers 

the transition energy compared to 2b,21 explaining the color difference between 3b and 2b. 

However, 2b and 3b are very reactive toward O2 and will decompose rapidly to colorless species 

when exposed to air.21 Therefore, their implementations as potent photoisomers require an oxygen-

free environment, which partially hinders their use.  

1.9 Single electron oxidation 

 

A fundamental postulate in electron-transfer theory is that electrons may only be 

transferred one at a time.28 However, for polar reactions, electrons are considered to move in 

pairs.29 Pross and Shaik were among the first to recognize that the related SN2 reactions can also 

be understood in term of single electron transfer (SET) reactions.30 Their experimental evidences 

suggest that both SET and polar reaction involves a single electron shift from the lone pair of the 

Lewis base (LB) to the empty acceptor orbital of the Lewis acid (LA) in the transition-state region 

to generate two spin-paired electrons.31 The coupling of these two electrons forms a single bond 

and leads to the formation of a polar product (LA--LB+).31 Any factor (e.g. steric) that can hinder 
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this coupling process tends to favor the SET pathway over the polar one.31-32 Various strong 

oxidants capable of performing single electron oxidation were investigated for catalyzing the back-

conversion of the boriranes to regenerate their parent compounds and, trityl 

tetrakis(pentafluorophenyl)borate and tris(pentafluorophenyl)borane were found to work. The 

following is a summary of the major chemical and physical properties of these Lewis acids. 

1.9.1 Trityl cation 

After the tropolium ion was discovered in 1891 as the first carbocation,33 carbocations have 

been investigated thoroughly in terms of properties, reactivity and stability.34 Carbocations are 

generally unstable, non-isolable intermediates in several fundamental reactions, such as SN1 etc.34 

However, some carbocations are stable in water and can be isolated without using inert 

conditions.35 The positive charged carbon atom in a carbocation is isoelectric to boron and its 

strong Lewis acidity is due to its low-lying empty p orbital, capable of accepting electrons. 

Carbocations are very versatile Lewis acids, ranging from the very unstable methylium cation to 

the water stable tris(N,N-dimethylaniline) methylium ion (Figure 1-5a).35 Interestingly, 

triarylmethylium (trityl) cations are rather stable among carbocations as a result of the 

delocalization of the positive charge over three aromatic rings.36 As the electron density of the 

aromatic ring increases, the positive charge becomes more stabilized and the Lewis acidity of trityl 

ion is decreased, as shown in Figure 1-5b. This is an example of the electronic effect on the Lewis 

acidity of different trityl cations, which is usually compared by their pKR+ values. KR+ is the 

equilibrium constant for the reaction of the carbocation with two equivalents of water (Figure 1-

5c), which has been used as a reference system for comparing carbocation stabilities in solution.37  
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a 

 

b 

 

            c 

 

Figure 1-5. (a) Stability of carbocations (b) Electronic effects of the trityl ions on Lewis acidity; 

(c) Definition of the pKR+.34 

    

The trityl cation, [CPh3]+, also know as triphenylcarbenium or tritylium ion, has long been 

known as a reagent for hydride abstraction from organic and organometallic compounds.38 

However, it can also perform one-electron oxidation.39 Salts of [CPh3]+ react with moisture to give 

colorless CPh3OH. Without air, these solid salts do not decompose after several months when 

stored at 10°C; [Ph3C]+[B(Ph)4]- however, is light sensitive.  
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Figure 1-6: Structures of strong Lewis acids used as potential catalyst. 

Trityl salts are soluble in MeCN, CH2Cl2 or liquid-phase SO2 but are insoluble in alkanes 

and arene solvents.39 Trityl salts can be recrystallized from their MeCN solutions at low 

temperature. Moreover, they have been shown to decompose in diethyl ether and will react with 

protic solvents like H2O and alcohols.38 The strong cationic oxidant trityl cation [Ph3C]+(cf. E = - 

0.11 V in MeCN) can be used as one-electron oxidant, which gives .C(aryl)3 radicals on reduction. 

These radicals can be measured by ESR (electron spin resonance) spectroscopy. The weakly 

coordinating counteranion [B(C6F5)4]− stabilizes the radical cation ([CPh3]+) because of its low 

reactivity.30 [CPh3]+[B(C6F5)4]− (Figure 1-6) is typically synthesized from LiB(C6F5)4 and Ph3CCl. 

1.9.2 Tris(pentafluorophenyl)borane, B(C6F5)3   

Tris(pentafluorophenyl)borane (B(C6F5)3) was first described in 1964 by Massey and Park. 

B(C6F5)3 was originally prepared by the reaction of pentafluorophenyllithium with BCl 3 at 

278°C.40-41 A better alternative is to use pentafluorophenylmagnesium bromide and a boron 

trihalide because the lithium reagent tends to release lithium fluoride explosively at ambient 

temperatures, whereas the Grignard reagent can be refluxed harmlessly in toluene.42 For many 

years, B(C6F5)3 was synonymous with homogeneous Ziegler–Natta catalyst activation,43 but an 

increasing number of research suggest other applications such as polymerization catalysis.42 
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In comparison to boron trihalides, B(C6F5)3 is an ideal boron-based Lewis acid because it 

is a stable, but strong Lewis acid.42-43 B(C6F5)3 is stable for many days at temperatures as high as 

270 °C, whereas many fluorinated boron compounds decompose by eliminating BF3.44 Moreover, 

it resists to oxidation from molecular oxygen and can tolerate H2O.43 However, it can very slowly 

hydrolyse to release C6F5H, although some B(C6F5)3-catalyzed reaction can be performed in 

aqueous solution.45 Its potent Lewis acidity, steric bulk, noticeable capacity for anions, specifically 

carbanion equivalent abstraction and the persistence of the subsequent anions make B(C6F5)3 a 

valuable catalyst or stoichiometric reagent to activate a variety of specific reactions in organic and 

organometallic chemistry,42 and help develop new synthetic pathways. Based on spectroscopic 

comparison between the amine adducts of some boron-based Lewis acids, the Lewis acidity of 

B(C6F5)3 is stronger than BF3 but weaker than BCl3.41 

Although Lewis acids such as BF3, SnCl4 or AlCl3 are used to catalyze many organic 

reactions,42 they suffer from significant disadvantages. Their Lewis acidity is reduced because they 

are usually handled as adducts with a weak Lewis base; they suffer from poor water stability, 

yielding hydrogen halides detrimental to acid-labile substrates. Their usage is further limited 

because of the reactive element-halogen bonds towards some potential substrates.42 On the other 

hand, B(C6F5)3 is water-tolerant and its B–C bonds are usually unreactive. It became evident in 

recent years that B(C6F5)3 could be used in a wide range of Lewis acid catalyzed organic 

reactions.42 Yamamoto and co-workers completed a thorough investigation of Lewis acid-

catalyzed organic reactions employing B(C6F5)3.46 For instance, B(C6F5)3 have been shown to 

catalyze the addition of silyl enol ethers to aldehydes, alkyl chlorides and unsaturated ketones with 

low catalyst loading under very mild conditions.46 Although this catalyst is water-tolerant, 

reactions proceed more efficiently if the anhydrous borane is used.47-48 Additionally, B(C6F5)3 is 
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an efficient catalyst for the hydrosilylation of carbonyls.43 Due to its broad Lewis acidic properties, 

B(C6F5)3 has been used as an one-electron oxidant.49 These examples motivated us to use B(C6F5)3 

as an electron acceptor to trigger the back-conversions of the studied boriranes. 

1.10 Proposed mechanism 

          Understanding the mechanism of molecular photoswitches is important to improve their 

sensitivity and energy efficiency. Branda and co-workers were the first to demonstrate how 

diaryethenes (DAEs) oxidatively induced electrocyclic ring opening and ring closing.50 This work 

also suggested the catalytic nature of the ring opening process, where the ring-opened radical 

cation oxidizes a second ring-closed molecule to propagate the reaction.50 Subsequently, the 

mechanism of many versatile photoswitches have been investigated. However, azobenzene 

remains a very common studied system, where it converts easily from its thermodynamic stable E 

isomer to the metastable Z isomer by light.51 Electrocatalysis controls this class of molecules since 

the electrochemical reduction of azobenzene can drive the isomerization of its Z solution to its E 

isomer.52 The pioneer evidence by Gescheidt for a “radical-cation catalyzed” cis to trans 

isomerization of 1,1’-azonorbornane suggested the existence of a complementary oxidative 

pathway.51 Mechanistically, the reductive and oxidative pathway can be considered as an analog 

of acid and base-catalyzed reactions. 

          There is more experimental evidence of the single electron shift in Lewis acid-base 

reactions. For example, Muller and co-workers investigated the reaction between a nucleophilic-

based germylene and B(C6F5)3 to produce the conventional B-Ge bonded species in quantitative 

yield (Figure 1-7).30 The detection of radical intermediates by electron spin resonance (ESR) and 
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ultraviolet-visible (UV-vis) spectroscopy suggests that this reaction is initiated by a single 

electron-transfer step before the formation of the classical Lewis adduct. 

 

Figure 1-7: Reaction of nucleophilic-based germylene with B(C6F5)3 (BCHGe/B(C6F5)3) to yield 

adduct 2. Representation adapted from reference.30  

           To better understand the chemistry of the intermediate radical cation and enhance its fast 

quantitative formation, B(C6F5)3 was replaced with a stronger trityl cation oxidant, [Ph3C] + in the 

presence of the weakly coordinating anion [B(C6F5)4]−.30 The reaction of the nucleophilic-based 

germylene with trityl produced the corresponding stable borate and the reduction of this radical 

cation borate with potassium graphite (KC8) recovers the nucleophilic-based germylene. This 

suggests the fully reversible nature of this chemical oxidation because the reduction of the trityl 

borate was confirmed by 1H NMR spectroscopy. In addition to the research of Gescheidt, this work 

further confirms the existence of a complementary oxidation pathways in single electron transfer 

reactions. 
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Figure 1-8. Proposed mechanism for the oxidative conversion of metastable “dark” isomer “B” 

back to parent species “A”. One electron oxidant, “C” (e.g. Trityl) initiates reaction and is restored 

to propagate the reaction chain. 

          Similarly, the conversion of the “dark” isomers back to their parent species undergoes the 

proposed one electron oxidative pathway. Figure 1-8 represents a summary of the proposed 

mechanism for the studied photochromic compounds. Light (~300 nm) triggers the isomerization 

of the four coordinate organoboron “A” to its metastable “dark” isomer “B”. Quantitative 

isomerization back to the thermodynamically more stable parent isomer “A” is triggered using 

strong oxidant (e.g. Trityl cation) to create a catalytic chain. The radical chain can be initiated 

using catalytic amounts (5% mol) of oxidants to form the radical cation “B+.” followed by rapid 

isomerization to “A+.”. This is followed by an electron transfer from the reduced oxidant to the 

radical cation “A+.” to yield the neutral “A” product and regenerate the oxidant to propagate the 

chain. The scope of this oxidative pathway and its relationship to the reductive pathway is still not 

well understood.11 The use of an oxidant eliminates the need for an electrochemical apparatus and 

enhances the controlled efficiency of these photoswitches. Specifically, it is suitable to have 

photoisomers that convert back to their parent compounds using easily available catalyst for 

controlled energy release. Although more experimental evidence is required to confirm this 
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mechanism, the catalytic conversions of these “dark” isomers probably undertake the proposed 

single electron shift. 

1.11 Scope of this project 

 
In 2008, photochromism in four-coordinate organoboron compounds, which underwent 

thermally reversible intramolecular C-C bond formation/breaking to yield “dark” isomers,21 as 

shown in Figure 1-9 was discovered. Since then, several experiments were undertaken to 

understand the underlying nuances of these compounds and tune their photoisomerization. Due to 

the inherent stability of some of previously made photoisomers,25 the idea of creating potential 

MOST systems from four-coordinate organoboron compounds became evident.  

One of the primary requirements of a MOST system is its ability to fully recover (~100%) 

the parent specie with the controlled addition of a catalyst. In this regard, my project concerns the 

investigation of controlled transformation of N, C- chelate boron photoisomers to their parent 

compounds by using a Lewis acid catalyst (e.g., trityl cation). The positive charge on the carbon 

atom in this carbocation is isoelectronic to boron, thus makes it a potent Lewis acid due to the low-

lying empty p orbital.34 Trityl tetrakis(pentafluorophenyl)borate ([Ph3C]+[B(Ph)4]-) was used 

because it is one of the strongest Lewis acids in this family of trityl cations. The relatively low 

electron density of the aromatic ring destabilizes the positive charge, thus enhancing its Lewis 

acidity.34 Therefore, investigating the heat released from these systems due to the photoisomer 

reversing back to its precursor becomes important. 
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Figure 1-9. Example of a four-coordinate N, C- chelate photochromic organoboron compound as 

a potential MOST system for thermal energy conversion. 

         The purpose of this work was to study N, C- chelate photochromic organoboron compounds 

as possible candidates for the storage of solar energy by catalytically converting the high energy 

photoisomer (the dark isomer) back to the low energy starting materials. Nine photochromic boron 

compounds were selected as the target compounds. Electron acceptors/oxidants such as  trityl 

cation were selected as the catalysts in different solvents. Once the catalytic system is established 

for these MOST systems, the amount of thermal energy released will be determined 

experimentally. 

1.12 Experimental Section 

1.12.1 General procedures 

          All reactions were carried out under an inert atmosphere of dry nitrogen using standard 

Schlenk techniques. Starting materials were purchased from Sigma-Aldrich and used without 

further purification. 2-(2-bromophenyl)pyridine was prepared according to literature procedures. 

Solvents were dried over Na and degassed or stored over 4 Å molecular sieves prior to use. 1H and 

11B NMR spectra were recorded on Bruker Avance 400, 600, or 700 MHZ spectrometers using 

deuterated solvents that were purchased from Cambridge Isotopes and dried/degassed prior to use. 
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I have investigated nine boron compounds shown in Figure 1-10. Compounds 1.1a and 

1.2a were prepared by me according to literature procedures.21, 25 The remaining seven boron 

compounds were prepared by others laboratory members. All nine boron compounds were 

dissolved in C6D6 and irradiated by UV light (300 nm) to yield their corresponding “dark” isomers. 

The conversions of these compounds to their respective “dark” isomers were monitored using 1H 

and 11B NMR spectroscopy. Once fully converted, their potential quantitative and qualitative back-

conversions to their respective parent compounds were monitored by 1H and 11B NMR 

spectroscopy. 
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Figure 1-10. Classes of photochromic organoboron compounds studied as potential MOST 

systems. The metastable isomers are in red.  

1.12.2 Synthesis of target molecules: 1.1a, 1.2a and 1.3a 

1.12.2.1 ppyB(Mes)(3,5-bistrifluorophenyl) [1a]  

To synthesize ppyB(Mes)(3,5-bistrifluorophenyl) [1a], 2-(2-bromophenyl) 

pyridine (i) and B(OMe)(Mes)(3,5-bistrifluorophenyl) (ii) were prepared separately. i 

was prepared using a modified Suzuki coupling procedure. 2-bromopyridine (3.37 g, 21.35 mmol), 

2-bromophenyl boronic acid (4.29 g, 21.36 mmol), palladium tetrakistriphenylphosphine (1.23 g, 

1.07 mmol) and sodium carbonate (6.69 g, 64.05 mmol) were added to a flask under Schlenk 

conditions. The solids were dissolved in 3:1 tetrahydrofuran (THF)/water mixture and degassed. 

The reaction flask was refluxed (85 oC) overnight. The water layer was separated and extracted 

with CH2Cl2. The combined organic layers were dried over MgSO4 and the solvents were 

evaporated under reduced pressure and purified by column chromatography. The yellow oil was 

produced in 83% yield (4.15 g).  
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Scheme 1-2. Synthetic procedures for 2-(2-bromophenyl) pyridine (i) 

 To synthesize ii, 2-bromomesitylene (1.06 g, 5.30 mmol), magnesium turnings (0.13 g, 

5.30 mmol) and a small iodine crystal were mixed in an oven dried Schlenk flask under N2. 

Dry/degassed THF (15 mL) was added and the mixture was refluxed until all the magnesium had 

disappeared. The solution was cooled to -78 oC in a dry ice/acetone bath and B(OMe)3 was added 

quickly (~0.59 mL, 5.30 mmol). To prepare the second Grignard reagent, the same procedure was 

followed but 1,3-bis(trifluoromethyl)-5-bromobenzene (1.55 g, 5.3 mmol) and isopropyl 

magnesium chloride solution (2.90 mL, 5.8 mmol) were used. Both Grignard solutions were cooled 

to -78 oC using a dry ice/acetone bath, at which point the latter was cannula transferred into the 

former. This mixture ii was slowly warmed to room temperature. 

 

 

Scheme 1-3. Synthetic procedures for B(OMe)(Mes)(3,5-bistrifluorophenyl) (ii)  

          2-(2-bromophenyl) pyridine (0.66 g, 2.8 mmol) and 15 mL of dry/degassed Et2O were added 

to an oven dried Schlenk flask under N2. The solution was cooled to -78 oC using a dry ice/acetone 

bath and n-BuLi (~1.24 mL, 2.5 M, 5.3 mmol) was added dropwise. After stirring at the same 
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temperature for 1 hour, the pre-cooled B(OMe)(Mes)(R) solution was cannula transferred into the 

lithiation flask and the reaction could slowly warm to room temperature overnight. The product 

(1a) was extracted with CH2Cl2 (40 mL) and purified by flash column chromatography employing 

gradient elution (hexane: ethyl acetate) in 10% yield. Yellow powder, 10% yield. 1H NMR (400 

MHz, CD2Cl2: δ 8.52 (dt, J = 5.8, 1.2 Hz, 1H, Py-H), 8.16-8.09 (m, 2H, Py-H), 8.00 (dt, J =7.6, 

0.6 Hz, 1H, Ph-H), 7.72 (dt, J = 7.3, 0.9 Hz, 1H, Ph-H), 7.63-7.54 (m, 3H, 3,5-bisCF3-Ph-H), 7.49 

(td, J = 7.4, 1.1 Hz, 1H, Ph-H), 7.46-7.40 (m, 2H, Ph-H and Py-H), 6.75 (bs, 2H, Mes-H), 2.26 (s, 

3H, p-Mes-CH3), 1.65 (bs, 6H, o-Mes-CH3) ppm; 11B NMR (400 MHz, CD2Cl2) δ 3.1 ppm. 

 

Scheme 1-4. Synthetic procedures for 1a 

1.12.2.2 (2-ph-py)BMes2 [2a] 

This compound was synthesized using a similar procedure to compound 1a. However, 

dimesitylboron fluoride (0.20 mg, 0.74 mmol) was quickly added to the 2-(2-bromophenyl) 

pyridine and n-BuLi solution. The reaction mixture was kept at -78 °C for 1 hour and then allowed 

to reach ambient temperature and stirred overnight. After the removal of the solvent, purification 

of the crude product by column chromatography (hexane: ethyl acetate) afforded the product as 

light-yellow crystals. Light-yellow powder, 21% yield. 1H NMR (400 MHz, CD2Cl2: δ 8.60 (1H, 

d, J = 6.0 Hz), 8.04-8.00 (2H, m), 7.92 (1H, d, J = 6.9 Hz), 7.74 (1H, d, J =6.8 Hz), 7.34-7.24 (m, 

3H), 6.64 (s, 4H), 2.16 (s, 6H), 1.79 (s, 12H). 11B NMR (400 MHz, CD2Cl2) δ 5.0 ppm. 
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Scheme 1-5: Summarized synthetic procedure for 2a 

 1.12.2.3 (5-BMes2-2-ph-py)BMes2  [3a] 

          This compound was previously synthesized by Dr. Mellerup using a procedure like those 

of previously reported organoboron compounds.21,27 Yellow solid powder,1H NMR (500 

MHz, C6D6, 25°C, δ, ppm): 8.87 (s; 1H), 8.04 (d, J =7.5 Hz; 1H), 7.65 (dd, J = 8.0 Hz, J = 1.0 

Hz; 1H), 7.55 (d; J = 7.5 Hz; 1H), 7.23 (d; J = 8.0 Hz; 1H), 7.16 (t, J =7.0 Hz; 1H), 7.07 (t, J 

=7.5 Hz; 1H), 6.73 (s, 8H), 2.23 (s, 6H), 2.20 (s, 6H), 1.88 (s, 24H). 13C{1H}NMR (100 MHz, 

C6D6, δ, ppm): 168.68, 161.04, 155.53, 147.04, 146.09, 140.97, 140.36, 139.87, 137.00, 135.21, 

133.702, 132.248, 130.75, 129.24, 128.35, 128.23, 128.10, 127.99, 127.86, 125.73, 122.46, 

117.16, 25.53, 23.52, 21.35, 21.07. Anal. Calcd for C47H51NB2: C 86.64, H 7.89, N 2.15. Found: 

C 85.75, H 8.15, N 1.97. 

1.12.3 Photoisomerization Procedure and Characterization Data 

          In a N2 filled glovebox, 5-10 mg of selected N, C- chelate photochromic organoboron 

compounds were respectively added to J-Young NMR tubes to yield concentrations of 10-4-10-2 

M in C6D6. The NMR tubes were sealed using teflon caps and removed from the glove box for 

irradiation. Photoreactions were performed using a Rayonet Photochemical Reactor (300-365 nm) 

and the photoisomerization processes were monitored by 1H, and 11B NMR until all compounds 

were fully converted to their respective photoisomers. Where appropriate, C6D6 was removed in 

vacuo. The NMR tubes were put back to the N2 filled glovebox for catalyst addition. Appropriate 

amount of catalyst corresponding to approximately 5 mol% of the boron compounds was weighted 
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and added to appropriate solvents and the resulting solutions were transferred to the sealed NMR 

tubes. The NMR tubes were immediately transferred out of the glove box and the catalytic 

conversions were quickly monitored by 1H, and 11B NMR. 

Dark Isomer of ppyB(Mes)(3,5-bistrifluorophenyl) [1.1b]: Yellow/orange. 1H NMR (400 MHz, 

C6D6):  8.35 (d, J = 6.3 Hz, 1H, Py–H), 7.43 (d, J = 8.2 Hz, 1H, Ph–H), 7.27 (d, J = 8.4 Hz, 1H, 

Py–H), 7.24-7.14 (m, 2H, Ph–H), 7.11 (s, 1H, 3,5-bisCF3Ph), 6.96 (td, J = 7.4, 1.2 Hz, 1H, Ph– 

H), 6.93 (s, 1H, Mes–H), 6.78 (s, 1H, Mes–H), 6.61 (s, 1H, 3,5-bisCF3Ph), 6.57 (td, J = 7.8, 1.5 

Hz, 1H, Py–H), 5.95 (t, J = 6.7 Hz, 1H, Py–H), 2.83 (s, 3H, o–Mes–CH3), 2.18 (s, 3H, p–Mes– 

CH3), 1.80 (s, 3H, o–Mes–CH3), 0.97 (s, 1H, 3,5-bisCF3Ph) ppm; 11B NMR (400 MHz, C6D6)  

−13.6 ppm.  

Dark Isomer of (2-ph-py)BMes2  [1.2b]: Dark blue. 1H NMR (400 MHz, C6D6)  8.47 (d, J = 

6.0 Hz, 1H, py,),  7.64-7.70 (m, 2H, ph),  7.48 (d, J = 8.0 Hz, 1H, py,),  7.11-7.14 (m, 1H, ph), 

 7.06 (s, 1H, Mes),  6.98 (1H, t, J = 7.6 Hz, Ph),  6.83 (s, 1H, Mes),  6.63 (t, J = 8.0 Hz, 1H, 

py),  5.97 (t, J = 6.7 Hz, 1H, py),  5.90 (s, 1H, cy),  5.47 (s, 1H, cy),  2.94 (s, 3H, Me on Mes), 

 2.21 (s, 3H, Me on Mes),  2.17 (s, 3H, Me on cy),  v 1.95 (s, 3H, Me on Mes, s),  1.84 (s, 3H, 

Me on cy),  0.53 (s, 3H, Me on cy) ppm; 11B NMR (400 MHz, C6D6)  −10.1 ppm.  

Dark Isomer of (5-BMes2-2-ph-py)BMes2 [1.3b]: Olive green. 1H NMR (400 MHz, C6D6)  

8.71 (d, J =1.2 Hz; 1H; py)  7.76 (d, J =7.6Hz; 1H; ph),  7.67 (d, J = 8.8 Hz; 1H; py),  7.61 (dd, 

J = 7.6 Hz, J = 1.2 Hz; 1H; ph),  7.45 (dd, J = 8.4 Hz, J = 1.6 Hz, 1H; py),  7.20 (d, J =8.4 Hz, J 

= 1.2Hz; 1H; ph),  6.98 (td, J =7.5 Hz, 1H; ph),  6.74 (s, 1H; Mes),  6.70 (s, 4H; BMes2 ),  

6.67 (s, 1H; Mes),  5.86 (s, 1H; cy), 5.45 (s, 1H; cy),  2.50 (s, 3H; o-Me on Mes),  2.21 (s, 6H; 

p-Me on BMes2),  2.18 (s, 3H; p-Me on Mes),  2.15 (s, 3H; Me on cy),  1.96 (s, 12H; o-Me on 
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BMes2),  1.94 (s, 3H; o-Me on Mes),  1.78 (s, 3H; Me on cy),  0.56 (s, 3H; Me on cy) ppm; 11B 

NMR (400 MHz, C6D6)  −10.1 ppm.  

1.13 Results and Discussion 

 

1.13.1 Recovery of ppyB(Mes)(3,5-bistrifluorophenyl) [1.1a] 

          One of the most important requirements of a reliable MOST system is the high stability of 

the dark isomers over extended periods of time.  ppyB(Mes)(3,5-bistrifluorophenyl)  was used 

due to its high thermal stability compared to other chiral analogs lacking the trifluoromethyl (-

CF3) group,25 which can transform into a Borenium cation with extended irradiation. The stability 

of this photoisomer is mainly due to stabilization of the HOMO orbital because of the electron-

withdrawing properties of the 3,5-(CF3)2C6H3 substituents. 1.1a absorbs strongly in the near UV 

region with a broad band centered at λabs ≈315 nm (ε ≈ 8638 M−1 cm−1).24 This band corresponds 

to CT transition which originates from HOMO (π-Mes) to LUMO (π*-ppy) and is believed to be 

the cause of the photoreactivity of 1.1a.24 Dissolving 1.1a in C6D6 yielded a colorless solution.  

          After 24 h of photoreaction at ~365 nm, the solution turned yellow-orange, and 1H and 11B 

NMR spectra were immediately taken to confirm the complete formation of the “dark” isomer. 

Full photoisomerization was confirmed with the appearance of all characteristic peaks 

corresponding to the borirane (“dark”) isomer (Figures 1-11 & 1-12). For instance, the 

characteristic proton and boron peaks at 1.11 ppm and ~13.6 ppm were observed in 1H and 11B 

NMR spectra, respectively.25 The solvent was replaced by CD2Cl2 or CDCl3, respectively, to better 

dissolve the catalyst. The best catalytic conversion was obtained in CD2Cl2 as suggested by 1H and 

11B NMR. Addition of ~5 mol% trityl cation yielded identical  1H and 11B NMR spectra compared 

to those of 1.1a in the literature.25 All characteristic peaks with corresponding integrations were 
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recovered as shown in Figure 1-12  (100% conversion). Apart from -the grease peak (~0.08 ppm), 

the back-conversion was very clean. As expected, the broad singlet peak corresponding to the 6 

hydrogens (H) of ortho-mesityl CH3 was observed. Moreover, the characteristic multiplet at 

around 7.65-7.56 ppm integrating for the 3H of 3,5-bis (CF3)-Ph was also observed. 
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Figure 1-11. Partial stacked 1H NMR (400 MHz) spectra showing the conversions of 1.1a in C6D6 

(300 nm irradiation) at 10-4 M. Top spectrum represents back conversion after addition of 5% mol 

trityl cation in CD2Cl2. 
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Figure 1-12. Partial 1H NMR (400 MHz) spectra showing back conversion of 1.1a with integration 

at 10-4 M after addition of 5 mol% trityl in CD2Cl2.  

300 nm 
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1.1b
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Figure 1-13. Partial stacked 11B NMR (400 MHz) spectra showing the conversions of 1.1a in 

C6D6 (300 nm) at 10-4 M. Top spectrum represents full conversion back to starting material after 

5% mol trityl addition in CD2Cl2. 

          11B NMR was important to confirm the presence and infer the quantities of certain species. As 

shown in Figure 1-13, the characteristic peak corresponding to the parent compound appearing at 

3.1 ppm was changed to -13.7 ppm after photoirradiation. The latter peak was consumed after trityl 

addition to recover the parent compound at 3.1 ppm with the same intensity of the starting specie. 

The sharp small singlet at -16.9 ppm corresponds to the counterion of the trityl salt53 and its relative 

intensity confirmed that ~5% mol was enough to fully convert 1.1b back to 1.1a. An interesting 
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observation when adding the trityl salt to the yellow orange “dark” isomer was the immediate color 

change to bright yellow. The color gradually disappeared to give a colourless solution like the one 

before irradiation. The slight difference in color could be explained by the presence of the orange 

trityl salt. It is noteworthy that this full recovery is highly quantifiable (Table 1-1). and 

reproducible. One of the main challenges of this work was to accurately measure tiny amounts of 

catalyst (< 1 mg) in the glove box and carefully add them to the dissolved “dark” isomer solution. 

Albeit the latter spectra suggest the complete catalytic nature of the recovery of 1.1a with the trityl 

salt. 

Table 1-1: Survey of catalytic conversions of target molecules in different solvents. 

Compound Catalyst Solvent Conversion (%) 

1.1a [Ph3C][B(C6F5)4] CD2Cl2 100 

1.1a [Ph3C][B(C6F5)4] CDCl3 100 

1.1a [Ph3C][B(C6F5)4] C6D5CD3 28 

1.1a B(C6F5)3 CDCl3 100 

1.1a B(C6F5)3 CD2Cl2 17 

1.1a [Ph3C][B(C6F5)4] CD3CN 0 

1.2a [Ph3C][B(C6F5)4] C6D6 100 

1.3a [Ph3C][B(C6F5)4] C6D6 100a 

1.3a [Ph3C][B(C6F5)4] C6D6 0b 

1.3a [Ph3C][B(C6F5)4] C6D5CD3 100 

1.3a B(C6F5)3 C6D6 0 

 

a More than 5 mol% trityl was used and experiment was replicated to obtain cleaner , and more 

accurate data. b~ 5 mol% trityl salt was added. 

          The inherent stability of 1.1a allowed us to test its potential as a MOST system in different 

solvents. This would help understand the mechanism of these conversions and, better tune and 

control their isomerization. These conversions were also successful in CDCl3 (Figure 1-14). In 

other word, switching to a slightly less polar solvent like CDCl3 does not impact the conversion 

ability of this transformation. 
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Figure 1-14. Partial stacked 1H NMR (400 MHz) spectra showing the conversions of 1.1a in C6D6 

(300 nm irradiation) at 10-4 M. Top spectrum represents conversion back to starting material after 

5% mol trityl addition in CDCl3. 

 

          Interestingly, only a partial conversion (28%) was observed when toluene-d8 was used as 

the solvent. The “dark” isomer was partially consumed by the trityl and only partial recovery of 

the parent species was observed (Figure 1-15). The incomplete conversion in toluene indicated 

that solvent polarity plays an important role in the reaction mechanism. Therefore, to further 

investigate this hypothesis, a significantly more polar solvent, CD3CN was employed. To our 

surprise, no back conversion of the “dark” isomer in CD3CN was observed. In 11B NMR, the only 

peaks observed were those of the 1.1b and the trityl salt, at -13.7 and 16.9 ppm, respectively. The 

strength of the trityl salt may explain why it readily interacts with the solvent and oxidize it. 54 

Moreover, the absence of hydrogen bonding in this nucleophilic solvent means that it is free in 

solution and can become more reactive. Therefore, the potent trityl cation might oxidize the lone 

electron pair of nitrogen. Examples of the selective catalytic oxidation of acetonitrile has been 

reported by Brazdil and co-workers.54 Trityl salts have been showed to decompose in diethyl ether, 

react with protic solvents like H2O and alcohols, further confirming a catalyst-solvent interaction 



30 
 

in our systems.38 Along with the absence of any color change, a solvent-catalyst interaction might 

explain the reaction failure in CD3CN. 

300 nm

18h300 nm

18h 

1H/ ppm 11B/ ppm

1.1a

1.1b

Trityl

 

Figure 1-15. Partial stacked 1H NMR (left) and 11B NMR (right) spectra showing the conversions 

of 1.1a in toluene-d8 (300 nm irradiation) at 10-4 M. Top spectrum represents conversion back to 

starting material after 5% mol trityl addition in toluene-d8. 

 

          The “dark” isomer was partially consumed by the trityl and only partial recovery of the 

parent species was observed (Figure 1-15). The incomplete conversion in toluene indicated that 

solvent polarity plays an important role in the reaction mechanism. Therefore, to further investigate 

this hypothesis, a significantly more polar solvent, CD3CN was employed. To our surprise, no 

back conversion of the “dark” isomer in CD3CN was observed. In 11B NMR, the only peaks 

observed were those of the 1.1b and the trityl salt, at -13.7 and 16.9 ppm, respectively. The strength 

of the trityl salt may explain why it readily interacts with the solvent and oxidize it.54 Moreover, 

the absence of hydrogen bonding in this nucleophilic solvent means that it is free in solution and 

can become more reactive. Therefore, the potent trityl cation might oxidize the lone electron pair 

of nitrogen. Examples of the selective catalytic oxidation of acetonitrile has been reported by 



31 
 

Brazdil and co-workers.54 Trityl salts have been showed to decompose in diethyl ether, react with 

protic solvents like H2O and alcohols, further confirming a catalyst-solvent interaction in our 

systems.38 Along with the absence of any color change, a solvent-catalyst interaction might explain 

the reaction failure in CD3CN. 
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B(C6F5)3
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24 h
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Figure 1-16. Partial stacked 1H NMR (400 MHz) spectra showing the conversions of 1.1a in C6D6 

(300 nm irradiation) at 10-4 M with major characteristic peaks highlighted in red. Top spectrum 

represents full conversion back to starting material after 5% mol B(C6F5)3 addition in CDCl3. 

 

         Due to the high Lewis acidity and stability, tris(pentafluorophenyl)borane (BCF) might also 

be used as catalyst for converting 1.1b to 1.1a. Indeed, full conversion was observed in CDCl3 

except some minor impurities appeared at 1.10 ppm and 1.40 ppm in 1H NMR (Figure 1-16), which 

could have been introduced when replacing C6D6 with CDCl3 in the fume hood. Interestingly, 

incomplete conversion (~17%) was observed with the addition of 5% mol BCF in CD2Cl2 (Figure 

1-17).  
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Figure 1-17. Partial stacked 1H NMR (400 MHz) spectra showing the conversions of 1.1a in C6D6 

(300 nm irradiation) at 10-4 M. Top spectrum represents partial (17%) conversion back to starting 

material after 5% mol B(C6F5)3 addition in CD2Cl2. 

 

         The intensity of 11B NMR suggests that BCF only partially consumed the “dark” isomer 

(1.1b) and partially recovers the parent compound (Figure 1-18). Unlike the trityl salt, BCF seem 

to be less potent at completing this reaction in the same solvent. Therefore, the solvent used for 

catalytic conversion plays a critical role in these experiments, even with different oxidants. 

Similarly, Lawrence and co-workers demonstrated strong solvent coupling to single electron 

transfer with BCF in dichloromethane.55 Essentially, conversion of the 1.1b back to 1.1a in CD2Cl2 

with 5 mol% trityl was the cleanest and most reliable. It is noteworthy that FeCl3, a highly reactive 

borole (Tris(3,5-bistrifluorophenyl)borole) and 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) 

were also tested as Lewis acid catalysts but no reaction was observed. 
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Figure 1-18. Partial stacked 11B NMR (400 MHz) spectra showing the conversions of 1.1a in C6D6 

at 10-4 M. Top spectrum represents partial conversion back to starting material after 5% mol 

B(C6F5)3 addition in CD2Cl2. 

 

1.13.2 Recovery (2-ph-py)BMes2 [1.2a] and (5-BMes2-2-ph-py)BMes2  [1.3a] 

         Compounds (2-ph-py)BMes2 (1.2a) and (5-BMes2-2-ph-py)BMes2 (1.3a) were 

originally synthesized to study the photophysical properties of 3- and 4-coodinate boron 

compounds.21 Due to the high reactivity of their photoisomers toward oxygen, the “dark” isomers 

of 1.2a and 1.3a were mostly kept in the same solvent (C6D6). After irradiation, 1.2a turned to 

dark blue and 1.3a turned to dark olive green. The difference in color can be explained by the 

BMes2 group in the “dark” isomer 1.3b stabilizes the 𝜋∗ orbital of the pyridine-phenyl group.21  

          1.2a was fully converted to its dark blue photoisomer 1.2b after 3h of irradiation (300 nm). 

Addition of 5 mol% trityl fully converted 1.2b back to 1.2a as confirmed by 1H and 11B NMR. 

Like 1.1a, the addition of the trityl salt immediate causes a color change from dark blue to light 

green and the 1H NMR spectrum looked identical to that of 1.2a (Figure 1-19).  
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Figure 1-19. Partial stacked 1H NMR (400 MHz) spectra showing the conversions of 1.2a in C6D6 

(300 nm irradiation) at 10-4 M with major characteristic peaks highlighted in red. Top spectrum 

represents conversion back to starting material after 5 mol% trityl addition. 

 

          11B NMR confirmed that the peak at -10.1 ppm was fully consumed to yield the characteristic 

peak of the starting material at 5.0 ppm (Figure 1-20). However, the intensity of the peak at -16.1 

ppm corresponding to the trityl salt suggests that more than 5 mol% trityl was mistakenly added. 

Similarly, the nature of the solvent seems to play a key role as the conversion of 1.2b in CD3CN 
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was very slow and inconclusive. The recovery of 1.2a was inconclusive because 1.2b can 

thermally reverse back to 1.2a, which can explain partial conversion or complete failure. 

Trityl

300 nm 

3 h

1.2a

1.2b

trityl

11B/ ppm

 

Figure 1-20. Partial stacked 11B NMR (400MHz) spectra showing the conversions of 1.2a in C6D6 

(300nm irradiation) at 10-4 M. Top spectrum represents conversion back to starting material after 

5 mol% trityl addition. 

 

          The “dark” isomer 1.3b could also be converted back to the parent compound with trityl 

addition (Table 1-1). We should note that after full conversion to 1.3b, trace amount of 1.3a was 

still observed due to fast thermal reversal.21 As expected, the back conversions of 1.3b was 

accompanied by a color change from dark olive to a lighter burgundy color. Trace amount of 1.3a 

remained as indicated by the singlet at 8.98 ppm (Figure 1-21) after 3 h of irradiation (300 nm).  
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Figure 1-21. Partial stacked 1H NMR (400 MHz) spectra showing the conversions of 1.3a in C6D6 

(300 nm irradiation) at 10-4 M with major characteristic peaks highlighted in red. Top spectrum 

represents conversion back to starting material with trityl addition (more than 5 mol% was 

accidentally used). 

          Moreover, the relative height of the trityl peak in 11B NMR (-16.3 ppm) and insufficient 11B 

NMR acquisition time hindered the quality of the spectrum. Repeating this experiment yielded no 

conversion of this “dark” isomer with careful addition of 5 mol% trityl. The absence of the trityl 

peak with this trial strongly suggest that full conversion of the “dark” isomer 1.3b is also 

quantitative. In other words, catalytic amount of trityl was not enough to convert the isomer back 
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to the parent specie and more than 5 mol% trityl was required to fully convert 1.3b back to 1.3a. 

No back conversion of 1.3b to 1.3a was observed with the addition of BCF and TEMPO, 

respectively. Overall, the fast-thermal reversal of the dark isomer back to the parent compound 

and the quantitative nature of 1.3a made the controlled manipulation of this compound 

challenging.  

11B/ ppm

trityl

1.3b

trityl

1.3a

 

Figure 1-22. Partial stacked 11B NMR (400 MHz) spectra showing the conversions of 1.3a in C6D6 

(300 nm irradiation) at 10-4 M. Top spectrum represents conversion back to starting material with 

trityl addition. 

 

1.13.3 N, C- chelate compounds 4a-9a 

          The remaining N,C- chelate compounds 4a-9a were also investigated at potential MOST 

pairs. Each compound was successfully converted to their respective photoisomer according to 

literature procedures.22, 25, 27 However, no conversion was observed using the potent salts. Other 

potent Lewis acids like TEMPO, FeCl3, and highly reactive boroles (e.g. Tris(3,5-

bistrifluorophenyl)borole)  also failed to recovery any parent compounds 4a-9a. Although, the 

underlying explanation is not certain, we believe that the reduction potentials of these compounds 

are relatively low to allow oxidation. According to the proposed mechanism, the interaction 



38 
 

between the reduction potentials of the Lewis acids and the N,C- chelate compounds seems to be 

the driving force behind this reactions.  

1.14 Conclusions and Future works 

          To develop potential MOST pairs, nine N, C- chelate photochromic organoboron 

compounds were studied. Amongst these compounds, trityl cation was successful at converting 

the respective “dark” isomers of 1.1a, 1.2a and 1.3a to their parent isomers. Catalytic amounts of 

trityl converted the photoisomer of 1.1a in CD2Cl2 or CDCl3, respectively. Full recovery of 1.1a 

was also observed when using BCF in CDCl3, whereas partial recovery was observed in CD2Cl2. 

The effects of solvent polarity were also important because partial recovery (28%) of 1.1a was 

observed in non-polar solvents like C6D5CD3. Catalytic amounts of trityl fully recovered 1.2a in 

C6D6 only. Interestingly, addition of 5 mol% trityl was not enough to recover 1.3a. Therefore, the 

recovery of 1.3a seemed to require much more than 5 mol% trityl. The most reproducible, cleanest, 

and easiest recovery of the parent compound remains as 1.1a in CD2Cl2. The stability of this 

photoisomer and the relatively low cost of CD2Cl2 favors this system for the potential design of 

energy harvesting.  

          To expand the scope of these conversions, similar reactions were also investigated using 

other strong electron acceptors. TEMPO (stable radical), FeCl3, and highly reactive boroles (e.g. 

Tris(3,5-bistrifluorophenyl)borole)  were all unsuccessful at recovering 1.1a, 1.2a or 1.3a. Similar 

reactions were all unsuccessful in other N, C- chelate photochromic organoboron compounds (1.4-

1.9). Moreover, complete failure was also observed with several pyrazole analogs of these 

compounds by using the potent trityl salt. 
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         A one electron oxidative pathway is likely the mechanism driving the catalytic recovery of 

these organoboron compounds. However, more evidence of a single electron shift in these Lewis 

acid-base reactions is required. For instance, the detection of the proposed radical intermediates 

by ESR and UV-vis spectroscopy would suggest that the reaction is initiated by a single electron-

transfer step. As observed with 1.3a, is would be important to investigate the quantitative nature 

of these conversions. Understanding the relationship between the concentrations of parent 

compounds and catalysts would help tune and control the processes. Additionally, this would help 

understand the ideal conditions required to ensure complete conversion, while reducing reaction 

cost. To expand the scope of this work, we should investigate other potent Lewis acids (e.g. BF3) 

to determine the easiest and cheapest MOST systems with N, C- chelate photochromic 

organoboron compounds. 

          The imminent work remains to understand the interactions between the catalyst and the 

solvents in relation to specific compounds. It was evident that solvent polarity, strength, nature 

and quantity of oxidants and stability of the “dark” isomers are all critical. More experiments and 

DFT modelling will be important to locate both spin and charge density to fully understand the 

role played by solvent in this mechanism. Once the best solvent/oxidant system is found, it would 

be important to test the cyclability of the back and forth reversal of our parent compound using the 

catalyst. Once established, experiments like differential scanning calorimetry (DSC) might be 

useful to evaluate the efficiency of our system by measuring the energy released. Understanding 

their relationship would help tune these conversions to develop very reliable MOST systems with 

high reproducibility for better energy storage. The next challenge remains to find an appropriate 

design to measure the heat storage capacity in these compounds. 
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Chapter 2 

 

Purity Analysis for Room-Temperature Semiconductor Gamma 

Ray Radiation Detector Material, CsPbBr3 using ICP-MS 

2.1 Introduction 

 

Compound semiconductor (semiconductor made from two or more elements) radiation 

detectors are highly sought after because of their broad potential applications in the fields of 

homeland security, industrial and medical imaging and fundamental scientific research.56 For these 

applications, ionizing radiations such as X- and γ-ray must be detected with high spectral resolution 

to identify radionuclides contained in the source. However, detectors that can resolve the specific 

energies of ionizing radiations from a precise nuclear source at room temperature are rather 

difficult to develop because of many strict requirements (e.g. > 99.999% purity). This work focuses 

on the development of high performance, low cost γ-ray detector material, CsPbBr3 at room 

temperature. We aim to demonstrate that inductively coupled plasma mass spectrometry (ICP-MS) 

is a precise and reliable method to monitor trace element impurity in this detector material. Trace 

impurity analysis in this material is important to understand how elements can affect its 

performance at room temperature. 

2.2 Ionizing radiation  

 

Ionizing radiation can be defined as radiation with sufficient energy to remove electrons from 

atoms or molecules, thereby ionizing them.57 Ionizing radiation can be classified based on physical 

properties, into electromagnetic radiation like X-rays and γ-rays, and particle radiation (alpha 



41 
 

particles, electrons, neutrons, etc.). X-rays have energies ranging from 1-100 keV, while gamma 

energies are in the range of 100 keV–10 MeV.58 X-ray can be emitted by the excitation of a nucleus 

after it relaxes to a lower energy state.57 As an excited electron orbital of an atom relaxes to a lower 

state, X-rays with discrete energies can be generated. Gamma rays can be generated by the 

disintegration of radioactive atomic nuclei as it decays into the ground state.59 The energy range 

required to be detected determines which detector should be employed because no detector can 

measure all forms of radiation. 

2.3 Radiation detectors 

 

Radiation generally refers to the emission and propagation of energy through space or a 

material medium.58 A radiation detector is a device that converts some of the energy lost by an 

incident radiation into a quantifiable electrical signal and measures the presence of a specific kind 

of radiation.60 The most common types of detectors are semiconductor Si and Ge detectors, which 

provide on-line and time resolved data.61 Although Si and Ge detectors yield high efficiency and 

high resolution, they must be cooled at cryogenic temperatures. Thermoluminescence detectors 

(TLDs) are easy to use and do not require external power supply, are cheap, compact and robust 

but usually do not offer real-time data.62 Detector films are a type of X-ray detectors that are usually 

suitable when very high spatial resolution or real-time data are not required but they are not 

reusable.58  

2.3.1 Solid-state semiconductor detectors  

There are three types of ionization detectors for ionization chambers: (1) gas filled 

detectors, (2) scintillation detectors and (3) solid-state semiconductor detectors. These detectors 

are divided into single elemental detectors, usually fabricated from Si and Ge single crystals, while 

compound detectors are made up of at least two elements. In 1945, Van Heerden discovered that 



42 
 

cooled silver chloride (AgCl) crystals can detect γ-rays, α-particles and β-particles.42 Depending 

on the bandgap and other properties of the material, the incident ionizing radiation can generate 

many electron-hole pairs because the energy needed to create one electron-hole pair is relatively 

low (3-6 eV) in semiconductors. Semiconductor detectors have some advantages over gas filled 

detectors, where ionization energies around 30 eV are required to ionize an atom.58 In other words, 

the significant larger amount of charges generated in solid-state semiconductor makes the 

detection operation easier and permits the detection of smaller energies. Essentially, the relatively 

low energy needed to create electron–hole pairs in semiconductors (high sensitivity) and their high 

resolution are the two major advantages of semiconductor detectors. Since the density of 

semiconductors are much higher than that of gas filled detectors, the probability of an interaction 

between the detector and the incident radiation is significantly higher.57 Therefore, the size of 

solid-state detectors are much smaller than that of gas-filled detectors because the density of solids 

is a thousand-fold greater than that of gases.57 In addition to their small size, solid-state 

semiconductor detectors have fast timing characteristic and their thickness can be tailored to meet 

the requirements for a specific application.63  

The main disadvantage of scintillation detectors is poor energy resolution, although they are 

extensively used for hard radiation detection.64 For commercial purposes, the scintillator NaI:Tl is 

the most abundant radiation material used to produce radiation detection instruments.65 The 

scintillating light signals produced by X-ray interaction is measured by a photodetector. Although 

their energy resolution are poorer than many other materials (~7%-10% at 662keV), medium sized 

NaI:Tl crystals accompanied with advanced identification algorithms can identify many isotopes 

down to gamma-ray fluxes between 1- 0.1γ/cm2 s in a span of 1 or 2 minutes acquisition time.57 

Few steps are primary needed to convert the incident radiation energy to light and then to a signal, 
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reducing their efficiency. The energy required to create a photoelectron is ~100 eV, where the total 

number of photoelectrons created with the radiation interaction is usually limited to only a few 

thousands. This further explains their poor energy resolution, and the energy resolution cannot be 

improved beyond this point.57  

2.4 Semiconductors and semiconductor detectors 

 

In the electronic band diagram, the energy region separating the conduction and valence band 

is called the bandgap or forbidden gap, which is associated with a bandgap energy, Eg.57 The 

bandgap energy is the minimum energy required to create electron-hole pair, which determines the 

conductivity properties of materials.57 A reduction in lattice spacing from its equilibrium increases 

the bandgap energy, whereas increasing the lattice spacing decreases the bandgap.60 Although 

other bands are made of the lower atomic levels, only the states at the top of the valence band and 

those at the bottom of the conduction band affect the charge transport process.57 Given that 

electrons must move between states to conduct electricity, full bands do not contribute to the 

electrical conductivity. Electrons in the valence band are immobile between atoms, whereas 

excited electrons into the conductions are free to move between states and contribute to current 

flow.60  

 

Figure 2.1 Schematic energy band diagrams for an insulator, a semiconductor, and a metal.60 
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The bandgap in insulators is relatively large and that explains why thermal energy for instance 

cannot promote the uppermost electron in the valence band to the conduction band.57 Essentially, 

there is no bandgap in metals or semimetals and current can flow in these materials. The Fermi 

level, EF is the energy level at which about 50% of available quantum state are occupied with 

electrons.60 In metals, EF lies in the  electronic band, whereas in insulators and semiconductors, EF 

lies in the bandgap (Figure 2-1).60 The bandgap in semiconductor is smaller than that of insulators 

to the extent that thermal energy excites electrons to the conduction band. When the temperature 

is sufficiently lowered, semiconductors become insulators, but metal are conductors at all 

temperature.60 

2.4.1 Carrier generation and recombination 

As electrons are excited from the valence band to the conduction band, free electrons are 

generated, leaving behind free hole in the valence band.60 Consequently, this creates an equal 

number of electrons and holes. Direct ionization by charged particles for radiation detectors can 

serve as an example for the generation of free carriers. Excited charge carriers can be moved 

through the material under an external bias voltage. In the absence of the bias, excited electrons 

can drop from the conduction band to the valence band, while releasing the energy difference as 

photons, phonons, or transmitted to a third particle (Figure 2-2).60 Given a smaller band gap, 

electron-hole pairs are constantly being generated by the thermal energy stored in the crystal lattice 

even in the absence of external energy source.60  
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Figure 2-2. Schematic of carrier recombination mechanism in semiconductors (a) radiative 

emission, (b) deep-level trap mediated, or (c) nonradiative band-to-band Auger recombination.60  

An equilibrium is achieved when the generation of electron-hole pairs equal the 

recombination rate.60 The mean lifetime, τe, of a free electron can be defined as the average time a 

free electron stays in its free state before recombining. Likewise, mean lifetime, τh, of a free hole 

is the time a free hole exits in this state before recombining. Therefore, we should expect τe ≈ τh in 

an intrinsically pure semiconductor. Impurities and dislocations in the materials can create energy 

states in the forbidden energy gap and enhance the efficiency of recombination via traps.58 

Electrons or holes can be “held” for a long time before recombining to form a pair. In most 

semiconductors, especially those with an indirect bandgap, short lifetimes are the consequence of 

impurities and defects, especially near the middle of the gap. 66 

2.4.2 Elemental semiconductor detectors  

The leading industry performance for X-ray detection are based on high purity Ge (HPGe) 

semiconductor sensors. In comparison to NaI:Tl of similar size, HPGe can identify the sources at 

an order of magnitude lower X-ray fluxes.65 The advantage provided by HPGe can be explained 

by the interaction mechanism of signal generation from incident X-ray by semiconductor detectors. 

The signals yielded in semiconductors are produced from the ionized charges that are generated in 
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the interactions. This interaction produces a larger number of information-carrying quanta, making 

the energy resolution in the photopeaks to be enhanced in comparison to scintillators.67 Hence, 

HPGe-based detectors produce greater signal-to-noise ratios, which allows radioactive sources to 

be identified with greater standoff distances or shorter measurement times.65 

The disadvantage of HPGe detectors is that they must be cooled to cryogenic temperatures 

to be used optimally because of the intrinsic low room temperature value of the Ge bandgap 

(0.67eV).65 At room temperature, thermally excited electrons into the conduction band can 

generate a very high electron density in the conduction band, which makes the signal 

indistinguishable from noise.68 Therefore, the operation of HPGe requires cryogenic systems, 

which increase the weight, cost and power requirements and reduces the practicality of the systems. 

Many semiconductor materials with larger bandgaps have been considered as materials for 

radiation detectors capable of identifying and characterizing sources at  farther standoff distances 

and shorter measurement times compared to NaI:Tl.65 

2.4.3 General operation mechanism of  semiconductor detectors 

The general principle of operation of all semiconductors of hard radiation is that an incident 

radiation will create a charge pulse via interaction in the detector volume.58 The charge pulse 

creates electron/hole pairs that can be separated under the influence of an applied electric field E, 

and an external circuit detects the resulting current (Figure 2-3).  
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Figure 2-3. Schematic illustration of a simple planar detector. A high voltage is applied across the 

detector, and the incident high energy photons interact with a detector, creating electrons and holes. 

The created electron and holes drift across the detector volume, generating a current in the external 

circuit.58  

Essentially, the nature of the photo elastic interaction between the incident radiation and 

the volume of the detector material is of primary importance. The composition of the material and 

the energy of the incident radiation determines the results of the interaction and the dominant 

interaction mechanism.69 Photoelectric absorption involves the lost of all the energy in the form of 

adsorption by one of the orbital electrons of the detector materials. The created photoelectron loses 

the kinetic energy via Coulomb interactions to generate numerous electron–hole pairs, resulting in 

the creation of current pulses.70 Hence, the photoelectric absorption mechanism is the ideal process 

for detector operation. A pulse height spectrum can be constructed from the detection of current 

pulse by the external circuits.  

2.5 Room temperature semiconductor detectors (RTSDs) 
 

RTSDs can yield high-energy resolution spectral responses without cryogenic cooling. 

Therefore, RTSDs are crucial in nuclear security application that need the detection and 
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identification of radioactive sources. RTSDs also converts energy directly from X-ray and γ-rays 

into ionized charge carriers. Moreover, significantly more electron/hole (e-/h+) pairs are produced 

with high efficiency when X-ray produce ionization in these semiconductors.70 Compared to gas- 

filled detectors, the density of semiconductors is much higher, and the probability of an interaction 

between an incident radiation and the detector is enhanced.57  This also explains the excellent 

resolution in photopeaks within the subsequent spectra. 

2.5.1 Overview of RTSD materials  

RTSD materials need to feature outstanding properties in electron-hole pair creation 

energy, resistivity, mobility-lifetime (μτ) product and physical electron density. Additionally, 

RTSDs should have defect tolerant crystals structure, a direct bandgap, a thermodynamically stable 

lattice, good chemical and structural stability.65 To develop economically viable RTSD sensors, 

the constituent elements should be readily available, and the feature precursor compounds should 

be easily synthesized. Moreover, they should melt congruently at relatively low temperatures to 

facilitate large volume crystal growth.68 All these rigorous requirements limit the number of 

candidates of interest undergoing intensive research. Albeit, semiconductor gamma-ray sensor 

development remains a flourishing research field with the RTSD development industry. A variety 

of heavy metal chalcogenides (GaTe, Cs2Hg6S7, TlGaSe2 etc.) and halides (PbI2, HgI2, TlBr etc.) 

have been investigated. The following section briefly discusses some these RTSD materials and 

presents their main disadvantages.  

2.5.2 Cadmium Zinc Telluride (CZT) 

Chalcogenides can be made with complex stoichiometry and crystal structure with tunable 

energy band gaps, which explains their fabrication for hard radiation detectors. The ternary 

compound, cadmium zinc telluride (CZT) provides the best trade-offs between energy resolution, 
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facile operation, with the possibility to fabricate large crystals.58 Detectors from CdTe have a high 

atomic number and wide band gaps, allowing them to operate at room temperature.71 The addition 

of “Zn” to CdTe can enhance the bandgap, lowering the leakage current and decreasing dislocation 

density because of alloy strengthening in the lattice.71  CZT detectors remains the most popular 

types of RTSDs for the detection of gamma rays. CZT possess a high μτ product (∼ 10−2 cm2 V−1) 

for electrons and resolution of 2% at 662 keV.72 However, the growth CZT crystals had some 

intrinsic physical limitations. The compositional nonuniformity owing to high Cd vapor pressure, 

high solubility of Te in CdTe at the crystal growth temperature. Moreover, CZT usually forms 

macroscopic defects such as grains, cracks, twins, and Tl precipitates, causing low yield and higher 

cost of detector grade single crystals and a low μτ product for holes72. Hence, there is the need for 

superior and low-cost semiconductor materials for radiation detection to meet the technological 

requirements at room temperature. 

2.5.3 Thallium Bromide (TlBr)  

TlBr is another viable example of RTSDs that had been studied extensively and is still 

being improved. It has a CsCl crystal structure, high Z effective (Br = 35, Tl = 81), a wide bandgap 

(2.68 eV) and high density 7.56 g cm−3 that makes TlBr a suitable detector material for gamma 

rays mainly because of its high stopping power.58 For instance, TlBr has a greater stopping power 

than all common detectors and scintillators at 511 keV.58 TlBr crystals can be grown from the melt 

because of its relatively low melting point of 460 °C and the absence of destructive phase transition 

below its melting point.73 TlBr has also been used as a radiation detector at room temperature due 

to its high resistivity because of its large bandgap. Over the years, enhanced crystal growth and 

purification techniques have helped increase the μτ products for electrons and holes in TlBr 

crystals.74 However, TlBr detectors suffers from polarization effects;57 TlBr is very soft and makes 
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detector fabrication difficult.73 The bandgap in TlBr can be modified by doping TlBr with chlorine 

and iodine.75  

2.5.4 Mercuric Iodide (HgI2) 

Red α-HgI2
 is another RTSDs with a high mean number (I = 53, Hg = 80), leading to 

efficient stopping power of high energy photons. Its large bandgap (2.13 eV) explains resistivity 

on the order of 1014 Ω cm and a small leakage current.58 However, low hole mobility, short λ, 

polarization, and surface degradation restricts the widespread application of HgI2.58 Polarization 

effects in HgI2 caused by trapped charges accumulation distorts the electric field and disturbs 

efficient charge collection.76 Moreover, this material required encapsulation to reduce 

deterioration of the crystal surface over time due to the presence of Ag.77 The electromigration of 

mobile defects and impurities may be slowly swept through the detector active volume to improve 

the energy resolution and detection efficiency.78 Although thicker detectors are needed for viable 

detection for higher gamma-rays energy, thickness less than 1 mm yield reasonable spectral 

performance and are successful at measuring X-rays and low-energy γ-rays.78 Useable HgI2 

crystals with thicknesses up to 1.2 cm and volumes around 10 cm3 have been grown but best results 

tend to be obtained from smaller volume detectors because charge collection is difficult in thicker 

samples. For example, large-volume detectors (4 cm × 4 cm × 1.2 cm) showed a maximum energy 

resolution of only 7% FWHM at 662 keV.78  

2.5.5 Thallium Gallium Selenide (TlGaSe 2) 

Another ternary large bandgap room-temperature radiation detector is TlGaSe2 that has a high 

Z (Tl = 81) and high density.58 Large and high purity semiconducting TlGaSe2 were grown by 

Johnsen et al.79 using modified Bridgman method. This compound melts congruently at 350 °C 

and crystallizes in a layered structure.79 The presence of a high atomic number element (Tl) and a 
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high density of 6.4 g cm-3 explains its significant higher stopping power compared to CZT at high 

incident photon energies. The reported μτ products for electrons and holes are 6 × 10−5 cm2 V−1 

and 9 × 10−6 cm2 V−1, respectively.58 When TlGaSe2 detectors were exposed to white Ag X-ray 

irradiation at room temperature, broadening of the full width at half maximum (FWHM) of the 

peak was observed based on μτ products.58 Detectors with higher energy resolution can be 

fabricated with reduction of defects and fabrication of high-quality single crystals with good 

mechanical and chemical properties. 

2.6 Desirable material properties for RTSDs 

 

Key properties required for designing RTSDs include density, atomic number, and band gap 

of the material. Since stopping power of incident radiation depends on the atomic number and 

density of the material, heavy nonradiative elements are commonly desired. Ionic-covalent 

compounds with bandgap wide enough to reduce thermally activated charge carriers is important, 

yet sufficiently small to allow the creation of many charge carriers due to incident radiation.68 

Bandgap between of 1.5-2.5 eV, which is large enough for high resistivity and small enough for 

small electron-hole ionization energy, a high average atomic number (Z) for high stopping power 

to ensure high absorption, high μτ products for rapid signal readout, and cost-effective and efficient 

growth of high quality single crystals are appropriate for applications at room temperature.65 

Therefore, Se, Br, Te, and I are suitable high Z elements needed to make RTSDs when bonded 

with heavy metals. A brief analysis of the key properties required for designing appropriate RTSDs 

as gamma-ray sensor follows. 
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2.6.1 Stopping Power 

The stopping power of a material can be defined as the rate of loss of energy E with distance 

traversed,80 which can be expressed by the following relation: 

                                                                                                         

NA/A is the number of atoms of the atomic number Z per unit volume (NA = 6 × 1023 atoms per 

mole), A is the atomic mass, z and v are the charge number and velocity of the incident particle, 

respectively, and x is the path length.80 In this expression, B is the stopping power and its 

relationship to the particle energy is as follows: 

 
𝐵 = 𝑍 [ln (

2𝑚𝑣2

𝐼
) − 𝑙𝑛 (1 −

𝑣2

𝑐2
) −

𝑣2

𝑐2
] 

(2-2) 

where I is the mean excitation and ionization potential of the material and can be found 

experimentally for each element. Stopping power depends directly on the atomic number Z of a 

material and on the energy E of the ray (Z4/E3).80 Atomic number (Z > 40) is generally needed for 

efficient radiation-atomic interaction since the photoelectric effect is preferred over Compton 

scattering as the mechanism for absorbing gamma rays. The higher the atomic number, the higher 

the atomic interaction with incident rays because the cross section for photoelectric absorption 

varies as Zn, where 4 > n < 5.80 It is usually the density of the highest atomic number element in 

the material that determines the gamma ray absorption efficacy and not the mean atomic number 

of the material.81 Compounds containing high density and high Z elements such as heavy metals 

(Cd, Hg, In, Pb etc.) are required for enough stopping power for high-energy photons. 
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2.6.2 Resolution 

Another key parameter for radiation detectors is resolution. Resolution can be defined as 

the full width at half maximum of the response signal (FWHM) divided by the location of the peak 

centered at an incident energy of H0.82 This dimensionless fraction usually reported as a 

percentage, but the FWHM can also be reported at a specific energy. Solid-state semiconductor 

detectors can show good resolution at a fraction of a percent, whereas scintillation detectors used 

for gamma rays typically show 3-10% energy resolution.82 Defects can affect the energy resolution 

of the detector adversely by increasing dark current and charge trapping.83 

 Resolution (R) = 
FWHM

H0
 (2-3) 

2.6.3 Mobility‑Lifetime (μτ) Product  

The mobility-lifetime (μτ) product of electron/hole pairs is the figure of merit of radiation 

detectors. It depends on the mean drift length (λ = μτE), where the mean drift length is the mean 

displacement of the charge carriers moved under the influence of E.58 For a given detector, charge 

carriers generated from incidence radiation should have a large λ to be collected in the electrodes 

before recombination or trapping, which ensures a greater detection efficiency.60 Conversely, 

small μτ product leads to shorter λ, limiting the maximum size and energy range of the detector. 

Usually elemental semiconductors have μτ in the order of 1 cm2 V−1 for electrons and holes, while 

in compound semiconductors, values range between 10−4 and 10−5 cm2 V−1 for electrons and holes, 

respectively.68 Generally, μτ product > 10−4 cm2 V−1 is required for detector materials.84  
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2.6.4 Charge Collection Efficiency (CCE)  

          CCE is the ratio of the electrical charge Q generated in the externa l circuit 

divided by the charge generated by the incident radiation (Q 0) on the detector.85 

This ratio can be solved using the Hecht equation as follows:  

 
𝐶𝐶𝐸(𝜂) =

𝑄

𝑄0
= [
𝜆ℎ
𝐿
(1 − 𝑒

−
𝑥
𝜆ℎ)+

𝜆𝑒
𝐿
(1− 𝑒

−
𝐿−𝑥
𝜆ℎ )] 

    (2-4) 

L is the thickness of the detector, λh = μhτhE is the mean drift length of the holes and λe = μeτeE is 

the mean drift length of the electrons. Ideally, a detector with λ ≫ L is desired to ensure full charge 

collection. However, this is possible for electrons in some detectors but usually not possible for 

holes. Therefore, there is an incomplete hole collection, which leads to smaller  CCE and lowered 

current pulse.85 Consequently, the photopeak in the pulse height spectrum is broadened to the low 

energy side and the detector resolution is lowered.81 To enable accurate collection of generated 

charges, the detector must have a large μτ to ensure large λ and a high CCE at a given electric field. 

The concept of “polarization effect” refers to the long-term variation in the performance of 

the semiconductor detector resulting from application of the bias field.70 These polarization effects 

often decrease the effect of the applied external field as internal fields are developed. For instance, 

as carriers are trapped in defect centers, these internal field may lead to a decrease in the CCE of 

the detector.70 

2.6.5 Leakage current 

The leakage current of a detector is mainly dependent on the bandgap energy and structure of 

the material. Intrinsic carrier concentration determines the leakage current, which is determined 

by the bandgap of the material.60 The intrinsic carrier concentration of semiconductor is 

proportional to 𝑒−(𝐸𝑔 𝑘𝑇⁄ ), where Eg is the bandgap energy, k is Boltzmann’s constant and T is the 
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absolute temperature.86 This mainly explains why materials with small bandgap energy, like Ge 

and Si must be cooled at cryogenic temperatures to reduce carrier concentration to low noise levels. 

Therefore, material with larger bandgaps (>1.5 eV) are usually desired to yield low intrinsic carrier 

concentration and maintain low leakage current for detection at room temperature.86  

2.7 New room temperature semiconductor detectors (RTSDs): CsPbBr3 

 

Halide perovskites with a general composition of AMX3, where A+ = Cs, CH3NH3, HC(NH2)2, 

M2+= Ge, Sn, Pb and X- = Cl, Br, I, have attracted lots of attention because of the facile synthesis 

and processing as well as good optical and electrical properties such as low density of defects, 

excellent carrier transport and high defect tolerance.87 Halide perovskite have been shown to be 

promising photodetector materials due to the large light absorption coefficient, tunable bandgap, 

large mobility, and long carrier recombination lifetime, even when made from solution.87 

However, most organic-inorganic hybrid perovskites intrinsically show structural disorder in the 

polar cations and structurally dynamic inorganic framework, leading to long-term chemical 

instability.88 The instabilities of hybrid lead halide perovskites under moisture, heat, or light have 

been demonstrated to limit their application as long-term devices.59 As previously explained, all 

these properties are important for radiation detection. Here, I summarize the main properties of the 

halide perovskite CsPbBr3, making it a promising candidate for radiation detection. 

CsPbBr3 is an all-inorganic perovskite with a favorable electronic structure associated with a 

bandgap of ~ 2.3 eV, broad valence and conduction bands and can be grown in bulk crystal sizes 

from its melt and from solution.89 Therefore, this material is an excellent candidate for RTSDs 

since no cryogenic cooling is required for operation. Compared to the state-of-the-art CZT, whose 

precursor cannot be made from solution, CsPbBr3 can easily be made from solution using 
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significantly less expensive materials.89 Moreover, CsPbBr3 is also easier to grow from melt 

(melting point: ~550 oC) than CZT, which requires growth over 1000 oC.89 CsPbBr3 also offers 

greater long-term stability in comparison to organic-inorganic counterparts. Moreover, CsPbBr3 is 

a high Z compound with effective atomic number Zeff of 65.9, which surpasses CZT (Zeff = 50.2).87 

He et al.87 demonstrated that the attenuation coefficients for CsPbBr3 for gamma rays are higher 

than CZT, showing even higher stopping power especially in the high energy region (100 – 500 

keV). After enhancing the crystal quality of CsPbBr3, this research group succeeded to reduce the 

leakage current under large electric field. Furthermore, they also fabricated reproducible CsPbBr3 

planar detectors with the best spectral resolution (3.8 - 3.9%) for any halide perovskite and non-

perovskite material to date and even superior to commercial samples of benchmark CZT planar 

detector, which give ~4.1% for 57Co 122 keV but can rarely resolve the 662 keV 137Cs gamma 

rays.87  

2.8 Impact of impurities  

 

Electrically active impurities in a material can produced relatively free carriers even when the 

bandgap is large enough. Impurity atoms, trap charges, defects, macroscopic and microscopic 

defects, quench charge carriers and stochastic electron-hole recombination can all create electronic 

trap states in the bandgap, resulting in the attenuation of ionization-induced charge.90 Moreover, 

defects and impurities can reduce the resistivity of the detector and increase the leakage current. 

In most RTSD materials, these effects influence either electrons or holes’ transport properties 

through the crystal lattice differently.57  
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2.9 An Overview of Inductively Coupled Plasma–Mass Spectrometry 

 

Since its commercialization in 1983, inductively coupled plasma mass spectrometry (ICP-MS) 

remains the fastest growing trace element technique available. ICP-MS offers extremely low 

detection limits in the sub parts per trillion (ppt) and allows quantification ranging from parts per 

quadrillion (ppq) to high parts per billion (ppb) levels.91 The main reason for the rapid growth of 

this technique is its capacity to carry out fast multielement determination at the ultra trace level.91 

Although other atomic spectroscopic technique like flame atomic absorption (FAA), 

electrothermal atomization (ETA) and inductively coupled plasma optical emission spectroscopy 

(ICP-OES), can determine similar collection of elements, ICP-MS is advantageous because of its 

speed of analysis, its detection limits, multielement characteristics and isotopic capability.91  

2.9.1  Principle of operation  

Despite the variety in design of ICP-MS used today, all share common components such 

as nebulizer, spray chamber, plasma torch, and detector, but differ on the design of the interface, 

ion focusing system, mass separation device, and vacuum chamber.91 Figure 2-4 represents the 

basic component of an ICP-MS system. 

 

Figure 2-4. Basic instrumental components of an ICP mass spectrometer. Reproduced from 

reference.91  
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 The dissolved sample is usually pumped at 1 mL/min with a peristaltic pump into a 

nebulizer to convert it into a fine aerosol with argon gas at about 1 L/min. The fine aerosol 

representing about 1–2% of the sample, separates from larger droplets by means of a spray 

chamber.91 The aerosol then leaves the exit tube of the spray chamber and is transported into the 

plasma through a sample injector. 

The plasma is formed via interaction of an intense magnetic field (produced by 

radiofrequency (RF) passing through a copper coil) on a tangential flow of gas (e.g. Argon) at 

about 15 L/min flowing through a concentrical quartz tube (torch). A high-voltage spark produces 

free electrons and ionizes the gas, forming a very-high-temperature plasma discharge (~10,000 K) 

at the open end of the tube.91 The plasma in ICP-OES is usually vertical and generates photons of 

light, via the excitation of electrons from the ground-state atoms to a higher energy state. As the 

electrons relax back to the ground state, photons of specific wavelength are emitted, which are 

distinctive of the element of interest. However, the plasma torch in ICP-MS is horizontal and 

generates positively charged ions.91 It is important to prevent photons from reaching the detector 

because they can potentially increase signal noise. The production and detection of large quantities 

of these ions give ICP-MS its distinctive low parts per trillion (ppt) detection capability, which is 

about three to four orders of magnitude better than ICP-OES.92 

The ions then go through the interface region, which is maintained at a vacuum of 1–2 Torr 

with a mechanical roughing pump. Two metallic cones (e.g. Ni) called sampler and  skimmer, each 

with a small orifice (0.6–1.2 mm) permit ion to pass through to the ion optics, where they are 

directed into the mass separation device.91 This region plays a critical role in an ICP mass 

spectrometer because it transports ions efficiently with electrical integrity from the plasma, which 

is at atmospheric pressure to the mass spectrometer analyzer region at approximately 10 -6 Torr.  
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After extracting the ions from the interface region, they are directed into the main vacuum 

chamber by a series of electrostatic lens, called the ion optics. The vacuum in this region is kept at 

about 10-3 Torr using a turbomolecular pump.91 The main function of the ion optical region is to 

electrostatically focus the ion beam toward the mass separation device, while stopping photons, 

particulates, and neutral species from reaching the detector.91 The ion beam with all the analytes 

and matrix leaves the ion optics and goes through the mass separation device, which is maintained 

at an operating vacuum of approximately 10-6 Torr with a second turbomolecular pump.93 There 

are four main types of mass separation devices: quadrupole, magnetic sector, time of flight, and 

collision/reaction cell technology.94 Their common purpose is to allow analyte ions of a specific 

mass-to-charge ratio throughout the detector and leave out all non-analyte, interfering and matrix 

ions.94 Ions either arrive at the detector in a sequential manner, or simultaneously, where they are 

sampled or detected at the same time. The last process involves the conversion of ions into 

electrical signal using an ion detector. The electronic signal is processed by the data handling 

system and then converted into analyte concentration using ICP-MS calibration standards.91 

Generally, up to eight orders of dynamic range can be processed, explaining why ICP-MS can 

analyze samples from ppt levels, up to a few hundred ppm.93 

2.10 Scope of this Project 

 

High chemical purity is crucial for the performance of a semiconductor detector because trace 

element impurities, even at ppm level can have detrimental impacts on the performances of the 

semiconducting detectors.95 There is a specific need to identify and develop suitable analytical 

techniques to quantitatively measure the concentrations of trace impurity elements present in  

single crystal detector materials. Trace element purity analysis of the leading semiconductor 

detector materials, including CsPbBr3, usually employs the glow discharge mass spectrometry 
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(GD-MS) technique.66, 96-97 However, GD-MS is very expensive because few laboratories 

worldwide possess the technology to perform it.  

It is essential to develop fast, cheap, accurate, linear, and simple calibration, multielement, sub-

ppb to ppt detection for purity analysis in CsPbBr3. ICP-MS is accessible and can process several 

samples in a single analysis.60 Despite all the practical advantages offered by ICP-MS, no purity 

analysis of CsPbBr3 has been performed using this technique to the best of our knowledge. The 

purpose of my work was to develop a cost-efficient method to synthesize phase-pure CsPbBr3 for 

room temperature gamma-rays detection applications. Moreover, we aim to demonstrate that ICP-

MS is a precise and reliable method for the detection and quantification of trace element impurities 

in the semiconducting CsPbBr3 material. 

2.11 Materials 

 

All reagents and materials were obtained from commercial sources and used without 

further purification. (i) Lead(II) nitrate, 99+%, Acros Organics; (ii) Cesium carbonate, 99% (metal 

basis), Alfa Aesar; (iii) Methanol, ≥ 99.8% (ACS reagent), Fisher Chemical; (iv) Hydrobromic acid, 

(48 wt.% in H2O), Alfa Aesar; (v) Dimethyl sulfoxide, (certified ACS) Fisher Chemical. 

2.12 Synthesis of CsPbBr3 

 

Pb(NO3)2, (0.051 mol, 16.9 g) was dissolved in commercial distilled H2O (Fisher 

Chemical). Reagent grade aqueous HBr (48 wt.% in H2O, 10 ml) was slowly added to the Pb(NO3)2 

solution with swirling to immediately precipitate PbBr2. The white PbBr2 precipitate was re-

dissolved by adding in excess HBr to give a clear solution. A total of 60 mL HBr was used for this 

process to fully dissolved PbBr2, and the clear PbBr2 solution was filtered by gravity with a cellulose 

filter (Whatman, Grade 3). In a separate beaker, Cs2CO3 (0.038 mol, 12.5 g) was slowly dissolved 
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in 55 ml aqueous HBr with swirling. The clear CsBr solution was also filtered with a cellulose filter 

by gravity. Both PbBr2 and CsBr solutions were combined and resulted in the immediate 

precipitation of a bright orange solid. The solid was suction filtered, copiously washed with 

methanol (MeOH) and dried under vacuum. The process is very reproducible and scalable and can 

provide a source of pure CsPbBr3 for crystal growth purposes. The theoretical yield for CsPbBr3 

was about 29.6 g and the crude yield was very high at 96.8 ±1.65 %. The yield was calculated each 

time to an average weight of 28.66 ± 0.49 g (n=3).  

         After the initial synthesis, the samples were recrystallized to improve the purity. The dried 

bright orange powder was transferred to a clean beaker and dissolved in about 130 mL dimethyl 

sulfoxide (DMSO). The yellow solution was allowed to settle for 3 hours to ensure complete 

dissolution. A total of 90 mL MeOH was immediately added to the beaker to recrystallize the bright 

orange solid. The solid was suction filtered, copiously washed with MeOH and dried under vacuum 

to yield an average weight of 18.02 ± 2.37 g (n=3) of pure CsPbBr3. 

2.13 ICP-MS sample preparation 

 

       In a class 100 clean laboratory, each CsPbBr3 samples was carefully ground with a diamonite 

(aluminum oxide) mortar and pestle. The mortar and pestle were rinsed between each sample with 

2% HNO3 and ultra-pure water (Milli-Q Q-Pod 18.2 MΩ.cm). Each ground sample was dissolved 

with 2% HNO3 in Savillex Perfluoroalkoxy Polymer (PFA) vials and placed capped on a hot plate 

at 95°C overnight to ensure complete dissolution. Calibration solutions were prepared 

gravimetrically for better accuracy. Standard solutions were prepared by diluting multielement 

standards (10 µg/mL, Inorganic Ventures) with 2% HNO3 (IV-ICPMS-71A-125 mL (Lot#: N2-

MEB670715), IV-ICPMS-71B-125 mL (Lot#: N2-MEB669545), IV-ICPMS-71C-125 mL (Lot#: 

N2-MEB666891) and IV-ICPMS-71D-125 mL (Lot#: K2-MEB631034). The mass concentration 
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range for all the elements was 0.09 to 1010 ng/mL. The diluted samples were loaded into an 

autosampler connected to a Thermo Scientific ELEMENT XR high resolution (HR)-ICP-MS for 

analysis.  

2.14 Method validation 

 

          Initially, a multi-element mixture (Zn, Cr, Ga, Mn, Tl, Bi, As, In, Sn, Ni, Se and Sb) was 

prepared using 1000 µg/mL mono-element solutions in 2% HNO3. About 400 µl of each reference 

solution were combined in a Savillex PFA vial (Table 2-1). Six previously recrystallized CsPbBr3 

samples, each weighing ~1-2 g, were dissolved in about 6 mL DMSO using sonication for 5 

minutes. To each dissolved CsPbBr3 sample vials, distinct amounts (100, 200, 400, 600, 800 µl) 

of the multi-elemental mixture was carefully added (Table 2-2). Each doped sample was carefully 

recrystallized with minimum MeOH (~ 4 ml) and suction filtered to obtain bright orange CsPbBr3 

samples. The polycrystalline CsPbBr3 materials were dissolved in 2% HNO3 and all the samples 

were prepared for ICP-MS analysis as previously described. 

Table 2-1. Concentrations of twelve single element standard (1000 µg/mL) solutions from SPEX 

CertiPrep.  

Element Concentration (μg/mL) Lot # 

Zn 83.1 ± 1.0 15-99ZN 

Cr 82.9 ± 0.9 CL5-188CRY 

Ga 83.9 ± 1.1  17-132GA 

Mn 85.3 ± 0.9 CL6-31MNY 

Tl 83.5 ± 0.8 PLTL2-2T 

Bi 86.1 ± 0.7 PLB14-2Y 

As 82.9 ± 0.7 CLAS2-2Y 

In 83.6 ± 0.6 PLIN2-2Y 

Sn 83.0 ± 0.7 CL10-114SNY 

Ni 83.0 ± 0.8 PLN12-2Y 

Se 83.8 ± 0.8 CLSE2-2Y 

Sb 78.9 ± 0.4 CLSB7-2Y 
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Table 2-2. Exact impurity concentrations (µg/mL) for twelve doping elements in increasing 

volumes of doped solutions. 

Elements Impurity concentrations (µg/mL) with increasing doping 

 100 (μL) 200 (μL) 400(μL) 600 (μL) 800 (μL) 

Zn 0.78 ± 0.01 1.9 ± 0.2 4.1 ± 0.1 5.9 ± 0.4 8.2 ± 0.3 

Cr 0.78 ± 0.02 1.9 ± 0.2 4.1 ± 0.2 5.9 ± 0.3 8.2 ± 0.2 

Ga 0.79 ± 0.01 1.96 ± 0.08 4.1 ± 0.1 5.9 ± 0.2 8.3 ± 0.3 

Mn 0.80 ± 0.02 1.99 ± 0.09  4.2 ±0.1 6.1 ± 0.2 8.4 ± 0.2 

Tl 0.79 ± 0.02 1.95 ± 0.08 4.1 ± 0.2 5.9 ± 0.1 8.3 ± 0.2 

Bi 0.81 ± 0.01 2.0 ± 0.1 4.2 ± 0.1 6.1 ± 0.1 8.5 ± 0.3 

As 0.78 ± 0.02 1.9 ± 0.2 4.0 ± 0.2 5.9 ± 0.2 8.2 ± 0.2 

In 0.79 ± 0.02 1.95 ± 0.07 4.1 ± 0.1 5.9 ± 0.4 8.3 ± 0.3 

Sn 0.78 ± 0.01 1.9 ± 0.2 4.1 ± 0.2 5.9 ± 0.3 8.2 ± 0.3 

Ni 0.78 ± 0.02 1.9 ± 0.2 4.1 ± 0.1 5.9 ± 0.4 8.2 ± 0.2 

Se 0.79 ± 0.02 1.95 ± 0.08 4.1 ± 0.2 6.0 ± 0.3 8.3 ± 0.1 

Sb 0.74 ± 0.01 1.8 ± 0.1 3.9 ± 0.3 5.6 ± 0.3 7.8 ± 0.2 

 

2.15 Discussion 
 

To understand how impurities can affect the detector material, CsPbBr3 should primarily 

be synthesized rapidly, easily, and from cheaper materials. Consequently, a thorough low-cost 

protocol to synthesize CsPbBr3 with high yields was developed. CsPbBr3 is usually synthesized 

directly from CsBr and PbBr2 by a solid-state reaction (1:1 at 580 °C).87 Although this method 

yields viable CsPbBr3 precursors for high temperature crystal growth, the high cost of the starting 

materials (CsBr and PbBr2) make this process less desirable for large scale development. Pure 

anhydrous 5N (99.999%) CsBr cost ~ C$48/g and PbBr2 cost ~C$14/g (Sigma-Aldrich). 

Therefore, we need to reduce the production price of detection-grade CsPbBr3. In this regard, a 

low-cost and highly reproduceable synthetic protocol was developed using Cs2CO3 (~C$0.70/g) 
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and Pb(NO3)2 (~C$0.25/g), as starting materials via solution chemistry routes (Equation 1-3). For 

instance, ~C$290 is the cost of the starting materials required to synthesize ~15 g CsPbBr3 from 

5N CsBr and PbBr2. However, ~C$21 is required to produce the same amount when starting with 

Cs2CO3 and PbBr2. In addition to the significant cost reduction (~92%), this method is performed 

at room temperature, which further simplifies production. 

Cs2CO3 and Pb(NO3)2 were both dissolved in HBr to form CsBr and PbBr2, respectively; 

then excess HBr was used to remove metallic impurities from these compounds.89 The strong 

acidic environment acted as a source of Br and reduced oxides from CsPbBr3 precursors.98 

Polycrystalline CsPbBr3 was recrystallized in MeOH to isolate higher purity crystals, while 

keeping impurities in solution. To minimize the trace impurity contamination through handling, 

the synthetic process was designed to employ minimum glassware, without using a stir bar or hot 

plate, and rinsing with electronic grade MeOH. 

 Pb(NO3)2(aq) + 2HBr(aq) → PbBr2(aq) + 2HNO3(aq)          (1)      

Cs2CO3(s) + 2HBr(aq)  → 2CsBr(aq) +H2CO3(aq) (2)        

PbBr2(aq) + 1.5CsBr(aq) = CsPbBr3(s) (orangeprecipitate)(3) 

 

The production of CsPbBr3 without any phase impurities was one of the main difficulties 

of this synthesis. When reacting equimolar amounts of PbBr2 and CsBr, the orange CsPbBr3 salt 

was usually accompanied with white crystals. Powder XRD analysis of these samples confirmed 

impurities from the CsBr-poor phase, CsPb2Br5. The immediate work was to determine the 

stoichiometric conditions needed to yield phase pure CsPbBr3. Adhikari et al.99 demonstrated that 

varying the amount of Cs-oleate precursor converts CsPbBr3 to lead-depleted Cs4PbBr6. We 

investigated the phase purity of CsPbBr3 by gradually increasing the amount of CsBr precursor. 
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As shown in Equation 1-3, it was established that performing the synthesis with 1.5 mol excess 

CsBr produced phase pure CsPbBr3. The main reason for using excess CsBr is because it possibly 

tends to stay more in the HBr solution in comparison to PbBr2. We suspected that CsBr has more 

affinity for the polar HBr solution, which explains why more CsBr was required to consistently 

yield phase pure CsPbBr3. Employing this molar ratio also eliminated the appearance of white 

crystals in the orange salt. However, using more than 1.7 mol excess of CsBr typically yielded the 

impurities from Cs-rich compound, Cs4PbBr6. Therefore, it is crucial to ensure the precise 

measurement corresponding to that molar ratio and to avoid any loss of solution during synthesis. 

  

Figure 2.5. Powder XRD pattern for the synthesis CsPbBr3 using 1.5 mol excess CsBr. 

Calculated powder XRD pattern is shown in black for comparison. 

Powder XRD patterns of the synthesized powders were compared with standard patterns 

of the CsPbBr3 orthorhombic phase (ICSD 97851, Pbnm (62), a = 0.8207 nm, b = 0.8255 nm, c = 

1.1759 nm).100 It was observed that the first three strong peaks of solution-made powders, 

specifically, (110) at 14.953o, (112) at 21.236o and (220) at 30.493o, matched well with standard 

orthorhombic perovskite structure (Figure 2.5). The clear splitting of the (110) and (220) peaks 

also indicated that the synthesized CsPbBr3 powders were of the room temperature orthorhombic 
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phase.101 However, for detector-grade material, this synthetic protocol should be validated by 

monitoring trace impurity in the salts. The purity of semiconductor detector materials must be very 

high (< part in 108 impurity level).102 

Not only is it important to validate the synthetic method, we also need to understand how 

certain impurities can be incorporated or excluded from the mineral lattice. Monitoring these 

impurities required the development of a suitable analytical method tailored to the strict 

requirements of room temperature semiconductor detectors. Impurities in the precursors used to 

grow the crystal can significantly reduce the μτ product, which can reduce the resolution of the 

material.68 Impurity levels as small as sub-μg/kg can have detrimental effects on the resolution of 

the detector.  

The techniques with the highest sensitivity and lowest detection limits are glow-discharge 

mass spectrometry (GD-MS) and inductively coupled plasma mass spectrometry (ICP-MS). GD-

MS is very sensitive, flexible and can analyze a wide range of sample form and does not require 

sample dissolution.91 He et. al.87 analyzed the impurity level in CsPbBr3 single crystals for 69 

elements by GD-MS. However, GD-MS is very expensive because few laboratories worldwide 

possess this technique. Therefore, it is not very suitable for research intensive investigation of 

impurities from the synthesis to the radiation testing phase.  

2.16 General ICP-MS sample preparation methodology 

The preparation protocol for the semiconductor industry requires strict cleanliness to 

produce detector-grade materials.57 This means that any analytical methodology used to determine 

purity levels in the high-purity chemicals used to manufacture devices must be as clean as possible. 

Arguably, collecting a solid sample, preparing it, and getting it into solution represents the most 

crucial steps in the overall ICP-MS analytical methodology because of potential sources of 
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contamination (dust, contamination from addition containers etc.).93 CsPbBr3 powder was ground 

with a clean mortar and pestle made from diamonite to ease dissolution and to homogenize the 

solution. Because the sample is solid, a straightforward acid dissolution was desirable over a more 

complex and time-consuming ashing procedures. Digestion with nitric acid (HNO3) was primarily 

used because the interferences generated by HNO3 are typically less severe than those of other 

acids. Moreover, ICP-MS typically gives a better sensitivity in dilute nitric matrix compared to 

other acids like HCl.93  

         Deionized Milli-Q H2O was used to provide an ion-free and organic matter-free medium. 

Well characterized calibrations standards were important to get the best instrument calibration 

possible, which can improve the precision. This explains why we used calibration standard 

specifically made for a multielement technique like ICP-MS. It was also important to avoid 

extrinsic impurities like Si, Na, Ca, Mg or Al from containers and vessels. Sample preparation was 

performed with perfluoroalkoxy polymer (PFA)/Teflon because it contains smaller amounts of 

trace element levels in comparison to other commonly used plastics. PFA vessels are also 

hydrophobic, inert to strong acids like HCl, HF and HNO3, and can be heated up to high 

temperatures (200˚C) without melting.91 It was important to do all the sample preparation in a 

controlled environment (metal free class 100 clean laboratory) to ensure minimal contamination 

from dust and human interaction. Common sources of contamination found in and around the 

human body (e.g. Jewelry) were strictly minimized to reduce the introduction of impurities (e.g. 

Zn, Cu, Ca etc.). Although the developed protocol is still to be improved, we were able to 

consistently detect a wide range of elements with low detection limits. 
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2.17 Method validation 

The absence of a certified reference material for CsPbBr3 complicates the method 

validation for trace impurities by ICP-MS. Despite this limitation, we needed to develop an 

appropriate robust method validation protocol. The validation includes the performance 

parameters linearity, range, repeatability (single laboratory precision), instrument limit of 

detection (LOD), limit of quantification (LOQ). LODs were calculated as three times standard 

deviation (SD) of the signal measured in procedure blank, while the LOQs were calculated as ten 

times the standard deviation of the blank. LODs obtained for elements of interest range from 

0.0004 μg/L for Tl to 0.4 μg/L for Cr, and LOQs range from 0.001 μg/L for Tl to 1 μg/L for Cr 

(Table 2-3).  

Table 2-3. Results of determination of analytical procedure parameters 

Elements LOD (μg/kg) LOQ (μg/kg) Correlation 

coefficient (R2) 
66Zn 0.02 0.05 0.9996 

53Cr 0.4 1 0.9966 

71Ga 0.002 0.006 0.9915 

55Mn 0.002 0.007 0.9990 

203Tl 0.0004 0.001 0.9998 

209Bi 0.0007 0.002 0.9999 

75As 0.01 0.05 0.9999 

115In 0.0003 0.001 0.9997 

118Sn 0.003 0.01 0.9999 

60Ni 0.004 0.02 0.9998 

77Se 0.1 0.5 0.9999 

123Sb 0.003 0.009 0.9999 
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The ICP-MS analyses were calibrated using a set of multi-element standards. ICP-MS is 

capable of measuring samples through a very wide range of concentrations, from ng/L to mg/L 

level in a single analysis. The quality of each individual analytical session was evaluated by 

monitoring the linear regression coefficient of the calibration curves based on measurement results 

from nine standards. Linearity was considered satisfactory if the squared correlation coefficient R2 

exceeded 0.999 (Table 2-3).103 Repeatability (single laboratory precision) was based upon one 

homogeneous sample. The precision was assessed using relative standard deviat ion of replicated 

measurements (same sample analyzed 10 times). 

2.18 Method of Standard Addition 

To further validate the proposed ICP-MS method, a method of standard addition (MSA) 

approach was used. As a quantitation method, MSA is appropriate when the sample composition 

is unknown or complex and affects the analytical signal.104 The CsPbBr3 material could be 

susceptible to matrix effects from HNO3, DMSO, MeOH and H2O. In addition to studying the 

relationship between signal intensity and increasing concentration, MSA can inform about the 

initial unknown concentration of an element in a sample. The concentrations in the original sample 

were measured using a calibration once, then MSA was performed to test for any matrix effects. 

Essentially, MSA was used to duplicate the results that were obtained from a previous set of ICP-

MS measurements. The initial concentration can be determined by extrapolating the intercept on 

the x-axis of the signal vs concentration graph.  

There are two common methods to perform MSA. In one method, we begin with an 

unknown solution and measure the analytical response. We then add several smaller volumes of 

standard and measure the signal after each addition. In the second method, increasing volumes of 

standards are added to different flasks, and each is diluted to the same final volume; the analytical 
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response is measured for each flask. However, due to the nature of our sample and experimental 

designs, we did not use any of these methods. The CsPbBr3(aq) was dissolved using minimum 

amounts of HNO3, as excess HNO3 in CsPbBr3 typically lead to immediate precipitation of lead 

nitrate. Therefore, we determined the proper CsPbBr3(aq)/HNO3(aq) ratio (>4:1) that could 

homogenously dissolve in HNO3 for recrystallization. After recrystallization, the doped crystals 

were sampled for ICP-MS analysis. Therefore, more HNO3 was required to digest the crystals and 

more serial dilutions were needed. Excess HNO3 and MeOH would increase matrix effects and 

additional manipulations could increases extrinsic impurities. Increased matrix effects could 

explain any discrepancy between concentrations obtained from MSA and those found in the 

original sample. 

Table 2-4. Comparison between impurity concentrations found in original sample and impurity 

concentrations determined by method of standard addition. 

Elements Original sample (μg/g) MSA concentration (μg/g) MSA/Original 

sample 

Zn 0.324 ± 0.009 1.9 ± 0.4 5.95 

Ga < LOQ 1.4 ± 1.7 - 

Mn 0.013 ± 0.002 0.5 ± 0.2 37.6 

Tl 0.55 ± 0.07 0.6 ± 0.2 1.01 

Bi 3.98 ± 0.14 7.4 ± 2.5 1.86 

As 0.06 ± 0.04 2.8 ± 0.5 46.2 

In 1.7 ± 0.1 1.7 ± 0.7 1.01 

Sn 0.002 ± 0.005 0.07 ± 0.4 37.2 

Ni 0.17 ± 0.05 2.9 ± 0.7 16.0 

Sb 0.42 ± 0.01 0.4 ± 0.2 0.96 

Cr 0.10 ± 0.04 4.5 ± 1.0 47.3 

Se < LOQ 43.1 ± 0.3 - 
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After recrystallization, the doped CsPbBr3 crystals were prepared for analysis using ICP-

MS. As previously discussed, we aimed to recover the similar impurity concentrations found in 

the original sample. Among the twelve impurity elements, three elements (Tl, In and Sn) reported 

comparable concentrations to the original sample, with MSA/calibration method ratios of ~1.01, 

1.01 and 0.96 respectively (Table 2-4). 

The remaining nine elements (Zn, Ga, Mn, Bi, As, Sn, Ni, Cr and Se) reported significantly 

different recovered concentrations. The original concentrations for Ga and Se were below their 

respective LOQs, while they reported quantifiable concentrations via MSA. This was an evidence 

of possible matrix effects. The remaining seven impurity concentrations were quantifiable, but 

significantly lower than those detected by MSA (Table 2-4). Mn, As, Sn, Ni and Cr showed 

MSA/calibration method ratios >16. Such a huge discrepancy can be explained by the approach 

used to perform the MSA. The introduction of more impurities from solvents like DMSO, which 

may not be optimal for this approach. We required every solvent to be purified as much as possible 

to avoid contaminating our crystal. Although we employed detector-grade MeOH, other solvents 

like DMSO (ACS grade) were potentially contaminated with trace impurities. In addition to the 

plausible significant matrix effects due to excessive HNO3, extrinsic impurities from solvent could 

also explain these discrepancies. Moreover, there was a lot of manipulation required, starting from 

collecting the sample, dissolving in DMSO, doping, recrystallizing with MeOH, dissolving in 

HNO3 and finally sample preparation (for ICP-MS analysis). It was important to handle the sample 

carefully, to choose the reagents appropriately (i.e. ACS grade vs. technical grade) and to ensure 

the production of the highest quality crystals possible for analysis. For all these reasons, the 

recovered impurity concentrations for most elements were not comparable to their respective 

initial values. 
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2.19 Material Purification 

Following the successful method validation, we have employed the ICP-MS technique to 

study the trace impurity distribution in the zone-refine CsPbBr3 materials. The purification of a 

material to an impurity level below ten parts per million (<10 μg/g) is a critical step in the 

preparation of functional semiconductor radiation detectors. The zone-refining technique was 

adapted to purify polycrystalline CsPbBr3, where a heater was moved across the ingot of the raw 

material and melted a narrow region concurrently. Taking advantage of the segregation coefficient 

(concentration of impurity atoms in the growing crystal to that of the melt) of trace impurity 

elements, some of them will congregate in this molten zone (last-to-freeze),105 whereas others can 

be concentrated within the first-freeze part of the ingot, thus leaving a higher purity in the middle 

section. 

To the best of our knowledge, no work has been done on the distribution of impurities 

using ICP-MS on CsPbBr3. If doping is desired with a specific element, is it essential to understand 

its behaviour with purification. This knowledge will help understanding how some elements can 

easily be purified from the ingot. Studying zone-refine CsPbBr3 will help understand how a dopant 

is distributed along the ingot. Adversely, we need to identify elements that do not segregate easily, 

especially when they are undesirable. For undesirable elements, we want them to segregate easily 

to yield pure single crystals. The resolution and sensitivity of the material can be compromised if 

these undesirable elements do not segregate clearly with zone refining. Essentially, zone refining 

allows a more controlled and targeted synthesis, and growth of the CsPbBr3 detector material.  

To study the segregation of impurities using ICP-MS, three samples were carefully 

extracted from an ingot purified five times with zone refining. Each sample corresponding to three 
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zones of the ingot were prepared and analyzed using ICP-MS. The three zones were named: “Tip” 

(first-to-freeze), “Middle” and “Heel” (last-to-freeze) about their location in the purified ingot.  

Table 2-5. Summary of distribution for clearly segregated impurity concentration using zone 

refining. 

*TIL is the sum of all impurity concentrations in a zone (including some elements not reported in 

this table).  

The ICP-MS analysis reported fourteen elements with clear concentration segregation 

between each zone of the ingot (Table 2-5). Several impurity elements were also detected in at 

least one section of the ingot, however, did not show clear signs of segregation (see Appendix 3). 

 Zonal Impurity concentration (μg/g) 

Elements  

 Tip Middle Heel 

As 0.258 ± 0.075 0.146 ± 0.084 0.090 ± 0.046 

Au 0.292 ± 0.048 0.142 ± 0.030 0.052 ± 0.010 

Lu 0.006 ± 0.001 0.0017 ± 0.0005 0.0003 ± 0.0001 

Mo 0.178 ± 0.029 0.112 ± 0.026 0.048 ± 0.010  

Nb 0.008 ± 0.001 0.004 ± 0.001 0.0013 ± 0.0003 

Re 0.005 ± 0.001  0.0041 ± 0.0005 0.0028 ± 0.0003 

Rb 1.98 ± 0.13 6.53 ± 0.23 49.6 ± 0.9 

Ru  0.039 ± 0.010 0.017 ± 0.003  0.007 ± 0.002 

Sc 0.272 ± 0.083 0.088 ± 0.012 0.016 ± 0.004 

Tb 0.016 ± 0.005 0.007 ± 0.003 0.0014 ± 0.0012 

Ti 0.083 ± 0.039 0.052 ± 0.045 0.002 ± 0.019 

U 16.6 ± 6.6 1.69 ± 0.36 0.257 ± 0.044 

Y 0.040 ± 0.014 0.012 ± 0.006 0.004 ± 0.004 

Zr 0.009 ± 0.006 0.006 ± 0.004 0.002 ± 0.002 

Total impurity level 

(TIL)* 

32.2 ± 7.6 15.7 ± 1.3 

 

54.6 ± 1.2 

 



74 
 

Amongst them, only Bi was found in significant concentration. The total impurity levels of the 

“Tip”, “Middle” and “Heel” section were 32.2 ± 7.5, 15.7 ± 1.3 and 54.6 ± 1.2 μg/g, respectively. 

Irrespective of the element, impurities segregate well from the “Heel”, whereas the “Tip” typically 

reported the highest impurities. For instance, As and Au segregate clearly in the “Tip” (first-to-

freeze) section.  

Interestingly, Rb, which belongs to the alkali elements like Cs, has shown significant 

segregation towards the “Heel” part of the ingot. However, substituting Cs for Rb can create a 

defect in the crystals lattice because the ionic radius of Rb is smaller than that of Cs (1.52 Å vs 

1.74 Å, respectively). Therefore, explaining the highest concentration of Rb in the liquid phase 

(last-to-freeze). This suggests that the segregation coefficient of Rb in the CsPbBr3 system is 

strongly size dependent. Although the total impurity level in the “Heel” section is higher than that 

in the “Middle” section, Rb is the only element with concentrations greater than 10 μg/g in the 

“Heel” section (~90% impurity). However, the overall impurity level was the lowest in the 

“Middle” section (15.7 ± 1.3 μg/g). Because Rb is isoelectronic with Cs, it may not form 

detrimental charge carrier traps in CsPbBr3. In turn, the “Heel” section of the zone refined ingot 

maybe pure enough for the growth of radiation detection single crystals.  

2.20 Recovered concentrations and doped solutions relationship  

To further validate our method, we conducted dope-and-recovery experiments with 

selected impurity elements and monitored the respective recovered concentrations after 

recrystallization. The doped samples were prepared by dissolving recrystallized CsPbBr3 freshly 

obtained from the above-discussed synthesis procedure. Subsequently, twelve elements (Zn, Cr, 

Ga, Mn, Tl, Bi, As, In, Sn, Ni, Se and Sb) in the form of the analytical standard solutions (Table 

2-1) were added to the CsPbBr3 solutions following the pattern described in Table 2-2. Finally, the 
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polycrystalline CsPbBr3 samples with varying amounts of doping elements were recrystallized 

from MeOH. These recrystallized samples were used as the initial samples for the ICP-MS 

analyses. Such a sample preparation process enables us to study the behaviours of these impurities 

during recrystallization into the CsPbBr3 crystallites, thus mimicking a semiconductor trace 

impurity analysis scenario. The ICP-MS trace impurity analyses were performed using the above-

described samples, thus completing the dope-recovery experiments. The linearity of the recovered 

impurity concentrations with respect to the original doped levels would also illustrate the 

robustness of the ICP-MS method despite recrystallization, interferences, and matrix effects. 

Table 2-6. Distribution coefficient (Kd) of trace elements determined via ICP-MS. 

Elements Kd 

Zn 0.32 ± 0.16 

Cr < 4.6 × 10−5  

Ga 2.32 ± 0.76 

Mn 0.093 ± 0.012 

Tl 0.37 ± 0.25 

Bi <8.2× 10−8  

As 0.064 ± 0.018 

In <3.6× 10−8  

Sn 0.093 ± 0.028 

Ni 0.32 ± 0.18 

Se <1.74× 10−5  

Sb 0.104 ± 0.022 
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The partition or distribution coefficient (Kd) of a trace element is measured by the ratio of 

its concentration in the solid and the liquid.106 Therefore, the contrast between the original doped 

concentration and the recovered impurity concentration serves as an indicator for a high (Kd ≥1) 

or low (Kd <<1) affinity of an element with the CsPbBr3 matrix.107 Table 2-6 summarizes the Kd 

for all twelve trace elements analyzed via ICP-MS. Ga reported the highest compatibility (Kd = 

2.32 ± 0.76), whereas In was the most incompatible (Kd < 3.63× 10−8) trace elements. The 

significant uncertainty on the Kd for Tl (> 65%) indicated that the measured concentrations in the 

final solid material were close to the LOD. Taking advantage of these Kd values, one can determine 

the relative ease to remove these trace impurities from the CsPbBr3 crystal lattice by solution 

recrystallization method. Such information on trace impurity elements, in turn, can help predict 

their impact on the electrical behaviors of the radiation detectors.  

For a semiconductor radiation detector, the trace impurities of most concern are transition 

metals. Due to their ability of adopting several oxidation states, transition metals impurities can 

permanently trap radiated-generated charge carriers, resulting in detrimental effects for signal 

collection.108 Amongst all the transitions element used, Cr was the only element with recovered 

concentrations below the LOQ (1 μg/L). For each increased doped concentration of Cr, none was 

detected. About 0.10 ± 0.04 µg/g Cr was detected in the same sample via ICP-MS before the 

doping experiment was performed. However, its associated high relative standard deviation (> 

30%) indicated that the concentration of Cr was below the LOQ for the sample.104 The original Cr 

impurity concentration was 5.38 ± 0.52 µg/g, but after one recrystallization, its concentration was 

below the LOQ. This was a primary indication that Cr is highly incompatible with the CsPbBr3 

matrix, as one subsequent recrystallization of the same undoped (blank) sample lead to a 

concentration below its LOQ. The fact that Cr was not detectable even at the highest doping 
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concentration further confirms its poor compatibility with the CsPbBr3 crystal lattice. Moreover, 

the associated low Kd
 (< 4.60 × 10−5) also indicated that Cr is highly incompatible with CsPbBr3 

lattice. Similarly, Se was below the LOD even at the highest doped concentration, and thus 

considered highly incompatible with the CsPbBr3 lattice (Table 2-6). 

The other transition metals (Mn, Ni and Zn) all reported a positive linear increase of 

detected concentration with increasing doped concentrations (Figure 2-6). Manganese 

concentration showed the lowest error, whereas Zn reported the highest error. Ni reported the best 

linear trend with increasing doped concentration (R2 = 0.9921, see Appendix 1). 

Figure 2-6. Elemental concentrations of transition metals with increasing amount of doped 

reference solution. 

Similarly, we investigated the behaviour of Ga, Tl, Bi, As, In, Sn, Se and Sb in the detector 

material (Table 2-3). These elements were selected because of their potential as semiconductor 

dopants in the CsPbBr3 system. Some of these dopant impurities like Sn can act as shallow-level 
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charge-trapping sites and decrease the leakage current in the detector materials.90 Others like In, 

can be used as dopants to improve the electronic properties,109 which may enhance the sensitivity 

and resolution of the detector material. Parallel examples can be found in the CZT detector 

systems, where In was intentionally added to tune the electronic and transport properties, and Pb 

was avoided.110  

 

Figure 2-7. Elemental concentrations of As, Sb, Sn, Tl and Ga with increasing amount of doped 

reference solution.  

The ability of the ICP-MS method to yield linear relationships between recovered 

concentrations and exact doped concentrations despite dissolution and recrystallization is another 

strength of this method (see Appendix 1). It is important to note that no element apart from those 

doped reported positive linear relationships. In other words, only the doped elements yielded 

positive linear recovery impurity concentrations with respect to the original doped levels. 
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Therefore, the fact that we could observe an increase in detected concentrations with doping 

demonstrates the capability of this protocol in quantitatively detecting impurities in CsPbBr3. 

2.21 Conclusion  

 

The goal of this work was to develop cheap and efficient novel materials for γ-ray detection. 

Specifically, we focused on the development of high performance, low cost γ-ray detection 

material, CsPbBr3 at room temperature. We initially aimed to establish a synthetic protocol for 

phase pure CsPbBr3. We were able to develop a simple and reliable protocol that yielded bright 

orange CsPbBr3 with high yield (98%). Once the synthetic method was established, we needed to 

understand how trace impurities can affect transport properties of the material. Impurities as small 

as sub-ppm can significantly reduce the μτ product, which can reduce the resolution of the material. 

Therefore, we developed an appropriate analytic method to monitor these impurities. 

We aimed to establish that inductively coupled plasma mass spectrometry (ICP-MS) is a 

precise and reliable method to monitor trace element impurities in this detector material. To the 

best of our knowledge, this was the first trace impurity study on CsPbBr3 using ICP-MS. 

Therefore, we needed to develop a tailored ICP-MS sample preparation methodology for CsPbBr3. 

We were successful at establishing a sample collection, preparation, and dissolution method, while 

avoiding potential sources of contamination from the grinding to the sample dilution step. Grinding 

and manipulation of CsPbBr3 was carried out using materials made from PFA/Teflon; deionized 

Q-Pod Milli-Q H2O was also used. Acid digestion of the powder was performed with HNO3 to 

reduce matrix interferences. Calibration standards were constructed using standard references (10 

µg/mL) specifically for a multielement technique like ICP-MS. 
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ICP-MS experiments were conducted on several CsPbBr3 samples to detect impurity 

concentrations after data reduction. We also needed to demonstrate that ICP-MS was a reliable 

method to quantify trace impurities in the CsPbBr3 material via method validation. LOD obtained 

for elements ranged from 0.0004 μg/L for Tl to 0.4 μg/L for Cr, and LOQ ranged from 0.001 μg/L 

for Tl to 1 μg/L for Cr. The linearity was determined using the squared correlation coefficient, R2. 

As, Sn, Se, Sb and Bi reported the highest R2 = 0.9999, respectively. 

The method of standard addition (MSA) was also used to validate the technique. Amongst 

the twelve elements studied, only three elements, Tl, In and Sb detected concentrations comparable 

to their respective initial values. All other nine elements reported significant higher concentrations 

than their respective initial values.  

To further validate this analytical technique, we investigated the linearity of detected 

concentration with increasing doped amounts in twelve elements. Apart from Cr and Se, a linear 

increase of detected concentration was observed amongst these elements only. Gallium reported 

the highest distribution coefficient (Kd), whereas Cr, Se, In and Bi were the impurities that showed 

significant less affinity for the CsPbBr3 crystal lattice.  

Lastly, we studied the purification of the detector material with zone refining using ICP-

MS. The total impurity levels of the “Tip” (first-to-freeze), “Middle” and “Heel” (last-to-freeze) 

were 32.2 ± 7.5, 15.7 ± 1.3 and 54.6 ± 1.2 μg/g, respectively. Generally, the material was purified 

as we moved from the “Tip” to the “Heel” section in the ingot. Rb segregates clearly as well but, 

the “Heel” showed the highest impurity concentration and the “Tip” displayed the lowest 

concentration. The zone refining technique was proven to be effective in producing detector grade 

materials (<10 μg/g TIL). Rb, isoelectric with Cs, was found segregating clearly into the “Heel” 

section. Rb does not form charge traps within the detector material because of its similarity to Cs, 
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most of the zone refined samples can be used to grow radiation detector grade single crystals.  

Essentially, we also have evidence that ICP-MS can be used to monitor the segregation and 

purification of the material via zone refining. 

2.22 Future Work 

 

Although we developed a cost-efficient method to synthesize CsPbBr3, few improvements 

will enhance this research. It would be important to perform the synthesis of CsPbBr3 under cleaner 

laboratory conditions to reduce introduction of impurities in the sample. Additionally, all solvents 

must be as pure as possible to avoid extrinsic impurities. It would be essential to predict the exact 

sample and solvent amounts needed for the dissolution and recrystallization of CsPbBr3. We need 

to predict how much DMSO can dissolve a specific amount of CsPbBr3 and, how much MeOH 

can recrystallization a known quantity of CsPbBr3. This would avoid using excessive solvents, 

which can lead to potential sources of interferences. Additionally, this would reduce the production 

cost by avoiding wasting solvents, and the efficiency of the processes would be greatly enhanced.  

To improve the method validation, we should assess more validation parameters for ICP-

MS. For example, to evaluate the precision, we should also test the results from within-laboratory 

variations due to random events such a different day, analysts etc. We can also compare 

collaborative studies between laboratories (reproducibility). The elements used for doping should 

primarily involve those that stay in the crystal lattice more during recrystallization (e.g. As). 

During sample preparation for MSA, the standard solutions should be concentrated so that only 

small volumes are added, and the sample matrix is not appreciably altered. Moreover, the amount 

of HNO3 should be minimized to reduce matrix interferences as much as possible. Other 

quantitation methods like isotope dilution or isotope ratios can be investigated to produce more 
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precise recovery concentrations. For instance, isotope dilution can provide measurements that are 

very accurate because we measure the concentration of isotopes in the same solution as the 

unknown sample are not in a separate external calibration solution.93 However, isotope dilution is 

not applicable to all elements because the elements of interest must have more than one isotope. 

Moreover, it can be very expensive because it requires certified enriched isotopic standards and, 

isotope dilution does not compensate for spectral interferences.111  

It would be interesting to also investigate how inductively coupled plasma optical emission 

spectrometry (ICP-OES) would help for the determination of trace elements in this sample matrix. 

ICP-OES possess a high atomization temperature, a more inert environment, and the natural ability 

to yield simultaneous determinations for up to 70 elements.112 More specifically, electrothermal 

vaporization inductively coupled plasma optical emission spectrometry (ETV-ICP OES) facilitates 

the sample introduction. The main advantage of ETV as a method of sample introduction is that 

the transportation efficiency is significantly improved over a pneumatic nebulizer from less than 

5% to over 60%. Therefore, the LODs are enhanced by least an order of magnitude.112 However, 

the transient nature of signals limits the simultaneous multielement capability of the system and 

carbide formation could lower sensitivity and memory effects for refractory elements.113 

In depth analysis of the purification of certain elements would be essential to understand 

how zone refining affects our material. For instance, observing elements that do not segregate well 

with CsPbBr3 (e.g. Mn) can help understand how these impurities travel with zone refining. It 

should be valuable to use zone refining to investigate the effects of temperature for elements with 

high compatibility. For compatible elements, performing more cycles of zone refining on pure 

section of an ingot should enhance purity. Essentially, it is important to understand the relationship 
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between compatibility, temperature, ingot size, and rate of the moving heater to purify specific 

elements.  

We can also observe how S is purified overtime because S is significantly introduced by 

DMSO. It would be very important to see how S can be minimized through recrystallization, zone 

refining and Bridgman. Alternatively, we should investigate other solvents, which cause less 

severe matrix effects and can be easily purified from the detector material. For elements that purify 

well in a part of the ingot, more cycles of zone refining can be performed to further purity this part 

of the ingot. Ultimately, it would be important to assess the quality of all the developed processes 

by testing the detection of γ-ray at room temperature. The appearance of well-resolved pulse height 

spectrum would serve as the ultimate feedback for this work. 
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Appendix 

ICP-MS operating conditions 

Spectrometer Thermo Scientific ELEMENT XR HR-ICP-MS 

RF Power 1200W 

Aux gas 0.950 to 1.050 L/min (adjusted daily) 

Sample gas 0.900 to 1.050 L/min (adjusted daily) 

Cool gas 18 L/min 

Torch position and focus lens settings adjusted daily 

Tuning (monitored mass 254 (U238O16) to U238 

ratio): <5%. 

Medium resolution >4000 

High resolution >10000 

Sample and Cones Ni sample and skimmer cones 

 

Appendix 1. Detected concentrations with doped elemental concentrations. 

Summary of linear relationship between recovered concentration and exact doped concentration 

for ten elements.  

 

Elements Linear equation x, y 

(μg/g) 

Range (μg/g) Correlation 

coefficient (R2) 

Zn y = 0.192x + 0.290 0.26-1.34 0.9441 

Ga y = 1.28x + 1.14 1.07-15.2 0.9937 

Mn y = 0.111x -0.053 0.08-1.38 0.9883 

Tl y = 0.167x + 0.310 0.05-1.60 0.9019 

Bi y = 0.904x + 4.42 2.82-11.8 0.9888 

As y = 0.130x - 0.369 0.17-0.71 

 

0.9951 

In y = 0.177x - 0.062 0.05-1.45 0.9942 

Sn y = 0.0014x - 0.149 0.04-1.12 0.9116 

Ni y = 0.133x + 0.400 0.52-1.47 0.9921 

Sb y = 0.146x - 0.085 0.0005-1.09 0.9724 
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Figure A1-1. Detected concentrations of Mn with increasing amount of spiked elemental concentrations. 

 

Figure A1-2. Detected concentrations of Ni with increasing amount of spiked elemental concentrations. 

 

Figure A1-3. Detected concentrations of Zn with increasing amount of spiked elemental concentrations. 
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Figure A1-4. Detected concentrations of Ga with increasing amount of spiked elemental concentrations. 

 

Figure A1-5. Detected concentrations of Tl with increasing amount of spiked elemental concentrations. 

 

Figure A1-6. Detected concentrations of Sb with increasing amount of spiked elemental concentrations. 
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Figure A1-7. Detected concentrations of As with increasing amount of spiked elemental concentrations. 

 

Figure A1-8. Detected concentrations of In with increasing amount of spiked elemental concentrations. 

 

Figure A1-9. Detected concentrations of Sn with increasing amount of spiked elemental concentrations. 
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Figure A1-10. Detected concentrations of Bi with increasing amount of spiked elemental concentrations. 

Appendix 2. Method of Standard Addition (MSA) 

 

Figure A2-1. Graphical treatment of standard additions to multiple solutions for Ni. 

 

Figure A2-2. Graphical treatment of standard additions to multiple solutions for Se. 
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Figure A2-3. Graphical treatment of standard additions to multiple solutions for Sb. 

 

Figure A2-4. Graphical treatment of standard additions to multiple solutions for Sn. 

 

Figure A2-5. Graphical treatment of standard additions to multiple solutions for In. 
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Figure A2-6. Graphical treatment of standard additions to multiple solutions for As. 

 

Figure A2-7. Graphical treatment of standard additions to multiple solutions for Bi. 

 

Figure A2-8. Graphical treatment of standard additions to multiple solutions for Tl. 
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Figure A2-9. Graphical treatment of standard additions to multiple solutions for Mn. 

 

Figure A2-10. Graphical treatment of standard additions to multiple solutions for Ga. 

 

Figure A2-11. Graphical treatment of standard additions to multiple solutions for Cr. 
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Figure A2-12. Graphical treatment of standard additions to multiple solutions for Zn. 

Appendix 3. Zonal impurities after zone refining 

Summary of distribution for impurity concentration not clearly segregated using zone refining. 
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Bi 3.53 ± 0.16 3.84 ± 0.13 2.20 ± 0.07 

Cd 

Cu 

0.006 ± 0.004 

0.027 ± 0.001 

<LOQ  

0.015 ± 0.007 

<LOQ 

0.098 ± 0.013 

Fe 0.738 ± 0.077 0.030 ± 0.024 0.088 ± 0.015 

K 4.64 ± 2.17 <LOQ <LOQ 

La <LOQ 0.004 ± 0.001 <LOQ 

Mn 0.022 ± 0.005 <LOQ 0.016 ± 0.002 

Pd 0.218 ± 0.071 <LOQ <LOQ 

Sn 0.005 ± 0.001 0.012 ± 0.003 0.006 ± 0.001 

Tl 0.549 ± 0.070 0.603 ± 0.074 0.346 ± 0.040 

Zn 0.074 ± 0.046 0.056 ± 0.033 0.088 ± 0.032 
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Figure A3-1. Elemental concentrations of alkali and alkali earth metals in alphabetical order for "Tip" 

CsPbBr3 crystal. 

 

Figure A3-2. Elemental concentrations of some main group elements in alphabetical order for "Tip" 

CsPbBr3 crystal. 
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Figure A3-3. Elemental concentrations of transition metals in alphabetical order for "Tip" of pure CsPbBr3 

crystal. 

 

Figure A3-4. Elemental concentrations of lanthanides in alphabetical order for "Tip" CsPbBr3 crystal. 
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Figure A3-5. Elemental concentrations of transition metals in alphabetical order for "Middle" of pure 

CsPbBr3 crystal. 

 

Figure A3-6. Elemental concentrations of some main group elements in alphabetical order for "Middle" 

CsPbBr3 crystal. 
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Figure A3-7. Elemental concentrations of lanthanides in alphabetical order for "Middle" CsPbBr3 crystal. 

 

Figure A3-8. Elemental concentrations of transition metals in alphabetical order for "Heel" of pure 

CsPbBr3 crystal. 
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Figure A3-9. Elemental concentrations of some main group elements in alphabetical order for "Heel" 

CsPbBr3 crystal. 

 

Figure A3-10. Elemental concentrations of lanthanides in alphabetical order for "Heel" CsPbBr3 crystal. 
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Figure A3-11. Elemental concentrations of transition metals in alphabetical order for Recrystallized 

CsPbBr3 crystal. 

 

 

Figure A3-12. Elemental concentrations of some main group elements in alphabetical order for 

Recrystallized CsPbBr3 crystal. 
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Figure A3-13. Elemental concentrations of lanthanides in alphabetical order for Recrystallized CsPbBr3 

crystal. 

 

Figure A3-14. Elemental concentrations of alkali/alkali earth metals in alphabetical order for non-

recrystallized CsPbBr3 crystal. 
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Figure A3-15. Elemental concentrations of transition metals in alphabetical order for non-recrystallized 

CsPbBr3 crystal. 

 

Figure A3-16. Elemental concentrations of some main group elements in alphabetical order for non-

recrystallized CsPbBr3 crystal. 

 

0

2

4

6

8

10

12

14

16

18

20

Ag Au Co Cr Cu Fe In Mn Mo Nb Ni Re Ta Ti Y Zn Zr

p
p

m
 (

m
g

/k
g

)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

As Bi Sb Se Sn Te Tl

p
p

m
 (

m
g

/k
g

)



108 
 

 

Figure A3-17. Elemental concentrations of lanthanides in alphabetical order for non-recrystallized 

CsPbBr3 crystal. 
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