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Investigation‌ ‌On‌ ‌the‌ ‌Effect‌ ‌of‌ ‌the‌ ‌Molar‌ ‌Concentration‌ ‌of‌ ‌Aqueous‌ ‌Hydrogen‌ ‌Peroxide‌ ‌and‌ ‌Copper(II)‌ ‌On‌ ‌the‌ ‌ 
Induction‌ ‌Time‌ ‌(seconds)‌ ‌of‌ ‌N-acetyl-L-cysteine-Inhibited‌ ‌Chemiluminescence‌‌ 

1.Introduction‌ ‌ 
When‌ ‌I‌ ‌was‌ ‌doing‌ ‌figure‌ ‌skating‌ ‌in‌ ‌Beijing,‌ ‌I‌ ‌used‌ ‌to‌ ‌organise‌ ‌glow-stick-making‌ ‌workshops‌ ‌with‌ ‌children‌ ‌at‌ ‌the‌ ‌rink‌ ‌prior‌ ‌to‌ ‌gala‌‌                                           
performances.‌‌In‌‌order‌‌to‌‌develop‌‌a‌‌variety‌‌of‌‌creative‌‌workshops,‌‌I‌‌had‌‌to‌‌do‌‌my‌‌independent‌‌research‌‌and‌‌attempt‌‌to‌‌modify‌‌the‌‌timing‌‌                                             
and‌ ‌prolong‌ ‌the‌ ‌duration‌ ‌of‌ ‌glowing,‌ ‌which‌ ‌piqued‌ ‌my‌ ‌genuine‌ ‌interest‌ ‌in‌ ‌the‌ ‌elegance‌ ‌of‌ ‌photochemistry,‌ ‌and‌ ‌I‌‌wondered‌‌what‌‌was‌‌                                         
actually‌ ‌happening‌ ‌on‌ ‌a‌ ‌molecular‌ ‌level.‌‌After‌‌encountering‌‌the‌‌Jablonski‌‌diagram‌‌and‌‌learning‌‌about‌‌the‌‌quantization‌‌of‌‌energy‌‌levels‌‌                                     
during‌ ‌Biology‌ ‌Olympiad‌ ‌Summer‌ ‌School,‌ ‌I‌ ‌was‌ ‌curious‌ ‌and‌ ‌impressed‌ ‌by‌ ‌the‌ ‌fact‌ ‌that‌ ‌chemiluminescence‌ ‌has‌ ‌such‌ ‌significant‌‌                                   
applications‌ ‌in‌ ‌forensic‌ ‌science,‌ ‌immunoassay,‌ ‌and‌ ‌counter-illumination‌ ‌camouflage,‌ ‌by‌ ‌which‌ ‌controlling‌ ‌the‌ ‌timing‌ ‌of‌‌                           
chemiluminescence‌ ‌is‌ ‌highly‌ ‌relevant‌ ‌in‌ ‌these‌‌real‌‌life‌‌applications.‌‌Thus,‌‌inspired‌‌by‌‌both‌‌my‌‌meaningful‌‌personal‌‌experience‌‌and‌‌the‌‌                                     
significance‌ ‌of‌ ‌this‌ ‌topic,‌ ‌I’ve‌ ‌decided‌ ‌to‌ ‌further‌ ‌explore‌ ‌the‌ ‌factors‌ ‌that‌ ‌play‌ ‌a‌ ‌role‌ ‌in‌ ‌controlling‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌‌                                         
chemiluminescence.‌ ‌ 
‌ 

During‌ ‌the‌ ‌planning‌ ‌stage,‌ ‌I‌ ‌referred‌ ‌to‌ ‌the‌ ‌self-learnt‌ ‌content‌ ‌of‌ ‌the‌ ‌IB‌ ‌HL‌ ‌kinetics‌ ‌chapter,‌ ‌as‌ ‌well‌ ‌as‌ ‌a‌ ‌number‌ ‌of‌ ‌high‌ ‌quality,‌‌                                               
peer-reviewed‌ ‌resources‌ ‌on‌ ‌Pubmed‌ ‌and‌ ‌Researchgate.‌ ‌Subsequently,‌‌in‌‌this‌‌experiment,‌‌I’m‌‌going‌‌to‌‌determine‌‌the‌‌dependence‌‌of‌‌the‌‌                                   
induction‌‌time‌‌of‌‌chemiluminescence‌‌on‌‌hydrogen‌‌peroxide‌‌(H‌2‌O‌2‌)‌‌and‌‌copper(II)‌‌(Cu‌2+‌)‌‌by‌‌calculating‌‌the‌‌rate‌‌constant‌‌and‌‌the‌‌partial‌‌                                     
reaction‌‌order‌‌in‌‌respect‌‌to‌‌each‌‌species‌‌using‌‌integrated‌‌rate‌‌law.‌‌Specifically,‌‌this‌‌will‌‌be‌‌achieved‌‌by‌‌varying‌‌the‌‌concentration‌‌of‌‌H‌2‌O‌2‌‌                                           
and‌ ‌Cu‌2+‌ ‌while‌ ‌keeping‌ ‌the‌ ‌concentration‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌constant‌ ‌in‌ ‌order‌ ‌to‌ ‌time‌ ‌their‌ ‌resulting‌ ‌induction‌ ‌time‌ ‌of‌‌                                   
chemiluminescence‌ ‌(in‌ ‌seconds).‌ ‌The‌ ‌rationale‌‌of‌‌this‌‌approach‌‌is‌‌that‌‌formulating‌‌the‌‌mixed‌‌rate‌‌law‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌                                   
will‌ ‌allow‌ ‌the‌ ‌induction‌ ‌time‌‌of‌‌chemiluminescence‌‌to‌‌be‌‌easily‌‌predicted‌‌for‌‌a‌‌given‌‌amount‌‌of‌‌reactant‌‌(H‌2‌O‌2‌)‌‌and‌‌catalyst‌‌(Cu‌2+‌),‌‌as‌‌                                           
N-acetyl-L-cysteine‌‌acts‌‌as‌‌an‌‌inhibitor‌‌that‌‌needs‌‌to‌‌be‌‌fully‌‌oxidised‌‌for‌‌chemiluminescence‌‌to‌‌take‌‌place.‌‌A‌‌major‌‌challenge‌‌during‌‌data‌‌                                         
collection‌ ‌was‌ ‌that‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌was‌ ‌increasingly‌ ‌shorter‌ ‌when‌ ‌the‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌and‌ ‌Cu‌2+‌ ‌‌were‌‌                                     
increasingly‌‌higher,‌‌such‌‌that‌‌it‌‌was‌‌extremely‌‌difficult‌‌to‌‌time‌‌manually.‌‌In‌‌other‌‌words,‌‌human‌‌reaction‌‌time‌‌was‌‌more‌‌of‌‌a‌‌determining‌‌                                           
factor‌‌of‌‌the‌‌data‌‌registered‌‌than‌‌the‌‌actual‌‌cysteine‌‌reaction‌‌time.‌‌Hence,‌‌in‌‌order‌‌to‌‌mitigate‌‌the‌‌percentage‌‌error‌‌in‌‌timing,‌‌the‌‌duration‌‌                                             
of‌ ‌the‌ ‌induction‌ ‌time‌ ‌was‌ ‌prolonged‌ ‌by‌ ‌increasing‌ ‌the‌‌mass‌‌of‌‌anhydrous‌‌N-acetyl-L-cysteine‌‌added‌‌to‌‌the‌‌reaction‌‌mixture.‌‌Since‌‌the‌‌                                       
major‌ ‌limitation‌ ‌of‌ ‌this‌ ‌investigation‌ ‌is‌ ‌the‌ ‌inherent‌ ‌uncertainty‌ ‌in‌ ‌measurements,‌ ‌this‌ ‌approach‌ ‌has‌ ‌effectively‌ ‌mitigated‌ ‌this.‌‌ ‌  
‌ 

2.‌ ‌Research‌ ‌question‌ ‌ 
To‌‌what‌‌extent‌‌does‌‌the‌‌concentration‌‌of‌‌aqueous‌‌hydrogen‌‌peroxide‌‌(22mM,‌‌44mM,‌‌88mM,‌‌176mM,‌‌352mM)‌‌and‌‌aqueous‌‌copper‌‌(II)‌‌                                     
(20mM,‌‌40mM,‌‌80mM,‌‌160mM,‌‌320mM)‌‌affect‌‌the‌‌induction‌‌time‌‌of‌‌N-acetyl-L-cysteine-inhibited‌‌luminol‌‌oxidation,‌‌as‌‌measured‌‌by‌‌the‌‌                                 
duration‌ ‌taken‌ ‌in‌ ‌seconds‌ ‌for‌ ‌chemiluminescence‌ ‌(‌ )‌ ‌to‌ ‌be‌ ‌first‌ ‌observed‌ ‌by‌ ‌eyes?‌ ‌25 nmλ = 4  
‌ 

3.‌ ‌Background‌ ‌ 
The‌‌phenomenon‌‌of‌‌chemiluminescence‌‌refers‌‌to‌‌the‌‌production‌‌of‌‌electromagnetic‌‌radiation‌‌observed‌‌when‌‌a‌‌chemical‌‌reaction‌‌yields‌‌an‌‌                                   
electronically‌ ‌excited‌ ‌intermediate‌ ‌or‌ ‌product‌ ‌(Christofi,‌ ‌2005).‌ ‌For‌ ‌instance,‌ ‌chemiluminescence‌ ‌is‌ ‌produced‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌luminol‌‌                                 
oxidation‌‌by‌‌hydrogen‌‌peroxide‌‌in‌‌a‌‌weak‌‌alkaline‌‌solution.‌‌Hence,‌‌by‌‌adding‌‌sodium‌‌hydrogen‌‌carbonate,‌‌water-soluble‌‌luminol‌‌dianion‌‌                                   
is‌‌first‌‌produced‌‌from‌‌water-insoluble‌‌luminol‌‌via‌‌base-catalysed‌‌deprotonation‌‌(‌Diagram‌‌1‌).‌‌Next,‌‌under‌‌a‌‌suitable‌‌redox‌‌catalyst‌‌(Cu‌2+‌),‌‌                                   
luminol‌‌dianion‌‌can‌‌react‌‌with‌‌oxidizing‌‌agents‌‌(H‌2‌O‌2‌),‌‌forming‌‌3-Aminophthalate‌‌(3-APA*)‌‌with‌‌electrons‌‌in‌‌their‌‌excited‌‌state‌‌upon‌‌a‌‌                                     
nucleophilic‌ ‌substitution‌ ‌of‌ ‌nitrogen‌‌by‌‌oxygen‌‌gas.‌ ‌Subsequently,‌‌chemiluminescence‌‌is‌‌produced‌‌from‌‌the‌‌radiative‌‌recombination‌‌of‌‌                                 
excited‌ ‌electrons‌ ‌of‌ ‌3-APA*‌ ‌falling‌ ‌back‌ ‌to‌ ‌their‌ ‌ground‌ ‌state,‌ ‌releasing‌ ‌excess‌ ‌energy‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌photons.‌‌ ‌  

‌ 
Diagram‌ ‌1‌ ‌‌-‌ ‌oxidation‌ ‌of‌ ‌luminol‌ ‌by‌ ‌H‌2‌O‌2‌‌ ‌under‌ ‌a‌ ‌transition‌ ‌metal‌ ‌catalyst‌ ‌to‌ ‌emit‌ ‌425‌ ‌nm‌ ‌chemiluminescence‌ ‌via‌ ‌radiative‌ ‌recombination‌ ‌ 

This‌‌experiment‌‌attempts‌‌to‌‌modify‌‌luminol‌‌oxidation‌‌into‌‌a‌‌clock‌‌reaction,‌‌by‌‌which‌‌a‌‌flash‌‌of‌‌light‌‌(‌ appears‌‌after‌‌a‌‌certain‌‌                                  25 nm)λ = 4        
period‌‌of‌‌induction‌‌time.‌‌For‌‌the‌‌reaction‌‌between‌‌H‌2‌O‌2‌ ‌‌and‌‌luminol‌‌to‌‌take‌‌place‌‌at‌‌standard‌‌ambient‌‌temperature‌‌and‌‌pressure‌‌(STAP),‌‌                                         
homogeneous‌‌catalyst‌‌Cu‌2+‌ ‌is‌‌required‌‌to‌‌lower‌‌the‌‌activation‌‌energy‌‌and‌‌stabilize‌‌the‌‌transition‌‌state‌‌of‌‌the‌‌reaction.‌‌However,‌‌by‌‌adding‌‌                                         
N-acetyl-L-cysteine,‌‌Cu‌2+‌ ‌is‌‌reduced‌‌to‌‌Cu‌+‌ ‌by‌‌the‌‌lone‌‌pairs‌‌of‌‌the‌‌S‌-‌ ‌group‌‌of‌‌deprotonated‌‌N-acetyl-L-cysteine,‌‌and‌‌captured‌‌in‌‌a‌‌dimer‌‌                                           
of‌ ‌Cu(I)–cysteine‌ ‌complex‌ ‌that‌ ‌does‌ ‌not‌ ‌facilitate‌ ‌luminol‌ ‌oxidation‌ ‌(Mandal,‌ ‌2013).‌ ‌This‌ ‌process‌ ‌is‌ ‌illustrated‌ ‌by‌‌ ‌Diagram‌ ‌2‌.‌ ‌ 

‌ 
Diagram‌ ‌2‌ ‌-‌ ‌‌formation‌ ‌of‌ ‌Cu(I)-cysteine‌ ‌complex‌ ‌with‌ ‌Cu(I)‌ ‌covalently‌ ‌bonded‌ ‌to‌ ‌sulfur‌ ‌in‌ ‌a‌ ‌dimer‌ ‌of‌  ‌N-acetyl-L-cysteine‌‌ ‌  



‌ 

Nevertheless,‌ ‌this‌ ‌inhibition‌ ‌is‌ ‌only‌ ‌temporary.‌ ‌A‌ ‌cycle‌ ‌of‌ ‌chain‌ ‌reactions‌ ‌fuelled‌ ‌by‌ ‌H‌2‌O‌2‌ ‌‌leads‌ ‌to‌ ‌gradual‌ ‌oxidation‌ ‌of‌‌                                     
N-acetyl-L-cysteine,‌ ‌and‌ ‌Cu‌+‌ ‌‌is‌ ‌also‌ ‌re-oxidized‌ ‌to‌ ‌Cu‌2+‌ ‌by‌ ‌H‌2‌O‌2‌,‌ ‌restoring‌ ‌its‌ ‌catalytic‌ ‌activity.‌ ‌The‌ ‌oxidation‌ ‌reaction‌ ‌of‌‌                                   
N-acetyl-L-cysteine‌‌is‌‌known‌‌to‌‌follow‌‌a‌‌chemical‌‌chain‌‌reaction,‌‌which‌‌is‌‌often‌‌associated‌‌with‌‌reaction‌‌orders‌‌that‌‌are‌‌non-integer,‌‌or‌‌                                       
fractional‌‌reaction‌‌order‌‌(Atkins,‌‌2006).‌‌One‌‌of‌‌the‌‌mechanisms‌‌of‌‌N-acetyl-L-cysteine‌‌(‌ ‌oxidation‌‌and‌‌Cu‌+‌‌‌re-oxidation‌‌is‌‌                      H NO SH )C5 8 3              
illustrated‌ ‌by‌ ‌the‌ ‌following‌ ‌three‌ ‌equations‌ ‌according‌ ‌to‌ ‌Rigo‌ ‌(2004)‌ ‌and‌ ‌Xing‌ ‌(2012):‌ ‌ 

1)                                           ‌(fast‌ ‌and‌ ‌reversible)‌‌ ‌H NO SH ⇌ C H NO SC5 8 3 (aq) 5 8 3 
−
(aq)

  + H+
(aq)   

2)        ‌(slow)‌ ‌ ‌H NO S O H NO S   (aq)C5 8 3 
−
(aq)

  + H2 2 (aq) → C5 8 4
−
(aq) + O •

(aq)
  + H2    

3)  ‌                                     ‌(slow)‌‌ ‌O  Cu +
(aq) + H2 2 (aq) → Cu 2+

(aq) + H O2
 
(l) + O •

(aq)
    

‌Therefore,‌‌the‌‌duration‌‌taken‌‌for‌‌chemiluminescence‌‌to‌‌appear‌‌is‌‌determined‌‌by‌‌the‌‌rate‌‌at‌‌which‌‌N-acetyl-L-cysteine‌‌is‌‌consumed,‌‌which‌‌                                       
is‌‌‌in‌‌turn,‌‌influenced‌‌by‌‌the‌‌concentration‌‌of‌‌both‌‌Cu‌2+‌ ‌and‌‌H‌2‌O‌2‌ ‌due‌‌to‌‌their‌‌involvement‌‌as‌‌a‌‌catalyst‌‌and‌‌a‌‌reactant‌‌respectively‌‌in‌‌the‌‌                                                 
rate‌ ‌determining‌ ‌step‌ ‌(RDS).‌ ‌Hence,‌ ‌the‌ ‌aim‌ ‌of‌ ‌this‌ ‌experiment‌ ‌is‌ ‌to‌ ‌investigate‌ ‌how‌ ‌to‌ ‌precisely‌ ‌control‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌‌                                         
N-acetyl-L-cysteine-inhibited‌ ‌chemiluminescence‌ ‌by‌ ‌altering‌ ‌the‌ ‌concentrations‌ ‌of‌ ‌aqueous‌ ‌H‌2‌O‌2‌ ‌‌and‌ ‌Cu‌2+‌.‌ ‌This‌ ‌is‌ ‌done‌ ‌by‌ ‌first‌‌                               
calculating‌ ‌the‌ ‌rate‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌(‌V‌)‌ ‌using‌ ‌the‌ ‌recorded‌ ‌duration‌ ‌taken‌ ‌for‌ ‌a‌ ‌flash‌ ‌of‌ ‌blue‌ ‌light‌ ‌to‌ ‌appear,‌ ‌upon‌‌                                         
additions‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌(aq)‌ ‌and‌ ‌Cu‌2+‌ ‌‌(aq)‌ ‌of‌ ‌increasing‌ ‌concentrations.‌ ‌Hence,‌ ‌by‌ ‌determining‌‌the‌‌rate‌‌constants‌‌(‌k‌1‌ ‌‌and‌‌k‌2‌)‌‌and‌‌the‌‌partial‌‌                                           
reaction‌‌orders‌‌(‌p‌‌and‌‌‌q‌)‌‌with‌‌respect‌‌to‌‌each‌‌chemical‌‌species,‌‌the‌‌mixed‌‌rate‌‌law‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌will‌‌then‌‌be‌‌derived,‌‌                                           
which‌ ‌will‌ ‌serve‌ ‌to‌ ‌predict‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌cystine-inhibited‌ ‌chemiluminescence‌ ‌for‌ ‌a‌ ‌given‌ ‌amount‌ ‌of‌ ‌reactant‌ ‌and‌ ‌catalyst.‌‌ ‌  

‌Beyond‌ ‌the‌ ‌manufacture‌ ‌of‌ ‌glow‌ ‌sticks,‌ ‌being‌ ‌able‌‌to‌‌precisely‌‌predict‌‌the‌‌timing‌‌of‌‌chemiluminescence‌‌is‌‌highly‌‌important‌‌in‌‌various‌‌                                         
scientific‌‌applications,‌‌such‌‌as‌‌immunoassay‌‌and‌‌biomarkers‌‌in‌‌imaging,‌‌by‌‌which‌‌it‌‌is‌‌necessary‌‌to‌‌ensure‌‌that‌‌chemiluminescence‌‌visibly‌‌                                     
appears‌‌exactly‌‌during‌‌the‌‌interval‌‌(or‌‌at‌‌the‌‌instance)‌‌of‌‌analysis.‌‌Additionally,‌‌it‌‌is‌‌also‌‌noteworthy‌‌that‌‌cysteine‌‌is‌‌specifically‌‌chosen‌‌to‌‌                                           
be‌‌the‌‌inhibitor‌‌of‌‌Cu‌‌(II)-catalyst‌‌luminol‌‌oxidation‌‌as‌‌this‌‌essential‌‌amino‌‌acid‌‌often‌‌serves‌‌as‌‌the‌‌target‌‌of‌‌bioluminescence‌‌probes‌‌in‌‌                                           
diagnostics‌‌(Atkin,‌‌2006).‌‌Thus,‌‌exploring‌‌how‌‌cysteine‌‌inhibits‌‌chemiluminescence‌‌as‌‌well‌‌as‌‌how‌‌the‌‌concentrations‌‌of‌ ‌H‌2‌O‌2‌ ‌and‌ ‌Cu‌2+‌‌                                      

determine‌ ‌the‌ ‌duration‌ ‌of‌‌this‌‌temporary‌‌inhibition‌‌may‌‌help‌‌to‌‌minimize‌‌the‌‌amount‌‌of‌‌reagents‌‌used‌‌while‌‌still‌‌ensuring‌‌the‌‌desirable‌‌                                         
scientific‌ ‌and‌ ‌diagnostic‌ ‌outcomes.‌‌‌  

4.‌ ‌Hypothesis‌ ‌ 
It‌ ‌is‌ ‌hypothesized‌ ‌that‌ ‌the‌ ‌induction‌ ‌time‌ ‌(in‌ ‌seconds)‌ ‌of‌ ‌cysteine-inhibited‌ ‌chemiluminescence‌ ‌will‌ ‌decrease,‌ ‌and‌ ‌the‌ ‌rate‌ ‌of‌‌                                   
N-acetyl-L-cysteine‌ ‌oxidation‌ ‌will‌ ‌increase,‌ ‌as‌ ‌the‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌(aq)‌ ‌and‌ ‌Cu‌2+‌ ‌‌(aq)‌‌increases‌‌respectively.‌‌This‌‌is‌‌because‌‌the‌‌                                     
reactant‌ ‌H‌2‌O‌2‌ ‌‌is‌ ‌involved‌ ‌in‌ ‌the‌ ‌rate‌ ‌determining‌ ‌step‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌(by‌ ‌which‌ ‌increased‌ ‌its‌ ‌concentration‌ ‌would‌‌                                   
increase‌‌the‌‌frequency‌‌of‌‌collisions‌‌and‌‌shift‌‌the‌‌position‌‌of‌‌equilibrium‌‌to‌‌the‌‌right),‌‌while‌‌the‌‌catalyst‌‌Cu‌2+‌ ‌‌also‌‌speeds‌‌up‌‌this‌‌step‌‌by‌‌                                               
lowering‌‌the‌‌activation‌‌energy‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌(to‌‌induce‌‌a‌‌greater‌‌fraction‌‌of‌‌successful‌‌collisions).‌‌However,‌‌the‌‌partial‌‌                                   
reaction‌‌orders‌‌in‌‌respect‌‌to‌‌H‌2‌O‌2‌ ‌‌(aq)‌‌and‌‌Cu‌2+‌ ‌‌(aq)‌‌cannot‌‌be‌‌predicted,‌‌because‌‌they‌‌are‌‌not‌‌equal‌‌to‌‌the‌‌stoichiometric‌‌coefficients‌‌and‌‌                                             
can‌ ‌only‌ ‌be‌ ‌determined‌ ‌experimentally‌ ‌(Atkins,‌ ‌2006).‌ ‌ 
‌ 

5.‌ ‌Variables‌ ‌ 
It‌‌is‌‌important‌‌to‌‌note‌‌that‌‌22mM‌‌(rather‌‌than‌‌20mM)‌‌was‌‌chosen‌‌to‌‌be‌‌the‌‌lowest‌‌concentration‌‌of‌‌H‌2‌O‌2‌‌‌(aq)‌‌because‌‌it‌‌was‌‌evident‌‌from‌‌                                                 
the‌‌preliminary‌‌tests‌‌that‌‌22mM‌‌was‌‌the‌‌minimum‌‌concentration‌‌that‌‌allowed‌‌luminol‌‌oxidation‌‌to‌‌proceed,‌‌and‌‌in‌‌fact,‌‌the‌‌two‌‌chemical‌‌                                         
species‌ ‌do‌ ‌not‌ ‌need‌ ‌to‌ ‌be‌ ‌identical‌ ‌in‌ ‌concentrations‌ ‌for‌ ‌the‌ ‌purpose‌ ‌of‌ ‌formulating‌ ‌the‌ ‌integrated‌ ‌rate‌ ‌law.‌ ‌ 

5.4.‌ ‌Controlled‌ ‌variables‌ ‌ 

5.1.‌ ‌Independent‌ ‌variables‌ ‌ 
1)‌‌ ‌Concentration‌ ‌of‌ ‌CuSO‌4‌ ‌‌(aq):‌ ‌20mM,‌ 
40mM,‌ ‌80mM,‌ ‌160mM,‌ ‌320mM‌‌ ‌  
2)‌‌ ‌Concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌(aq):‌ ‌22mM,‌‌ 
44mM,‌ ‌88mM,‌ ‌176mM,‌ ‌352mM‌ ‌ 

5.2.‌ ‌Dependent‌ ‌variable‌ ‌ 
The‌ ‌duration‌ ‌taken‌ ‌for‌‌ 
chemiluminescence‌ ‌(a‌ ‌flash‌ ‌of‌ ‌blue‌‌ 
light)‌ ‌to‌ ‌be‌ ‌first‌ ‌observed‌ ‌by‌ ‌eyes‌‌ 
(in‌ ‌seconds)‌ ‌ 

5.3.‌ ‌Uncontrolled‌ ‌variables‌ ‌ 
1)‌‌ ‌Temperature‌ ‌loss‌ ‌to‌ ‌the‌ ‌surroundings‌ ‌before‌ ‌the‌ ‌final‌ 
temperature‌ ‌is‌ ‌registered‌‌ ‌  
2)‌‌ ‌Impurities‌ ‌in‌ ‌the‌ ‌reagents‌ ‌ 
3)‌‌ ‌The‌ ‌presence‌ ‌of‌ ‌reverse‌ ‌reactions‌ ‌and‌ ‌side‌ ‌reactions‌ ‌ 
4)‌‌ ‌Random‌ ‌fluctuations‌ ‌of‌ ‌room‌ ‌temperature‌ ‌ 

Variables‌ ‌  Impact‌ ‌on‌ ‌data‌‌ ‌   Method‌ ‌of‌ ‌control‌ ‌ 

The‌ ‌concentration‌ ‌and‌ 
amount‌ ‌of‌ ‌cysteine‌ ‌and‌‌ 
luminol‌ ‌in‌ ‌the‌ ‌reaction‌‌ 
mixture‌ ‌ 

Variations‌ ‌in‌ ‌the‌ ‌concentration‌ ‌and‌ ‌the‌ ‌amount‌ ‌of‌ ‌these‌ ‌2‌ ‌species‌‌ 
would‌ ‌result‌ ‌in‌ ‌invalid‌ ‌comparisons‌ ‌across‌ ‌the‌ ‌reaction‌ ‌rates‌‌ 
registered.‌ ‌This‌ ‌is‌ ‌because‌ ‌higher‌ ‌cysteine‌ ‌concentration‌ ‌would‌‌ 
prolong‌ ‌the‌ ‌induction‌ ‌time‌ ‌to‌ ‌a‌ ‌greater‌ ‌extent‌ ‌as‌ ‌more‌ ‌Cu(II)‌ ‌is‌ ‌ 
reduced‌ ‌to‌ ‌Cu(I),‌ ‌and‌ ‌vice‌ ‌versa.‌ ‌While‌ ‌higher‌ ‌luminol‌ ‌concentration‌‌ 
would‌ ‌lead‌ ‌to‌ ‌a‌ ‌longer‌ ‌and‌ ‌brighter‌ ‌duration‌ ‌of‌ ‌glowing,‌ ‌vice‌ ‌versa.‌ ‌ 

Prepare‌ ‌the‌ ‌stock‌ ‌solutions‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌diluted‌‌ 
solutions‌ ‌using‌ ‌bulb‌ ‌pipettes‌ ‌(1ml)‌ ‌of‌ ‌smallest‌‌ 
possible‌ ‌gradation‌ ‌available‌ ‌to‌ ‌mitigate‌ ‌random‌‌ 
errors‌ ‌and‌ ‌enhance‌ ‌precision.‌ ‌Use‌ ‌the‌ ‌same‌‌ 
measuring‌ ‌instrument‌ ‌throughout‌ ‌the‌ ‌experiment‌‌ 
to‌ ‌reduce‌ ‌systematic‌ ‌errors.‌‌ ‌  

The‌ ‌volume‌ ‌of‌  ‌H‌2‌O‌2‌‌ 
(aq)‌ ‌and‌ ‌CuSO‌4‌ ‌‌(aq)‌‌ 
added‌ ‌to‌ ‌the‌ ‌reaction‌‌ 
mixture‌ ‌(for‌ ‌each‌ ‌trial)‌ ‌ 

Since‌ ‌H‌2‌O‌2‌ ‌ ‌is‌ ‌a‌ ‌reactant‌ ‌that‌ ‌is‌ ‌present‌ ‌in‌ ‌the‌ ‌RDS‌ ‌of‌ ‌the‌ ‌reaction‌‌ 
mechanism‌ ‌of‌ ‌cysteine‌ ‌oxidation,‌ ‌and‌ ‌Cu‌2+‌serves‌ ‌as‌ ‌a‌ ‌catalyst‌ ‌that‌‌ 
accelerates‌ ‌the‌ ‌RDS‌ ‌by‌ ‌providing‌ ‌an‌ ‌alternative‌ ‌pathway‌ ‌that‌ ‌requires‌‌ 
lower‌ ‌activation‌ ‌energy,‌ ‌thus,‌ ‌under‌ ‌constant‌ ‌concentration,‌ ‌if‌ ‌a‌ ‌higher‌‌ 

All‌ ‌solutions‌ ‌are‌ ‌measured‌ ‌with‌ ‌bulb‌ ‌pipettes‌‌ 
(1ml)‌ ‌of‌ ‌smallest‌ ‌possible‌ ‌gradation‌ ‌available.‌‌ 
This‌ ‌apt‌ ‌choice‌ ‌of‌ ‌measuring‌ ‌equipment‌ ‌reduces‌‌ 
the‌ ‌random‌ ‌error‌ ‌inherent‌ ‌in‌ ‌estimating‌ ‌the‌ ‌last‌‌ 



‌ 

6.‌ ‌Materials‌ ‌ 

‌ 
7.‌ ‌Method‌ 
1.‌‌Anhydrous‌‌luminol‌‌(1.00g),‌‌anhydrous‌‌N-acetyl-L-cysteine‌‌(3.00g),‌‌Na‌2‌CO‌3‌(s)‌‌(2.00g),‌‌NaHCO‌3‌(s)(12.00g),‌‌and‌‌(NH‌4‌)‌2‌CO‌3‌(s)‌‌(0.25g)‌‌                         
were‌‌weighed‌‌using‌‌a‌‌digital‌‌scale‌‌and‌‌added‌‌to‌‌a‌‌clearly-labeled‌‌500ml‌‌beaker.‌‌Distilled‌‌water‌‌was‌‌first‌‌added‌‌roughly‌‌using‌‌a‌‌funnel‌‌to‌‌                                             
just‌‌below‌‌the‌‌500ml‌‌mark‌‌of‌‌the‌‌500ml‌‌beaker.‌‌The‌‌solution‌‌was‌‌then‌‌topped‌‌up‌‌drop-wise‌‌using‌‌a‌‌5ml‌‌bulb‌‌pipette‌‌until‌‌the‌‌bottom‌‌of‌‌                                                 
the‌ ‌meniscus‌ ‌sat‌ ‌exactly‌ ‌at‌ ‌the‌ ‌500ml‌ ‌mark‌ ‌when‌ ‌viewed‌ ‌from‌ ‌an‌ ‌eye-level.‌ ‌In‌ ‌the‌ ‌following‌ ‌procedures,‌ ‌all‌ ‌steps‌ ‌involving‌ ‌making‌‌                                         
solutions‌ ‌to‌ ‌a‌ ‌certain‌ ‌volume‌ ‌were‌ ‌done‌ ‌using‌ ‌this‌ ‌method‌ ‌to‌ ‌mitigate‌ ‌random‌ ‌uncertainties.‌ ‌ 
2.‌‌‌10mM,‌‌‌20mM,‌‌40mM,‌‌80mM,‌‌160mM‌‌and‌‌320mM‌‌copper‌‌solutions‌‌were‌‌prepared‌‌by‌‌weighing‌‌0.16g,‌‌0.32g,‌‌0.64g,‌‌1.28g,‌‌2.56g‌‌and‌                                       
5.12g‌‌anhydrous‌‌CuSO‌4‌ ‌‌respectively.‌‌Each‌‌of‌‌the‌‌five‌‌weighed‌‌CuSO‌4‌(s)‌‌samples‌‌were‌‌dissolved‌‌in‌‌distilled‌‌water‌‌(100ml)‌‌in‌‌5‌‌separate‌‌                                       
100ml‌ ‌measuring‌ ‌cylinders.‌‌ ‌  
3.‌ ‌Diluted‌ ‌H‌2‌O‌2‌ ‌‌solutions‌ ‌of‌‌5‌‌different‌‌concentrations‌‌were‌‌prepared‌‌from‌‌6%‌‌(1.76M)‌‌stock‌‌H‌2‌O‌2‌ ‌‌(aq).‌‌This‌‌was‌‌done‌‌by‌‌using‌‌a‌‌1ml‌‌                                             
bulb‌‌pipette‌‌to‌‌transfer‌‌5‌‌lots‌‌of‌‌1ml‌‌1.76M‌‌H‌2‌O‌2‌ ‌‌into‌‌4‌‌separate‌‌100ml‌‌measuring‌‌cylinders‌‌and‌‌topped‌‌up‌‌using‌‌distilled‌‌water‌‌to‌‌80ml‌‌                                               
(give‌ ‌22mM‌ ‌H‌2‌O‌2‌),‌ ‌40ml‌ ‌(give‌ ‌44mM),‌ ‌20ml‌ ‌(give‌ ‌88mM),‌ ‌10ml‌ ‌(give‌ ‌176mM)‌ ‌and‌ ‌5ml‌ ‌(give‌ ‌352mM)‌ ‌respectively.‌‌ ‌  

volume‌ ‌of‌ ‌ ‌‌H‌2‌O‌2‌ ‌ ‌‌or‌ ‌Cu‌2+‌is‌ ‌added‌ ‌to‌ ‌the‌ ‌reaction‌ ‌mixture,‌ ‌the‌ ‌induction‌‌ 
time‌ ‌of‌ ‌chemiluminescence‌ ‌is‌ ‌likely‌ ‌to‌ ‌decrease.‌ ‌On‌ ‌the‌ ‌other‌ ‌hand,‌‌ 
the‌ ‌rate‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌is‌ ‌likely‌ ‌to‌ ‌increase‌ ‌if‌ ‌a‌‌ 
greater‌ ‌volume‌ ‌of‌ ‌ ‌‌H‌2‌O‌2‌ ‌ ‌‌or‌ ‌Cu‌2+‌is‌ ‌applied.‌‌ 

uncertainty‌ ‌digit,‌ ‌which‌ ‌helps‌ ‌to‌ ‌increase‌ ‌the‌‌ 
precision‌ ‌of‌ ‌the‌ ‌measurements‌ ‌by‌ ‌minimizing‌‌ 
random‌ ‌uncertainty.‌ ‌ 

The‌ ‌amount‌ ‌of‌‌ 
dissolved‌ ‌oxygen‌ ‌in‌ ‌the‌‌ 
reaction‌ ‌mixture‌ ‌(in‌‌ 
mols)‌ ‌ 

Dissolved‌ ‌oxygen‌ ‌in‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌can‌ ‌cause‌ ‌unwanted‌‌ 
oxidation‌ ‌that‌ ‌is‌ ‌not‌ ‌induced‌ ‌by‌ ‌the‌ ‌oxidizing‌ ‌agent‌ ‌under‌‌ 
investigation‌ ‌(H‌2‌O‌2‌ ‌‌).‌ ‌If‌ ‌there‌ ‌were‌ ‌a‌ ‌significant‌ ‌difference‌ ‌in‌ ‌the‌‌ 
amount‌ ‌of‌ ‌dissolved‌ ‌oxygen,‌ ‌then‌ ‌the‌ ‌data‌ ‌collected‌ ‌would‌ ‌be‌ ‌less‌‌ 
valid‌ ‌in‌ ‌indicating‌ ‌the‌ ‌extent‌ ‌to‌ ‌which‌ ‌copper‌ ‌ions‌ ‌have‌ ‌restored‌ ‌their‌‌ 
catalytic‌ ‌activity‌ ‌solely‌ ‌due‌ ‌to‌ ‌the‌ ‌oxidation‌ ‌of‌ ‌cysteine‌ ‌to‌ ‌cystine.‌ ‌ 

Unwanted‌ ‌oxygen‌ ‌dissolution‌ ‌is‌ ‌mitigated‌ ‌by‌‌ 
shaking‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌(in‌ ‌a‌ ‌test‌ ‌tube‌ ‌with‌‌ 
screw-on‌ ‌cap)‌ ‌instead‌ ‌of‌ ‌stirring‌ ‌it‌ ‌with‌ ‌a‌ ‌glass‌‌ 
rod.‌ ‌This‌ ‌reduces‌ ‌the‌ ‌exposure‌ ‌to‌ ‌oxygen‌ ‌gas‌‌ 
throughout‌ ‌the‌ ‌mixing‌ ‌process,‌ ‌thus,‌ ‌ensuring‌ ‌the‌‌ 
integrity‌ ‌of‌ ‌the‌ ‌solution.‌ ‌ 

The‌ ‌duration‌ ‌of‌‌ 
shaking‌ ‌the‌ ‌reaction‌‌ 
mixture‌‌ ‌  

Shaking‌ ‌can‌ ‌transfer‌ ‌kinetic‌ ‌energy‌ ‌to‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌which‌ 
increases‌ ‌both‌ ‌the‌ ‌frequency‌ ‌of‌ ‌particle‌ ‌collision‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌energy‌‌ 
upon‌ ‌collision.‌ ‌Longer‌ ‌shaking‌ ‌duration‌ ‌would‌ ‌result‌ ‌in‌ ‌a‌ ‌faster‌ ‌initial‌‌ 
rate‌ ‌of‌ ‌cysteine‌ ‌oxidation‌ ‌as‌ ‌well‌ ‌as‌ ‌greater‌ ‌proportion‌ ‌of‌ ‌reactant‌‌ 
particles‌ ‌overcoming‌ ‌the‌ ‌activation‌ ‌energy‌ ‌threshold,‌ ‌and‌ ‌vice‌ ‌versa.‌ ‌ 

Shake‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌exactly‌ ‌twice‌ ‌for‌ ‌each‌‌ 
trial‌ ‌in‌ ‌a‌ ‌standardised‌ ‌manner.‌ ‌Carry‌ ‌out‌ ‌repeated‌‌ 
trials‌ ‌and‌ ‌take‌ ‌the‌ ‌mean‌ ‌values‌ ‌of‌ ‌the‌ ‌results‌‌ 
registered‌ ‌in‌ ‌order‌ ‌to‌ ‌compensate‌ ‌for‌ ‌potential‌‌ 
human‌ ‌differences‌ ‌in‌ ‌shaking.‌‌ ‌  

The‌ ‌initial‌ 
temperature‌ ‌of‌ ‌all‌‌ 
aqueous‌ ‌solutions‌‌ ‌  

‌ 

Since‌ ‌cysteine‌ ‌oxidation‌ ‌is‌ ‌an‌ ‌exothermic‌ ‌reaction,‌ ‌higher‌ ‌temperature‌‌ 
of‌ ‌initial‌ ‌solutions‌ ‌would‌ ‌shift‌ ‌the‌ ‌position‌ ‌of‌ ‌equilibrium‌ ‌to‌ ‌the‌ ‌left,‌‌ 
hence,‌ ‌reducing‌ ‌the‌ ‌concentration‌ ‌of‌ ‌cystine‌ ‌converted‌ ‌from‌ ‌cysteine,‌‌ 
and‌ ‌vice‌ ‌versa.‌  ‌This‌ ‌would‌ ‌introduce‌  ‌another‌ ‌extraneous‌ ‌variable‌ ‌to‌‌ 
the‌ ‌induction‌ ‌time‌ ‌of‌ ‌luminol‌ ‌oxidation.‌ ‌ 

Place‌ ‌all‌ ‌the‌ ‌stock‌ ‌solutions‌ ‌and‌ ‌distilled‌ ‌water‌ ‌at‌‌ 
room‌ ‌temperature‌ ‌in‌ ‌the‌ ‌laboratory‌ ‌(where‌ ‌the‌‌ 
experiment‌ ‌is‌ ‌conducted)‌ ‌for‌ ‌at‌ ‌least‌ ‌2‌ ‌hours‌‌ 
beforehand.‌ ‌Avoid‌ ‌direct‌ ‌sunlight‌ ‌by‌ ‌setting‌ ‌up‌‌ 
the‌ ‌work‌ ‌station‌ ‌away‌ ‌from‌ ‌the‌ ‌windows.‌‌ ‌  

Exposure‌ ‌to‌ ‌sunlight‌ ‌  Cu‌2+‌‌ ‌can‌ ‌be‌ ‌photochemically‌ ‌reduced‌ ‌to‌ ‌Cu‌+‌‌ ‌via‌ ‌free‌ ‌radical‌‌ 
mechanism‌ ‌by‌ ‌hydroxyl‌ ‌radicals‌ ‌generated‌ ‌from‌ ‌the‌ ‌photolysis‌ ‌of‌‌ 
H‌2‌O‌2‌‌ ‌(Xing,‌ ‌2012).‌ ‌Additionally,‌ ‌cysteine-Cu‌ ‌complexes‌ ‌can‌‌ 
dissociate,‌ ‌resulting‌ ‌in‌ ‌the‌ ‌generation‌ ‌of‌  ‌Cu‌+‌‌ ‌(Xing,‌ ‌2012).‌ ‌ 

Close‌ ‌the‌ ‌curtain‌ ‌of‌ ‌the‌ ‌room‌ ‌throughout‌ ‌the‌‌ 
entire‌ ‌procedure‌ ‌of‌ ‌the‌ ‌experiment.‌ ‌Carry‌ ‌out‌ ‌all‌‌ 
trials‌ ‌with‌ ‌samples‌ ‌in‌ ‌the‌ ‌painted‌ ‌black‌ ‌box‌ ‌and‌‌ 
stay‌ ‌away‌ ‌from‌ ‌window‌ ‌benches.‌‌ ‌  

Equipment‌ ‌  Quantity‌ ‌  Uncertainty‌‌ ‌   ‌  Chemicals‌ ‌  Quantity‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 5‌ ‌ml‌ ‌glass‌ ‌bulb‌ ‌pipette‌ ‌ 

‌  ‌  ‌  ‌  ‌  ‌ 1‌ ‌ ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  0.05‌ ‌ml‌ ‌±  
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 1.76‌ ‌M‌ ‌H‌2‌O‌2‌‌ ‌(aq)‌ ‌ ‌   ‌ 

‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 4.00‌ ‌ml‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 1‌ ‌ml‌ ‌glass‌ ‌bulb‌ ‌pipette‌ ‌ 

‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 4‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  0.005‌ ‌ml‌ ‌±  ‌  ‌  ‌  ‌ 

‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ Anhydrous‌ ‌N-acetyl-L-cysteine‌‌ ‌  
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 10.08‌ ‌g‌ ‌ 

‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌   ‌ Digital‌ ‌stopwatch‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 1‌ ‌ 

‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  0.01‌ ‌s‌‌ ‌±   
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ Anhydrous‌  ‌CuSO‌4‌ ‌‌(s)‌‌ ‌  ‌ 

‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 2.00‌ ‌g‌ ‌ 

‌  ‌  ‌ 100‌ ‌ml‌ ‌measuring‌ ‌cylinder‌ ‌ 
‌  ‌  ‌ 8‌ ‌ ‌ 

‌  ‌  0.5‌ ‌ml‌ ‌±   ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ Anhydrous‌ ‌luminol‌‌ ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 0.10‌ ‌g‌ ‌ 

‌  ‌ Westlab‌ ‌digital‌ ‌scale‌ ‌  ‌  ‌ 1‌ ‌  ‌  ‌  0.01‌ ‌g‌ ‌±   ‌  ‌  ‌  ‌  ‌  ‌  ‌ Na‌2‌CO‌3‌(s)‌ ‌  ‌  ‌  ‌  ‌  ‌ 2.00‌ ‌g‌ ‌ 

‌  ‌  ‌  ‌  ‌  ‌ 500‌ ‌ml‌ ‌glass‌ ‌beaker‌ ‌  ‌  ‌  ‌  ‌  ‌  ‌ 1‌ ‌  ‌  ‌  ‌  ‌  ‌  ‌  25‌ ‌ml‌ ‌±   ‌  ‌  ‌  ‌  ‌  ‌  ‌ NaHCO‌3‌(s)‌ ‌  ‌  ‌  ‌  ‌  ‌ 12.00‌ ‌g‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌ Mercury‌ ‌thermometer‌ ‌  ‌  ‌  ‌  ‌  ‌ 1‌ ‌  ‌  ‌  ‌  ‌  ‌  0.5‌°‌C‌ ‌±   ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ (NH‌4‌)‌2‌CO‌3‌‌ ‌(s)‌ ‌  ‌  ‌  ‌  ‌  ‌ 0.25‌ ‌g‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌ 10‌ ‌ml‌ ‌test‌ ‌tubes‌ ‌with‌ ‌screw-on‌ ‌cap‌ ‌  ‌  ‌  ‌  ‌  ‌  ‌ 7‌ ‌  ‌  ‌  ‌  ‌  0.25‌ ‌ml‌ ‌±   ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ Distilled‌ ‌water‌ ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 1100‌ ‌ml‌ ‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 4‌ ‌ml‌ ‌glass‌ ‌vials‌ ‌ 

‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌ 7‌ ‌ 
‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌  ‌   ‌  ‌  ‌  ‌  ‌  ‌ 

‌  ‌  ‌ A‌ ‌painted‌ ‌black‌ ‌cardboard‌ ‌box‌ ‌ 
‌  ‌  ‌  ‌ 1‌ ‌ 

‌  ‌  ‌ 



4.‌‌To‌‌avoid‌‌contamination,‌‌another‌‌1ml‌‌bulb‌‌pipette‌‌was‌‌used‌‌to‌‌transfer‌‌1ml‌‌of‌‌the‌‌contents‌‌in‌‌the‌‌500ml‌‌beaker‌‌to‌‌a‌‌plastic‌‌10ml‌‌test‌‌tube‌‌                                                   
with‌ ‌screw-on‌ ‌cap.‌‌ ‌  
5.‌‌‌Referring‌‌to‌‌‌Table‌‌1‌‌below,‌‌two‌‌separate‌‌1ml‌‌pipettes‌‌were‌‌used‌‌to‌‌charge‌‌a‌‌4ml‌‌glass‌‌vial‌‌with‌‌0.1ml‌‌10mM‌‌solution,‌‌and‌‌1.0ml‌‌22mM‌‌                                                 
H‌2‌O‌2‌ ‌‌solution.‌ ‌This‌ ‌made‌ ‌up‌ ‌‘concentration‌ ‌set‌ ‌1‌ ‌(‌[C]‌ ‌set‌ ‌#1‌)’.‌ ‌ 

6.‌ ‌‌The‌ ‌4ml‌ ‌filled‌ ‌glass‌ ‌vial‌ ‌was‌ ‌carefully‌ ‌inserted‌ ‌into‌ ‌the‌ ‌filled‌ ‌10ml‌ ‌test‌ ‌tube‌ ‌with‌ ‌screw-on‌ ‌cap‌ ‌without‌ ‌allowing‌ ‌the‌ ‌contents‌ ‌to‌ ‌mix.‌ ‌ 
7.‌ ‌‌The‌‌room‌‌light‌‌was‌‌switched‌‌off‌‌and‌‌the‌‌subsequent‌‌procedures‌‌were‌‌performed‌‌with‌‌the‌‌samples‌‌placed‌‌in‌‌the‌‌black‌‌cardboard‌‌box.‌‌                                           
The‌‌10ml‌‌test‌‌tube‌‌was‌‌sealed‌‌and‌‌shaken‌‌vigorously‌‌twice‌‌in‌‌order‌‌to‌‌mix‌‌in‌‌the‌‌contents‌‌in‌‌the‌‌4ml‌‌glass‌‌vial.‌‌The‌‌timer‌‌was‌‌started‌‌at‌‌                                                     
the‌ ‌exact‌ ‌instance‌ ‌when‌ ‌shaking‌ ‌began.‌‌ ‌  
8.‌‌‌After‌‌shaking,‌‌the‌‌timer‌‌was‌‌stopped‌‌at‌‌the‌‌time‌‌when‌‌a‌‌flash‌‌of‌‌blue‌‌light‌‌was‌‌observed.‌‌The‌‌duration‌‌taken‌‌for‌‌chemiluminescence‌‌to‌‌                                               
appear‌ ‌(in‌ ‌seconds)‌ ‌in‌ ‌the‌ ‌first‌ ‌trial‌ ‌of‌ ‌concentration‌ ‌set‌ ‌1‌ ‌was‌ ‌recorded‌ ‌in‌ ‌the‌ ‌raw‌ ‌data‌ ‌table‌ ‌(‌table‌ ‌2‌).‌‌ ‌  
9.‌‌Immediately,‌‌a‌‌mercury‌‌thermometer‌‌was‌‌used‌‌to‌‌measure‌‌the‌‌final‌‌temperature‌‌(‌°‌C)‌‌of‌‌the‌‌reaction‌‌mixture.‌‌The‌‌data‌‌registered‌‌was‌‌                                         
also‌ ‌recorded‌ ‌in‌ ‌‌table‌ ‌2.‌ ‌ 
10.‌ ‌‌Step‌‌ ‌4‌ ‌-‌ ‌9‌‌ ‌was‌ ‌repeated‌ ‌for‌ ‌another‌ ‌4‌ ‌trials‌ ‌for‌ ‌concentration‌ ‌set‌ ‌1.‌ ‌Hence,‌ ‌5‌ ‌trials‌ ‌in‌ ‌total‌ ‌were‌ ‌carried‌ ‌out‌ ‌for‌ ‌each‌ ‌concentration‌ ‌set.‌ ‌ 
11.‌ ‌Referring‌ ‌to‌ ‌‌table‌ ‌1‌,‌ ‌step‌ ‌4‌ ‌-10‌ ‌was‌ ‌repeated‌ ‌for‌ ‌the‌ ‌remaining‌‌concentration‌‌sets‌‌(2-10).‌‌All‌‌pipettes‌‌were‌‌rinsed‌‌thoroughly‌‌with‌‌                                           
distilled‌‌water‌‌first,‌‌then‌‌rinsed‌‌with‌‌their‌‌respective‌‌solutions,‌‌before‌‌the‌‌next‌‌concentration‌‌set‌‌was‌‌tested.‌‌To‌‌avoid‌‌contamination,‌‌a‌‌new‌‌                                         
4ml‌ ‌glass‌ ‌vial‌ ‌and‌ ‌a‌ ‌new‌ ‌10ml‌ ‌test‌ ‌tube‌ ‌with‌ ‌screw-on‌ ‌cap‌ ‌were‌ ‌used‌ ‌for‌ ‌each‌ ‌different‌ ‌concentration‌ ‌set.‌‌ ‌  
12.‌‌All‌‌raw‌‌data‌‌collected‌‌from‌‌the‌‌procedures‌‌documented‌‌above‌‌were‌‌recorded‌‌in‌‌‌table‌‌2‌‌‌and‌‌table‌‌3.‌‌‌This‌‌data‌‌was‌‌used‌‌to‌‌calculate‌‌the‌‌                                                 
average‌‌induction‌‌time‌‌(in‌‌seconds)‌‌according‌‌to‌‌equation‌‌10‌‌in‌‌section‌‌9.4.5,‌‌which‌‌was‌‌then‌‌recorded‌‌in‌‌‌table‌‌4‌‌in‌‌section‌‌9.3‌‌(processed‌‌                                             
data).‌ ‌In‌ ‌addition,‌ ‌as‌ ‌described‌ ‌by‌‌section‌‌9.4‌‌(data‌‌processing‌‌method),‌‌the‌‌temperature‌‌data‌‌were‌‌then‌‌used‌‌to‌‌normalize‌‌the‌‌recorded‌‌                                         
induction‌ ‌time‌ ‌to‌ ‌what‌‌would‌‌be‌‌observed‌‌at‌‌25‌°‌C,‌‌before‌‌the‌‌normalised‌‌average‌‌induction‌‌time‌‌and‌‌normalised‌‌reaction‌‌rate‌‌(‌t‌able‌‌4‌)‌ ‌                                         
were‌ ‌calculated‌ ‌according‌ ‌to‌ ‌equation‌ ‌1‌ ‌(section‌ ‌9.4.1)‌  ‌and‌ ‌equation‌ ‌2‌ ‌(section‌ ‌9.4.2)‌ ‌respectively.‌ ‌ 
‌ 

Adaptation‌‌of‌‌method:‌‌‌The‌‌method‌‌used‌‌is‌‌partially‌‌inspired‌‌by‌‌the‌‌2018‌‌International‌‌Chemistry‌‌Olympiad‌‌(‌Almássy,‌‌2018)‌,‌‌however,‌‌it‌‌                                     
has‌ ‌been‌ ‌modified‌ ‌extensively‌ ‌by‌ ‌conducting‌ ‌trial‌ ‌and‌ ‌error‌ ‌throughout‌ ‌this‌ ‌investigation‌ ‌in‌ ‌an‌ ‌attempt‌ ‌to‌ ‌accommodate‌ ‌factors‌ ‌like‌‌                                     
unchangeable‌ ‌low‌ ‌room‌‌temperature.‌‌At‌‌first,‌‌by‌‌adapting‌‌the‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌ ‌‌concentrations‌‌used‌‌in‌‌the‌‌2018‌‌International‌‌Olympiad,‌‌it‌‌                                       
was‌ ‌evident‌ ‌that‌ ‌no‌ ‌glowing‌ ‌appeared‌ ‌(after‌ ‌10‌ ‌minutes‌ ‌of‌ ‌waiting)‌ ‌and‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌turned‌ ‌green‌ ‌(due‌ ‌to‌ ‌side‌ ‌reaction).‌ ‌To‌‌                                           
overcome‌‌this‌‌issue,‌‌the‌‌following‌‌modifications‌‌were‌‌made:‌‌1)‌‌Cu‌2+‌ ‌solutions‌‌were‌‌diluted‌‌by‌‌increasing‌‌dilution‌‌factors‌‌until‌‌reaching‌‌a‌‌                                       
concentration‌ ‌range‌ ‌that‌ ‌was‌ ‌high‌ ‌enough‌ ‌to‌ ‌allow‌ ‌successful‌ ‌catalytic‌ ‌activity‌ ‌while‌ ‌low‌ ‌enough‌ ‌to‌ ‌allow‌ ‌N-acetyl-L-cysteine‌ ‌to‌‌                                   
outcompete‌‌Cu‌2+‌ ‌for‌‌oxidation;‌‌2)‌‌The‌‌concentration‌‌of‌‌H‌2‌O‌2‌ ‌was‌‌increased‌‌by‌‌doubling‌‌it‌‌each‌‌time‌‌until‌‌it‌‌was‌‌concentrated‌‌enough‌‌to‌‌                                           
excite‌ ‌luminol‌ ‌(induce‌ ‌chemiluminescence)‌ ‌to‌ ‌an‌ ‌easily‌ ‌observable‌ ‌extent‌ ‌and‌ ‌to‌ ‌consume‌ ‌N-acetyl-L-cysteine‌ ‌within‌ ‌a‌ ‌viable‌ ‌time‌ ‌frame.‌ ‌ 

‌ 

8.‌ ‌Risk‌ ‌assessment‌ ‌ 
8.1.‌ ‌Safety-‌ ‌handling‌ ‌chemicals:‌ ‌‌H‌2‌O‌2‌ ‌‌,‌ ‌luminol‌ ‌and‌ ‌CuSO‌4‌ ‌‌can‌ ‌cause‌ ‌irritation‌ ‌or‌ ‌damage‌ ‌to‌ ‌eyes,‌ ‌skin‌ ‌and‌ ‌the‌ ‌respiratory‌ ‌system.‌‌                                         
N-acetyl-L-cysteine‌‌is‌‌generally‌‌safe‌‌but‌‌may‌‌cause‌‌nausea‌‌and‌‌vomiting.‌‌‌Na‌2‌CO‌3‌‌‌,‌‌NaHCO‌3‌‌‌,‌‌and‌‌(NH‌4‌)‌2‌CO‌3‌ ‌‌are‌‌bases‌‌that‌‌may‌‌gelatinize‌‌                                         
skin‌‌tissue‌‌that‌‌are‌‌destructive‌‌and‌‌hard‌‌to‌‌remove.‌‌Hence,‌‌when‌‌handling‌‌all‌‌chemicals,‌‌it‌‌is‌‌compulsory‌‌to‌‌wear‌‌safety‌‌goggles,‌‌gloves‌‌                                           
and‌‌ensure‌‌access‌‌to‌‌eyewash‌‌stations‌‌at‌‌all‌‌times.‌‌In‌‌the‌‌event‌‌of‌‌accidental‌‌exposure,‌‌perform‌‌first‌‌aid‌‌(such‌‌as‌‌flushing‌‌eyes/skin,‌‌cover‌‌                                             
irritated‌ ‌skin‌ ‌with‌ ‌an‌ ‌emollient)‌ ‌and‌ ‌seek‌ ‌medical‌ ‌attention‌ ‌immediately.‌ ‌Reacted‌ ‌chemicals‌ ‌should‌ ‌also‌ ‌be‌ ‌disposed‌ ‌safely‌ ‌into‌ ‌the‌‌                                     
non-halogenated‌ ‌organic‌ ‌waste‌ ‌bottle‌ ‌in‌ ‌the‌ ‌fume‌ ‌hood‌ ‌of‌ ‌the‌ ‌laboratory.‌‌ ‌  
8.2.‌ ‌Safety‌ ‌-‌ ‌handling‌ ‌equipment:‌ ‌‌Glass‌ ‌pipettes,‌ ‌beakers‌ ‌and‌ ‌the‌ ‌thermometer‌ ‌may‌‌cause‌‌accidental‌‌cutting‌‌and‌‌bleeding‌‌if‌‌broken.‌‌                                     
Hence,‌‌double‌‌check‌‌for‌‌stress‌‌lines‌‌and‌‌chipped‌‌rims‌‌before‌‌use.‌‌Additionally,‌‌if‌‌the‌‌mercury‌‌thermometer‌‌is‌‌broken,‌‌mercury‌‌beads‌‌can‌‌                                         
evaporate‌‌into‌‌the‌‌surrounding‌‌and‌‌become‌‌toxic.‌‌Hence,‌‌always‌‌use‌‌two‌‌hands‌‌to‌‌carry‌‌the‌‌glass‌‌equipment,‌‌and‌‌gloves‌‌should‌‌be‌‌worn‌‌                                           
when‌ ‌there‌ ‌is‌ ‌a‌ ‌risk‌ ‌of‌ ‌breakage.‌ ‌In‌ ‌the‌ ‌event‌ ‌of‌ ‌an‌ ‌accident,‌ ‌broken‌ ‌pipettes‌ ‌and‌ ‌beakers‌ ‌should‌ ‌be‌ ‌disposed‌ ‌safely‌ ‌into‌ ‌the‌ ‌shared‌‌                                               
broken-glass‌ ‌box‌ ‌in‌ ‌the‌ ‌laboratory,‌ ‌and‌ ‌wounds‌ ‌should‌ ‌be‌ ‌washed‌ ‌first‌ ‌before‌‌treating‌‌with‌‌bandages.‌‌Leaked‌‌mercury‌‌beads‌‌from‌‌the‌‌                                       
thermometer‌ ‌should‌ ‌be‌ ‌collected‌ ‌onto‌ ‌a‌ ‌damp‌ ‌paper‌ ‌towel‌ ‌using‌ ‌an‌ ‌eyedropper.‌ ‌Notify‌ ‌the‌ ‌lab‌ ‌technician‌ ‌immediately.‌ ‌ 
8.3.‌ ‌Environmental‌‌risks‌‌and‌‌waste‌‌disposal:‌‌‌There‌‌would‌‌be‌‌no‌‌significant‌‌environmental‌‌risks‌‌associated‌‌with‌‌this‌‌experiment‌‌if‌‌all‌‌                                     
wastes‌‌were‌‌disposed‌‌appropriately‌‌into‌‌the‌‌shared‌‌organic‌‌waste‌‌bottle‌‌in‌‌the‌‌laboratory.‌‌In‌‌addition,‌‌stoichiometry‌‌is‌‌attentively‌‌carried‌‌                                     
out‌ ‌prior‌ ‌to‌ ‌the‌ ‌experiment‌ ‌to‌ ‌estimate‌ ‌the‌ ‌amount‌ ‌of‌ ‌reagents‌ ‌required,‌ ‌thus,‌ ‌minimizing‌ ‌chemical‌ ‌wastes‌ ‌associated‌ ‌with‌ ‌this‌‌                                     
investigation.‌‌ ‌  
8.4.‌ ‌Ethics:‌ ‌‌If‌ ‌8.1-‌ ‌8.3‌ ‌were‌ ‌thoroughly‌ ‌followed,‌ ‌then‌ ‌no‌ ‌problematic‌ ‌ethical‌ ‌issues‌ ‌would‌ ‌be‌ ‌present‌ ‌in‌ ‌this‌ ‌experiment‌ ‌due‌ ‌to‌ ‌the‌                                           
exclusion‌‌of‌‌non-human‌‌living‌‌organisms,‌‌as‌‌well‌‌as‌‌the‌‌avoidance‌‌of‌‌environmental‌‌pollution‌‌and‌‌harm‌‌to‌‌health.‌‌Additionally,‌‌there‌‌are‌‌                                       
no‌‌ethical‌‌considerations‌‌in‌‌regard‌‌to‌‌the‌‌access‌‌of‌‌data‌‌since‌‌no‌‌second-hand‌‌data‌‌is‌‌used.‌‌All‌‌academic‌‌literature‌‌and‌‌resources‌‌used‌‌are‌‌                                             
referenced‌ ‌in‌ ‌the‌ ‌bibliography.‌ ‌Lastly,‌ ‌there‌ ‌is‌ ‌no‌ ‌conflict‌ ‌of‌ ‌interest.‌ ‌ 

‌ 

Table‌ ‌1-‌ ‌‌The‌ ‌concentrations‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌(aq)‌ ‌and‌ ‌CuSO‌4‌(aq)‌ ‌in‌ ‌each‌ ‌concentration‌ ‌set‌ ‌transferred‌ ‌to‌ ‌the‌ ‌4ml‌ ‌glass‌ ‌vial‌‌ ‌  

‌   Concentration‌ ‌(mM)‌ ‌ 

Chemicals‌ ‌  [C]‌ ‌Set‌ ‌#1‌ ‌  [C]‌ ‌Set‌ ‌#2‌ ‌  [C]‌ ‌Set‌ ‌#3‌ ‌  [C]‌ ‌Set‌ ‌#4‌ ‌  [C]‌ ‌Set‌ ‌#5‌ ‌  [C]‌ ‌Set‌ ‌#6‌ ‌  [C]‌ ‌Set‌ ‌#7‌ ‌  [C]‌ ‌Set‌ ‌#8‌ ‌  [C]‌ ‌Set‌ ‌#9‌ ‌  [C]‌ ‌Set‌ ‌#10‌ ‌ 

CuSO‌4‌‌ ‌(aq)‌ ‌  10‌‌  10‌ ‌  10‌ ‌  10‌ ‌  10‌ ‌  20‌ ‌  40‌ ‌  80‌ ‌  160‌ ‌  320‌ ‌ 

H‌2‌O‌2‌ ‌ ‌(aq)‌ ‌  22‌ ‌  44‌ ‌  88‌ ‌  176‌ ‌  352‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌ 



9.‌ ‌Results‌ ‌ 
‌ 

9.1.‌ ‌Raw‌ ‌data‌ ‌table‌‌ ‌  
It‌‌is‌‌important‌‌to‌‌note‌‌that‌‌two‌‌negative‌‌controlled‌‌samples‌‌(without‌‌the‌‌addition‌‌of‌‌any‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌)‌‌were‌‌also‌‌observed.‌‌As‌‌expected,‌‌                                             
no‌‌detectable‌‌evidence‌‌indicating‌‌chemical‌‌changes‌‌appeared‌‌in‌‌the‌‌reaction‌‌mixture.‌‌Hence,‌‌the‌‌negative‌‌controlled‌‌sample‌‌is‌‌excluded‌‌                                   
from‌ ‌the‌ ‌raw‌ ‌data‌ ‌table.‌ ‌‌Table‌ ‌2‌‌ ‌and‌ ‌‌table‌ ‌3‌‌ ‌display‌ ‌the‌ ‌raw‌ ‌data‌ ‌collected‌ ‌for‌ ‌concentration‌ ‌set‌ ‌1-10‌ ‌throughout‌ ‌5‌ ‌trials.‌ ‌ 

‌ 

The‌‌upper‌‌fence‌‌(Q3+1.5‌ IQR)‌‌and‌‌the‌‌lower‌‌fence‌‌(Q1‌ 1.5‌ IQR)‌‌of‌‌the‌‌5‌‌trials‌‌for‌‌each‌‌concentration‌‌set‌‌are‌‌calculated.‌‌In‌‌‌t‌able‌‌3,‌‌      ×           − ×                            
The‌‌two‌‌data‌‌points‌‌highlighted‌‌in‌‌red‌‌are‌‌identified‌‌as‌‌outliers,‌‌because‌‌0.15‌‌is‌‌less‌‌than‌‌the‌‌lower‌‌fence‌‌0.25,‌‌and‌‌1.02‌‌is‌‌greater‌‌than‌‌the‌‌                                                   
upper‌‌fence‌‌0.85.‌‌These‌‌two‌‌outliers‌‌are‌‌excluded‌‌from‌‌all‌‌subsequent‌‌data‌‌processing.‌‌It‌‌is‌‌unsurprising‌‌to‌‌see‌‌outliers‌‌for‌‌concentration‌‌                                         
set‌‌10‌‌as‌‌chemiluminescence‌‌appeared‌‌so‌‌swiftly‌‌such‌‌that‌‌human‌‌reaction‌‌time‌‌played‌‌a‌‌greater‌‌role‌‌in‌‌the‌‌random‌‌uncertainty‌‌of‌‌timing.‌‌                                           
Furthermore,‌ ‌the‌ ‌uncertainty‌ ‌of‌ ‌the‌ ‌induction‌ ‌time‌ ‌in‌ ‌‌table‌ ‌2‌‌ ‌and‌ ‌‌table‌ ‌3‌‌ ‌was‌ ‌determined‌ ‌as‌ ‌follows:‌ ‌ 

‌  ‌stopwatch‌ ‌uncertainty‌ ‌=‌ ‌ ‌ ‌+‌ ‌0.01‌  ‌ 0.50s‌ ‌2

(max. induction time of  concentration set n)   (min.  induction time of  concentration set n)∑
10

 n=1
  −

× 1
10 + 20

9.62 × 2  ≃ ±  

The‌ ‌uncertainty‌ ‌of‌ ‌the‌ ‌final‌‌temperature‌‌in‌‌‌table‌‌2‌‌and‌‌‌table‌‌3‌‌‌is‌‌calculated‌‌via‌‌a‌‌similar‌‌process.‌‌However,‌‌this‌‌method‌‌of‌‌determining‌‌                                             
absolute‌ ‌uncertainty‌ ‌clearly‌ ‌possesses‌ ‌limitations‌ ‌as‌ ‌every‌ ‌concentration‌ ‌set‌ ‌has‌ ‌slightly‌ ‌different‌ ‌random‌ ‌uncertainty.‌‌ ‌  

‌ 
9.2.‌ ‌Qualitative‌ ‌observations‌ ‌ 
Firstly,‌ ‌when‌ ‌anhydrous‌ ‌N-acetyl-L-cysteine‌ ‌was‌ ‌added‌ ‌to‌ ‌the‌ ‌luminol-containing‌ ‌reaction‌ ‌mixture‌ ‌(step‌ ‌1‌ ‌of‌ ‌section‌ ‌7),‌ ‌gentle‌‌                                 
effervescence‌ ‌was‌ ‌observed‌ ‌at‌ ‌the‌ ‌surface‌ ‌of‌ ‌the‌ ‌solution.‌ ‌Secondly,‌ ‌after‌‌an‌‌increasing‌‌mass‌‌of‌‌N-acetyl-L-cysteine‌‌was‌‌added‌‌during‌‌                                     
experimental‌‌modification,‌‌it‌‌was‌‌observed‌‌that‌‌chemiluminescence‌‌appeared‌‌increasingly‌‌brighter.‌‌Meanwhile,‌‌it‌‌was‌‌also‌‌evident‌‌that‌‌the‌‌                                 
glowing‌ ‌appeared‌ ‌upon‌ ‌the‌ ‌radiative‌ ‌recombination‌ ‌of‌ ‌excited‌ ‌luminol‌ ‌molecules‌ ‌was‌ ‌not‌ ‌uniform‌ ‌throughout‌‌the‌‌reaction‌‌mixture,‌‌in‌‌                                   
other‌‌words,‌‌glowing‌‌tended‌‌to‌‌start‌‌from‌‌one‌‌corner‌‌of‌‌the‌‌test‌‌tube‌‌and‌‌then‌‌gradually‌‌spread‌‌out.‌‌This‌‌lack‌‌of‌‌uniformity‌‌in‌‌glowing‌‌was‌‌                                                 
especially‌‌noticeable‌‌for‌‌lower‌‌concentration‌‌sets‌‌(1-3),‌‌by‌‌which‌‌it‌‌raised‌‌the‌‌question‌‌in‌‌terms‌‌of‌‌when‌‌the‌‌timer‌‌should‌‌be‌‌stopped,‌‌as‌‌                                             
well‌‌as‌‌providing‌‌counter-evidence‌‌for‌‌the‌‌proposition‌‌that‌‌all‌‌N-acetyl-L-cysteine‌‌needs‌‌to‌‌be‌‌oxidised‌‌for‌‌luminol‌‌to‌‌glow.‌‌Additionally,‌‌                                     
brown‌‌copper‌‌precipitate‌‌was‌‌noticed‌‌for‌‌concentration‌‌sets‌‌6-10‌‌after‌‌chemiluminescence‌‌took‌‌place.‌‌Through‌‌observations,‌‌it‌‌appeared‌‌                                 
that‌ ‌the‌ ‌greater‌ ‌the‌ ‌concentrations‌ ‌of‌ ‌H‌2‌O‌2‌ ‌and‌ ‌Cu‌2+‌,‌ ‌the‌ ‌larger‌ ‌amount‌ ‌of‌ ‌copper‌ ‌precipitates‌ ‌formed,‌ ‌and‌ ‌the‌ ‌shorter‌‌the‌‌duration‌‌of‌‌                                           
chemiluminescence‌ ‌(or‌ ‌the‌ ‌glowing‌ ‌was‌ ‌obscured‌ ‌by‌ ‌the‌ ‌copper‌ ‌precipitate‌ ‌more).‌ ‌Lastly,‌ ‌it‌ ‌was‌ ‌clear‌ ‌that‌ ‌the‌ ‌final‌ ‌reaction‌ ‌mixture‌‌                                       
cooled‌‌down‌‌very‌‌rapidly‌‌after‌‌glowing‌‌due‌‌to‌‌low‌‌room‌‌temperature,‌‌by‌‌which‌‌the‌‌mercury‌‌thermometer‌‌appeared‌‌to‌‌be‌‌too‌‌insensitive‌‌to‌‌                                           
register‌‌its‌‌instantaneous‌‌temperature‌‌accurately.‌‌A‌‌digital‌‌thermometer‌‌connected‌‌to‌‌Logger‌‌Pro‌‌should‌‌have‌‌been‌‌used‌‌to‌‌counter‌‌this‌‌and‌‌                                       
pursue‌ ‌a‌ ‌greater‌ ‌accuracy‌ ‌in‌ ‌results.‌‌ ‌  

‌ 
‌ 

Table‌‌2‌-‌‌‌the‌‌induction‌‌time‌‌(in‌‌seconds)‌‌and‌‌the‌‌final‌‌temperature‌‌(in‌°‌C)‌‌of‌‌the‌‌N-acetyl-L-cysteine-inhibited‌‌luminol‌‌oxidation‌‌reaction‌‌                                   
registered‌ ‌upon‌ ‌adding‌ ‌H‌2‌O‌2‌‌ ‌(aq)‌ ‌of‌ ‌increasing‌ ‌concentrations‌ ‌under‌ ‌constant‌ ‌Cu‌2+‌ ‌‌concentration‌ ‌(10mM)‌ ‌ 

[C]‌ ‌ 
Set‌  ‌#‌ ‌ 

[‌‌ ‌‌Cu‌2‌+‌]‌ ‌ 
(mM)‌‌ 

‌1mM‌ ‌±  

[H‌2‌O‌2‌ ‌‌]‌ ‌ 
(mM)‌‌ 

2‌ ‌mM‌ ‌±  

The‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌(s)‌ ‌ 0.50s‌ ‌±   Final‌ ‌temperature‌ ‌(‌°‌C)‌ ‌ 0.7‌ ‌‌°‌C‌ ‌±  

1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌  1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌ 

1‌ ‌  10‌ ‌  22‌ ‌  13.63‌ ‌  12.46‌ ‌  13.03‌ ‌  12.57‌ ‌  13.64‌ ‌  18.5‌ ‌  18.5‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌ 

2‌ ‌  10‌ ‌  44‌ ‌  10.82‌ ‌  9.85‌ ‌  11.78‌ ‌  10.98‌ ‌  11.60‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌ 

3‌ ‌  10‌ ‌  88‌ ‌  8.56‌ ‌  9.97‌ ‌  10.27‌ ‌  9.05‌ ‌  9.37‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌  18.5‌ ‌  18.5‌ ‌ 

4‌ ‌  10‌ ‌  176‌ ‌  6.48‌ ‌  7.44‌ ‌  6.97‌ ‌  6.88‌ ‌  7.02‌ ‌  18.2‌ ‌  18.2‌ ‌  18.6‌ ‌  18.5‌ ‌  18.5‌ ‌ 

5‌ ‌  10‌ ‌  352‌ ‌  4.52‌ ‌  5.23‌ ‌  5.13‌ ‌  3.44‌ ‌  4.98‌ ‌  17.5‌ ‌  17.5‌ ‌  17.5‌ ‌  17.5‌ ‌  17.5‌ ‌ 

Table‌‌3‌-‌‌‌the‌‌induction‌‌time‌‌(in‌‌seconds)‌‌and‌‌the‌‌final‌‌temperature‌‌(in‌°‌C)‌‌of‌‌the‌‌N-acetyl-L-cysteine-inhibited‌‌luminol‌‌oxidation‌‌reaction‌‌                                   
registered‌ ‌upon‌ ‌adding‌ ‌Cu‌2+‌ ‌‌(aq)‌ ‌of‌ ‌increasing‌ ‌concentrations‌ ‌under‌ ‌constant‌ ‌H‌2‌O‌2‌‌

 ‌‌concentration‌ ‌(22mM)‌ ‌ 

[C]‌ ‌ 
Set‌ ‌ 
#‌ ‌ 

[H‌2‌O‌2‌ ‌‌]‌ ‌ 
(mM)‌‌ 

2‌ ‌mM‌ ‌±  

[‌‌ ‌‌Cu‌2‌+‌]‌ ‌ 
(mM)‌‌ 

1‌ ‌mM‌ ‌±  

The‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌(s)‌ ‌ 0.50s‌ ‌±   Final‌ ‌temperature‌ ‌(‌°‌C)‌ ‌ 0.7‌ ‌‌°‌C‌ ‌±  

1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌  1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌ 

6‌ ‌  22‌ ‌  20‌ ‌  2.76‌ ‌  3.25‌ ‌  2.22‌ ‌  2.76‌ ‌  3.21‌ ‌  17.5‌ ‌  17.3‌ ‌  17.3‌ ‌  17.3‌ ‌  17.5‌ ‌ 

7‌ ‌  22‌ ‌  40‌ ‌  1.24‌ ‌  1.22‌ ‌  1.37‌ ‌  1.02‌ ‌  1.01‌ ‌  18.0‌ ‌  18.5‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌ 

8‌ ‌  22‌ ‌  80‌ ‌  1.11‌ ‌  1.06‌ ‌  1.01‌ ‌  1.00‌ ‌  1.01‌ ‌  16.8‌ ‌  16.9‌ ‌  17.0‌ ‌  17.3‌ ‌  17.2‌ ‌ 

9‌ ‌  22‌ ‌  160‌ ‌  1.02‌ ‌  0.81‌ ‌  0.69‌ ‌  0.79‌ ‌  0.74‌ ‌  16.4‌ ‌  16.2‌ ‌  16.1‌ ‌  16.8‌ ‌  16.8‌ ‌ 

10‌ ‌  22‌ ‌  320‌ ‌  0.67‌ ‌  1.02‌ ‌  0.45‌ ‌  0.15‌ ‌  0.34‌ ‌  16.7‌ ‌  16.7‌ ‌  16.5‌ ‌  16.5‌ ‌  16.5‌ ‌ 



9.3.‌ ‌Processed‌ ‌data‌ ‌ 

In‌ ‌table‌ ‌4‌,‌ ‌Average‌ ‌induction‌ ‌time‌ ‌and‌ ‌temperature‌ ‌(calculated‌ ‌according‌ ‌to‌ ‌‌equation‌ ‌10‌ ‌in‌ ‌section‌ ‌9.4.5),‌ ‌instead‌ ‌of‌ ‌mediums,‌ ‌are‌‌                                       
calculated‌‌for‌‌further‌‌analysis‌‌since‌‌there‌‌are‌‌no‌‌data‌‌points‌‌with‌‌extreme‌‌values‌‌after‌‌the‌‌outliers‌‌are‌‌excluded.‌‌The‌‌highlighted‌‌data‌‌points‌‌                                           
are‌‌used‌‌in‌‌subsequent‌‌sample‌‌calculations.‌‌Average‌‌induction‌‌time‌‌normalised‌‌to‌‌25°C‌‌is‌‌calculated‌‌according‌‌to‌‌‌equation‌‌(1)‌‌in‌‌section‌‌                                       
9.4.1.‌‌The‌‌purpose‌‌of‌‌this‌‌step‌‌will‌‌be‌‌discussed‌‌in‌‌section‌‌9.4.1.‌‌The‌‌standard‌‌deviation‌‌is‌‌calculated‌‌according‌‌to‌‌equation‌‌11‌‌‌in‌‌section‌‌                                             
9.4.5.‌ ‌ 

The‌‌normalised‌‌reaction‌‌rate‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation,‌‌and‌‌the‌‌absolute‌‌uncertainty‌‌associated‌‌with‌‌each‌‌data‌‌point,‌‌are‌‌calculated‌‌                                   
using‌‌ ‌equation‌ ‌(2)‌‌ ‌in‌ ‌section‌ ‌9.4.2.‌ ‌The‌ ‌uncertainty‌ ‌of‌ ‌CuSO‌4‌‌ ‌concentration‌ ‌is‌ ‌calculated‌ ‌as‌ ‌following‌ ‌for‌ ‌the‌ ‌10mM‌ ‌sample:‌ ‌ 

]‌‌ ‌ ‌CuSO[ 4 = v
  n   =

0.16±0.01g
Mr(CuSO )4

0.100±5×10 dm4− 3  = 0 .75% mM 0  mM  1 ± 6 ≃ 1 ± 1  

The‌ ‌same‌ ‌process‌ ‌is‌ ‌repeated‌ ‌for‌ ‌the‌ ‌20mM‌ ‌sample‌ ‌of‌ ‌CuSO‌4‌(aq),‌ ‌and‌ ‌the‌ ‌average‌ ‌of‌ ‌their‌ ‌slightly‌ ‌varying‌ ‌absolute‌ ‌uncertainties‌ ‌is‌‌                                         
calculated‌ ‌to‌ ‌be‌ ‌ 1.40mM‌ 1mM‌ ‌(1‌ ‌sig.fig).‌ ‌The‌ ‌uncertainty‌ ‌of‌ ‌H‌2‌O‌2‌‌ ‌concentration‌ ‌is‌ ‌calculated‌ ‌via‌ ‌the‌ ‌same‌ ‌method.‌‌ ‌±  ≃ ±   

‌ 

‌ 

9.4.‌ ‌Data‌ ‌processing‌ ‌method‌ ‌ 
9.4.1.‌ ‌Normalization‌ ‌of‌ ‌the‌ ‌induction‌ ‌time‌ ‌ 
The‌ ‌purpose‌ ‌of‌ ‌monitoring‌ ‌the‌‌temperature‌‌of‌‌the‌‌reaction‌‌mixture‌‌is‌‌to‌‌normalise‌‌the‌‌average‌‌induction‌‌time‌‌(‌t‌)‌‌of‌‌chemiluminescence‌‌                                       
under‌ ‌the‌ ‌treatment‌ ‌of‌ ‌each‌ ‌concentration‌ ‌set‌ ‌to‌ ‌what‌ ‌would‌‌be‌‌recorded‌‌at‌‌25°C.‌‌The‌‌rationale‌‌of‌‌this‌‌additional‌‌step‌‌is‌‌to‌‌ensure‌‌fair‌‌                                               
comparison‌ ‌amongst‌ ‌the‌ ‌induction‌ ‌times‌ ‌recorded‌ ‌by‌ ‌compensating‌ ‌for‌ ‌the‌ ‌fluctuations‌ ‌of‌ ‌room‌ ‌temperature.‌ ‌More‌ ‌importantly,‌‌                               
normalisation‌ ‌also‌ ‌warrants‌ ‌a‌ ‌valid‌ ‌comparison‌ ‌between‌ ‌the‌ ‌data‌ ‌obtained‌ ‌from‌ ‌this‌ ‌experiment‌ ‌and‌ ‌the‌ ‌results‌ ‌of‌ ‌existing‌ ‌scientific‌‌                                     
literature,‌‌which‌‌are‌‌often‌‌carried‌‌out‌‌under‌‌STAP.‌‌Normalisation‌‌is‌‌done‌‌by‌‌multiplying‌‌the‌‌average‌‌induction‌‌time‌‌observed‌‌at‌‌ °C‌‌with‌‌                                      x    
the‌‌normalisation‌‌coefficient‌‌(n‌x→25‌ ‌‌)‌‌associated‌‌with‌‌ °C.‌ ‌The‌‌normalisation‌‌coefficients‌‌for‌‌22°C-23°C‌‌(at‌‌0.1°C‌‌increments)‌‌are‌‌taken‌‌              x                      
from‌‌the‌‌appendix‌‌of‌‌the‌‌2018‌‌International‌‌Chemistry‌‌Olympiad‌‌Practical‌‌Exam‌‌and‌‌plotted‌‌on‌‌‌figure‌‌1‌‌‌below.‌‌A‌‌linear‌‌trend‌‌line‌‌with‌‌                                           
equation‌ ‌of‌ ‌ is‌ ‌generated‌ ‌on‌ ‌Excel.‌ ‌Extrapolation‌ ‌was‌ ‌carried‌ ‌out‌ ‌to‌ ‌obtain‌ ‌normalisation‌‌    (x)  t (x °C) .0548x .38f = nx → 25 = 0 − 0                      

Table‌ ‌4-‌‌ ‌the‌ ‌average‌ ‌induction‌ ‌time,‌ ‌average‌ ‌induction‌ ‌time‌ ‌normalized‌ ‌to‌ ‌25‌°‌C,‌ ‌average‌ ‌temperature‌ ‌and‌ ‌standard‌ ‌deviation‌ ‌of‌ ‌the‌‌ 
cystine-inhibited‌ ‌luminol‌ ‌oxidation‌ ‌reaction‌ ‌under‌ ‌the‌ ‌treatment‌ ‌of‌ ‌H‌2‌O‌2‌‌ ‌(aq)‌ ‌and‌ ‌Cu‌2+‌ ‌‌(aq)‌ ‌of‌ ‌increasing‌ ‌concentrations‌ ‌ 

[C]‌‌ 
set‌‌ 
#‌ ‌ 

[‌‌ ‌‌Cu‌2‌+‌]‌ ‌ 
(mM)‌ ‌±

1‌ ‌mM‌ ‌ 

[H‌2‌O‌2‌ ‌‌]‌ ‌ 
(mM)‌ ‌±

2‌ ‌mM‌ ‌ 

Average‌ ‌induction‌ ‌time‌‌ 
(seconds)‌‌ ‌  

0.50‌ ‌s‌ ‌±  

Average‌ ‌induction‌ ‌time‌‌ 
normalized‌ ‌to‌ ‌25‌°‌C‌‌ 
(seconds)‌ ‌ 0.29‌ ‌s‌ ‌±  

Average‌ ‌temperature‌ ‌‌(°‌C)‌ ‌ 
0.7‌°‌C‌ ‌±  

Standard‌ ‌deviation‌ ‌ 
(seconds)‌ ‌ 

1‌‌ ‌   10‌ ‌  22‌ ‌  13.07‌ ‌  8.03‌ ‌    18.2‌ ‌  0.50‌ ‌ 
2‌ ‌  10‌ ‌  44‌ ‌  11.01‌ ‌  6.64‌ ‌   18.0‌ ‌  0.68‌ ‌ 
3‌ ‌  10‌ ‌  88‌ ‌  9.44‌ ‌  5.80‌ ‌    18.2‌ ‌  0.62‌ ‌ 
4‌ ‌  10‌ ‌  176‌ ‌  6.96‌ ‌  4.35‌ ‌  18.4‌ ‌  0.31‌ ‌ 
5‌ ‌  10‌ ‌  352‌ ‌  4.66‌ ‌  2.91‌ ‌  17.5‌ ‌  0.66‌ ‌ 

6‌ ‌  20‌ ‌  22‌ ‌  2.84‌ ‌  1.62‌ ‌ ‌    17.4‌ ‌  0.37‌ ‌ 
7‌ ‌  40‌ ‌  22‌ ‌  1.17‌ ‌  0.67‌ ‌ ‌    18.1‌ ‌  0.14‌ ‌ 

8‌ ‌  80‌ ‌  22‌ ‌  1.04‌ ‌  0.57‌ ‌  17.0‌ ‌  0.04‌ ‌ 

9‌ ‌  160‌ ‌  22‌ ‌  0.81‌ ‌  0.42‌ ‌  16.5‌ ‌  0.11‌ ‌ 

10‌ ‌  320‌ ‌  22‌ ‌  0.49‌ ‌  0.26‌ ‌  16.5‌ ‌  0.14‌ ‌ 

Table‌ ‌5-‌‌ ‌the‌ ‌normalised‌ ‌reaction‌ ‌rate‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌under‌ ‌the‌ ‌treatment‌ ‌of‌ ‌each‌ ‌concentration‌ ‌set‌ ‌with‌ ‌increasing‌‌ 
concentrations‌ ‌of‌ ‌H‌2‌O‌2‌‌ ‌(aq)‌ ‌and‌ ‌Cu‌2+‌ ‌‌(aq)‌ ‌respectively‌ ‌ 

‌  [C]‌ ‌set‌ ‌#1‌ ‌   ‌[C]‌ ‌set‌ ‌#2‌ ‌  [C]‌ ‌set‌ ‌#3‌ ‌  [C]‌ ‌set‌ ‌#4‌ ‌  [C]‌ ‌set‌ ‌#5‌ ‌   ‌[C]‌ ‌set‌ ‌#6‌ ‌   ‌[C]‌ ‌set‌ ‌#7‌ ‌  [C]‌ ‌set‌‌ 
#8‌ ‌ 

[C]‌ ‌set‌ ‌#9‌ ‌  [C]‌ ‌set‌ ‌#10‌ ‌ 

CuSO‌4‌(aq)‌ ‌concentration‌‌ 
(mM)‌ 1‌ ‌mM‌ ‌±  

10‌‌  10‌ ‌  10‌ ‌  10‌ ‌  10‌ ‌  20‌ ‌  40‌ ‌  80‌ ‌  160‌ ‌  320‌ ‌ 

H‌2‌O‌2‌ ‌ ‌(aq)‌ ‌concentration‌ ‌ 
 ‌(mM)‌ 2‌ ‌mM‌ ‌±  

22‌ ‌  44‌ ‌  88‌ ‌  176‌ ‌  352‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌ 

Normalized‌ ‌reaction‌ ‌rate‌‌ ‌  
(mM‌ ‌s‌-1‌)‌‌ ‌  

4.58‌ ‌ 
‌0.19‌‌±  

‌ 

5.54‌ ‌ 
‌0.29‌ ‌±  

6.34‌ ‌ 
‌0.31‌ ‌±  

8.46‌ ‌ 
‌0.42‌ ‌±  

12.7‌ ‌ 
‌0.62‌ ‌±  

22.7‌ ‌ 
‌1.11‌ ‌±  

54.9‌ ‌ 
‌2.70‌ ‌±  

64.6‌ ‌ 
‌3.18‌ ‌±  

87.6‌ ‌ 
‌4.31‌ ‌±  

141‌ ‌ 
‌6.94‌ ‌±  



coefficients‌ ‌for‌ ‌the‌ ‌temperature‌ ‌range‌ ‌recorded‌ ‌during‌ ‌this‌ ‌experiment‌ ‌(‌table‌ ‌4‌).‌ ‌This‌ ‌extrapolation‌ ‌is‌ ‌highly‌ ‌valid‌ ‌in‌ ‌determining‌‌the‌‌                                     
normalisation‌ ‌coefficients‌ ‌for‌ ‌17.4°C-‌ ‌18.4°C‌ ‌since‌ ‌the‌ ‌r‌2‌‌ ‌value‌ ‌of‌ ‌the‌ ‌trend‌ ‌line‌ ‌is‌ ‌equal‌ ‌to‌ ‌1.‌‌ ‌  ‌ 

‌ 
Sample‌ ‌calculation‌ ‌using‌ ‌the‌ ‌average‌ ‌induction‌ ‌time‌ ‌of‌‌ 
concentration‌ ‌set‌ ‌1‌ ‌observed‌ ‌at‌ ‌18.2‌ (data‌‌C°  
highlighted‌ ‌in‌ ‌‌table‌ ‌4‌):‌ ‌ 
‌ 

                           ‌         ‌(1)‌ ‌ ‌ (25°C)  t (x °C)t = nx → 25    
‌ 

Equation‌ ‌for‌ ‌normalisation‌ ‌coefficient:‌ ‌ 
‌ ‌ t (x °C) .0548x .383  nx → 25 = 0 − 0    

‌ 
Calculate‌ ‌normalization‌ ‌coefficient‌ ‌for‌ ‌18.2‌ ‌:‌ ‌C°  

‌ ‌ t (18.2°C) .0548 8.2 .383 .614 nx → 25 = 0 × 1 − 0 = 0    
‌ 

Normalization‌ ‌of‌ ‌induction‌ ‌time:‌ ‌ 
.614 13.07 .50s) .03s  .65% .03 .30s0 × ( ± 0 = 8 ± 3 = 8 ± 0  

‌ 
Hence,‌‌the‌‌recorded‌‌average‌‌induction‌‌time‌‌13.07‌ 0.50s‌‌is‌‌normalised‌‌to‌‌8.03s‌ .‌‌The‌‌uncertainty‌‌of‌‌the‌‌normalised‌‌induction‌‌time‌‌            ±         .30s± 0                
associated‌ ‌with‌ ‌other‌ ‌data‌ ‌points‌ ‌are‌ ‌propagated‌ ‌using‌ ‌the‌ ‌same‌ ‌method‌ ‌(which‌‌slightly‌‌varies‌‌from‌‌ ‌to‌ ),‌‌by‌‌which‌‌the‌‌                              .26s± 0   .33s± 0        
average‌‌of‌‌these‌‌absolute‌‌uncertainties‌‌calculated‌‌is‌‌used‌‌as‌‌the‌‌overall‌‌absolute‌‌uncertainty‌‌associated‌‌with‌‌the‌‌normalised‌‌induction‌‌time‌‌                                     
recorded‌ ‌in‌ ‌‌table‌ ‌4‌‌ ‌(‌ ).‌‌ ‌.29s± 0   

‌ 

9.4.2.‌ ‌Normalized‌ ‌rate‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌ 
The‌‌amount‌‌of‌‌N-acetyl-L-cysteine‌‌(Mr‌‌=163.20g‌‌mol‌-1‌)‌‌added‌‌to‌‌the‌‌500ml‌‌reaction‌‌mixture‌‌was‌‌3.00g‌‌or‌‌18.4‌‌mmol‌‌(section‌‌7‌‌step‌‌1).‌‌                                           
Thus,‌‌3.68‌ mmol‌‌of‌‌N-acetyl-L-cysteine‌‌was‌‌involved‌‌in‌‌each‌‌trial‌‌(1ml‌‌sample‌‌was‌‌used).‌‌Since‌‌it‌‌is‌‌assumed‌‌that‌‌cysteine‌‌needs‌‌to‌‌  0× 1 2−                                        
be‌‌completely‌‌oxidised‌‌for‌‌the‌‌inhibition‌‌of‌‌chemiluminescence‌‌to‌‌be‌‌lifted,‌‌hence,‌‌the‌‌normalised‌‌average‌‌induction‌‌time‌‌can‌‌be‌‌used‌‌to‌‌                                         
calculate‌ ‌the‌ ‌rate‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation.‌‌  

Sample‌ ‌calculation‌ ‌using‌ ‌the‌ ‌normalised‌ ‌induction‌ ‌time‌ ‌of‌ ‌concentration‌ ‌set‌ ‌1‌ ‌(data‌ ‌used‌ ‌highlighted‌ ‌in‌ ‌‌table‌ ‌4‌):‌ ‌ 
The‌ ‌normalised‌ ‌oxidation‌ ‌rate‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌(‌v‌)‌ ‌for‌ ‌concentration‌ ‌set‌ ‌1,‌ ‌as‌ ‌quantified‌ ‌by‌ ‌the‌‌decrease‌‌in‌‌the‌‌concentration‌‌of‌‌                                       
N-acetyl-L‌ ‌cysteine‌ ‌per‌ ‌unit‌ ‌time,‌  ‌is‌ ‌calculated‌ ‌as:‌ ‌ 

v‌ ‌ ‌ ‌  ‌                     ‌  ‌‌(2)‌ ‌=  Δt 
Δ[C] =   t  

n
  v   = 8.03 ± 0.29 s

18.4 ± 0.1 mmol
0.500 ± 5×10  dm5− 3

.58  .16% mM  s .58  .19 mM  s= 4 ± 4 1− = 4 ± 0 1−  

Since‌‌the‌‌absolute‌‌uncertainty‌‌associated‌‌with‌‌each‌‌data‌‌point‌‌of‌‌the‌‌normalised‌‌reaction‌‌rate‌‌varies‌‌tremendously,‌‌hence,‌‌it‌‌is‌‌calculated‌‌                                       
separately‌ ‌for‌ ‌each‌ ‌individual‌ ‌data‌ ‌point‌ ‌according‌ ‌to‌ ‌equation‌ ‌(2)‌ ‌and‌ ‌recorded‌ ‌in‌ ‌‌table‌ ‌4‌.‌ ‌ 

‌ 

‌ 

9.4.3.‌ ‌Calculate‌ ‌the‌ ‌partial‌ ‌reaction‌ ‌order‌ ‌(‌p‌)‌  ‌with‌ ‌respect‌ ‌to‌ ‌[H‌2‌O‌2‌]‌ ‌ 
The‌‌partial‌‌reaction‌‌order‌‌(‌p‌)‌‌in‌‌respect‌‌to‌‌[H‌2‌O‌2‌]‌‌is‌‌calculated‌‌using‌‌the‌‌normalised‌‌reaction‌‌rate‌‌of‌‌concentration‌‌set‌‌1-5‌‌by‌‌making‌‌use‌‌of‌‌                                               
the‌‌data‌‌registered‌‌for‌‌2‌‌concentration‌‌sets‌‌at‌‌a‌‌time‌‌(set‌‌1‌‌pair‌‌with‌‌2,‌‌set‌‌2‌‌and‌‌3,‌‌and‌‌so‌‌on.‌‌Hence,‌‌4‌‌pairs‌‌in‌‌total).‌‌Theoretically,‌‌there‌                                                         
should‌‌be‌‌no‌‌differences‌‌between‌‌the‌‌‌p‌‌values‌‌calculated‌‌using‌‌the‌‌different‌‌pairs.‌‌However,‌‌they‌‌do‌‌vary‌‌in‌‌reality‌‌due‌‌to‌‌measurement‌‌                                           
uncertainty‌‌and‌‌uncontrolled‌‌variables.‌‌In‌‌order‌‌to‌‌calculate‌‌the‌‌‌p‌‌values,‌‌it‌‌is‌‌first‌‌assumed‌‌that‌‌the‌‌rate‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌in‌‌                                           

‌(‌V‌)‌‌can‌‌be‌‌described‌‌by‌‌equation‌‌(3),‌‌where‌‌the‌‌effect‌‌of‌‌10mM‌‌CuSO‌4‌ ‌‌on‌‌the‌‌rate‌‌constant‌‌k‌‌‌is‌‌temporarily‌‌omitted‌‌in‌‌order‌‌to‌‌Msm 1−                                                  
make‌ ‌calculations‌ ‌possible:‌ ‌ 

        ‌                                                                                             ‌‌(3)‌ ‌ [H O ]V = k 2 2
p  

Sample‌ ‌calculation‌ ‌using‌ ‌the‌ ‌H‌2‌O‌2‌ ‌concentration‌ ‌and‌ ‌the‌ ‌normalised‌ ‌reaction‌ ‌rate‌‌for‌‌concentration‌‌set‌‌1‌‌and‌‌2‌‌(‌table‌‌4‌)‌‌using‌‌                                       
equation‌ ‌(3):‌ ‌ ‌     

 ‌    ‌;‌    ‌ ‌.58 mMs  [22mM ]4 1− = k p .54 mMs  [44mM ]5 1− = k p  

‌4.58 mMs 1−
5.62 mM  s 1− = k [22mM ]p

k [44mM ]p
 ⇒ 4.58 mMs 1−
5.62 mMs 1− )= ( 22mM

44mM p  

 ‌‌;‌  ‌ ‌1.23 .3  p = log2 ≃ 0   .4p ( 5 sets average) ≃ 0  

Hence,‌‌the‌‌generalised‌‌formula‌‌for‌‌calculating‌‌the‌‌‌p‌‌value‌‌using‌‌concentration‌‌set‌‌‌n‌‌and‌‌(‌n+1‌)‌‌can‌‌be‌‌generalised‌‌to‌‌ ,‌‌where‌‌                                      ogp = l 2 vn

v(n+1)    
v‌n‌ ‌is‌‌the‌‌normalised‌‌reaction‌‌rate‌‌(in‌‌mMs‌-1‌)‌‌of‌‌concentration‌‌set‌‌‌n‌.‌‌This‌‌formula‌‌is‌‌used‌‌to‌‌calculate‌‌the‌‌‌p‌‌value‌‌for‌‌each‌‌of‌‌the‌‌4‌‌pairs,‌‌and‌‌                                                       
the‌ ‌average‌ ‌value‌ ‌is‌ ‌found‌ ‌to‌‌be‌‌0.4,‌‌in‌‌consistent‌‌with‌‌2018‌‌International‌‌Chemistry‌‌Olympiad.‌‌As‌‌the‌‌‌p‌‌‌value‌‌is‌‌now‌‌known,‌‌the‌‌rate‌‌                                               



constant‌‌‌k‌‌‌can‌‌be‌‌calculated‌‌as‌‌follows,‌‌where‌V‌n‌ ‌is‌‌the‌‌normalised‌‌reaction‌‌rate‌‌for‌‌concentration‌‌set‌‌n‌‌‌(‌tabel‌‌5‌)‌,‌‌and‌‌‌[H‌2‌O‌2‌]‌n‌ ‌‌is‌‌the‌‌H‌2‌O‌2‌‌                                                 
concentration‌ ‌used‌ ‌in‌ ‌set‌‌ ‌n‌ ‌(tabel‌ ‌1):‌ ‌ 

        ‌ ‌ ‌ [H O ] ) .. )  1.18mM sV = k 2 2
0.4 ⇒ k = 5

 1  × ( ∑
5

n=1

V  n
  [H O ]2 2 n

0.4 = 5
 1  × ( 22mM0.4

4.58mMs 1− + 22mM0.4
5.54mMs 1− + . + 352mM0.4

12.7mMs 1− =   0.6 1−    

  ‌                                                                           ‌  ‌(4)‌ ‌.114[H O ]V = 0 2 2
0.4  

The‌‌same‌‌process‌‌is‌‌repeated‌‌to‌‌calculate‌‌the‌‌partial‌‌reaction‌‌order‌‌‌q‌‌and‌‌the‌‌rate‌‌constant‌‌‌k‌‌in‌‌respect‌‌to‌‌[Cu‌2+‌],‌‌but‌‌using‌‌concentration‌‌set‌‌                                                 
6-10‌ ‌(where‌ ‌the‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌‌ ‌stays‌ ‌constant).‌ ‌Subsequently,‌ ‌the‌ ‌following‌ ‌results‌ ‌are‌ ‌obtained:‌ ‌ 

       ‌   ‌;‌   ‌ ‌.7q = 0 .99mM sk = 2 0.3 1−  

 ‌                                                                            ‌ ‌(5)‌‌.65[Cu ]V = 3 2+ 0.7
 

‌ 
9.4.4.‌ ‌Formulate‌ ‌the‌ ‌overall‌ ‌mixed‌ ‌law‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌ 
Formulating‌ ‌the‌ ‌mixed‌ ‌rate‌ ‌law‌ ‌of‌ ‌cysteine‌ ‌oxidation‌ ‌allows‌ ‌the‌ ‌research‌ ‌question‌ ‌to‌ ‌be‌ ‌answered,‌ ‌such‌ ‌that‌ ‌the‌ ‌extent‌ ‌to‌ ‌which‌ ‌the‌‌                                           
concentration‌‌of‌‌H‌2‌O‌2‌ ‌‌and‌‌Cu‌2+‌ ‌affects‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence‌‌can‌‌be‌‌quantitatively‌‌described‌‌by‌‌their‌‌partial‌‌reaction‌‌                                     
orders‌ ‌and‌‌their‌‌rate‌‌constants‌‌at‌‌25‌°‌C.‌‌In‌‌2018‌‌International‌‌Chemistry‌‌Olympiad,‌‌the‌‌mixed‌‌rate‌‌law‌‌of‌‌cysteine‌‌oxidation‌‌is‌‌given‌‌by‌‌                                           
equation‌ ‌(6)‌ ‌(‌Almássy,‌ ‌2018‌):‌ ‌ 

                                                                          ‌   ‌(6)‌ ‌ [H O ] [Cu ] [Cu ]V = k1 2 2
p 2+ q   + k2

2+ q  

By‌ ‌substituting‌ ‌in‌ ‌all‌ ‌the‌ ‌information‌ ‌given‌ ‌by‌ ‌equation‌ ‌(4)‌ ‌and‌ ‌equation‌ ‌(5)‌ ‌into‌ ‌equation‌ ‌(6),‌ ‌equation‌ ‌(7)‌ ‌is‌ ‌produced:‌ ‌ 

       ‌                                                                        ‌   ‌(7)‌ ‌[H O ] [Cu ] [Cu ]V = k1 2 2
0.4 2+ 0.7 + k2

2+ 0.7  

Next,‌ ‌by‌ ‌substituting‌ ‌‌in‌ ‌the‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌and‌ ‌Cu‌2+‌ ‌‌and‌ ‌the‌‌normalised‌‌reaction‌‌rate‌‌obtained‌‌for‌‌concentration‌‌set‌‌1‌‌and‌‌set‌‌2‌‌                                             
(‌table‌ ‌5‌),‌ ‌the‌ ‌mixed‌ ‌rate‌ ‌law‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌can‌ ‌be‌ ‌generated:‌ ‌ 

‌ ‌.58mMs [22mM ] [10mM ] [10mM ]4 1− = k1
0.4 0.7 + k2

0.7 
   

‌.54mMs [44mM ] [10mM ] [10mM ]5 1− = k1
0.4 0.7 + k2

0.7 
 

  ‌Solve‌ ‌for‌ ‌ and‌ ‌ :‌ ‌ ‌k1 k2    

‌ ‌0.174[H O ] [Cu ] .314 [Cu ]V =   2 2
0.4 2+ 0.7 + 0 2+ 0.7     

This‌‌series‌‌of‌‌calculations‌‌is‌‌repeated‌‌by‌‌substituting‌‌the‌‌data‌‌(‌table‌‌5‌)‌‌associated‌‌with‌‌concentration‌‌set‌‌2‌‌and‌‌3,‌‌3‌‌and‌‌4,‌‌and‌‌so‌‌on,‌‌which‌‌                                                   
ultimately,‌‌allows‌‌the‌‌final‌‌equation‌‌of‌‌the‌‌mixed‌‌rate‌‌law‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌to‌‌be‌‌determined‌‌from‌‌the‌‌average‌‌of‌‌all‌‌real‌‌                                           
solutions‌ ‌for‌ ‌ (unit:‌ ‌mM‌-0.1‌s‌-1‌)‌ ‌and‌ ‌  ‌(unit:‌ ‌mM‌0.3‌s‌-1‌):‌ ‌k1 k2  

                                                                ‌    ‌(8)‌ ‌0.161[H O ] [Cu ] .563[Cu ]V =   2 2
0.4 2+ 0.7 + 0 2+ 0.7  

It‌ ‌is‌ ‌important‌ ‌to‌ ‌note‌ ‌that‌ ‌theoretical‌ ‌equation‌ ‌presented‌ ‌by‌ ‌Atkin‌ ‌(2006)‌ ‌is‌ ‌ ‌.‌ ‌The‌ ‌implications‌ ‌of‌‌                           [H O ] [Cu ]  [Cu ]V = k1 2 2
2

 1    2+    + k2
2+        

deviating‌‌from‌‌the‌‌values‌‌given‌‌by‌‌existing‌‌literature‌‌will‌‌be‌‌discussed‌‌in‌‌section‌‌12.2‌‌in‌‌the‌‌light‌‌of‌‌equipment‌‌restrictions,‌‌uncontrolled‌‌                                         
variables‌ ‌and‌ ‌uncertainties.‌‌ ‌  

‌ 

9.4.5.‌ ‌Descriptive‌ ‌statistics‌‌ ‌  
Standard‌ ‌deviation‌ ‌and‌ ‌mean‌ ‌values‌‌are‌‌calculated‌‌as‌‌a‌‌measure‌‌of‌‌variance‌‌and‌‌a‌‌measure‌‌of‌‌central‌‌tendency‌‌respectively‌‌for‌‌the‌‌raw‌‌                                           
data‌‌obtained‌‌under‌‌the‌‌treatment‌‌of‌‌each‌‌concentration‌‌set‌‌(‌table‌‌2‌‌and‌‌table‌‌3‌).‌‌The‌‌arithmetic‌‌mean‌‌(‌A‌)‌‌for‌‌a‌‌set‌‌of‌‌data‌‌points‌‌is‌‌defined‌                                                   
by‌ ‌equation‌ ‌(10),‌ ‌where‌ ‌ refers‌ ‌to‌ ‌each‌ ‌raw‌ ‌data‌ ‌point,‌ ‌and‌ ‌‌n‌ ‌is‌ ‌the‌ ‌total‌ ‌number‌ ‌of‌ ‌data‌ ‌points.‌‌The‌‌sample‌‌calculation‌‌of‌‌average‌‌        x1                                        
induction‌ ‌time‌ ‌for‌ ‌concentration‌ ‌set‌ ‌1‌ ‌(highlighted‌ ‌in‌ ‌table‌ ‌2)‌ ‌is‌ ‌shown‌ ‌as‌ ‌follows:‌ ‌ 

                                             ‌ ‌ ‌13.07‌ ‌s‌   ‌                                                    ‌‌(10)‌ ‌A = n
 1  ∑

n

i=1
xi = 5

13.63+12.46+13.03+12.57+13.64 ≃  

The‌‌standard‌‌deviation‌‌(‌ )for‌‌a‌‌set‌‌of‌‌data‌‌is‌‌defined‌‌by‌‌equation‌‌‌(11),‌‌where‌‌ is‌‌each‌‌of‌‌the‌‌five‌‌raw‌‌data‌‌points‌‌obtained‌‌for‌‌a‌‌given‌‌      σ                       x1                        
concentration‌ ‌set,‌ ‌ ‌is‌ ‌the‌ ‌mean‌ ‌of‌ ‌the‌ ‌data‌ ‌set‌ ‌(as‌ ‌calculated‌ ‌according‌‌to‌‌equation‌‌10),‌‌‌N‌‌is‌‌the‌‌total‌‌number‌‌of‌‌data‌‌points‌‌(5).‌‌The‌‌    x                                                
sample‌ ‌calculation‌ ‌for‌ ‌concentration‌ ‌set‌ ‌1‌ ‌(highlighted‌ ‌in‌ ‌table‌ ‌2)‌ ‌is‌ ‌shown‌ ‌as‌ ‌follows:‌ ‌ 

 

   ‌ ‌0.50‌ ‌s‌‌                         ‌‌(‌11)‌ ‌ σ =√ N

(x x)∑
N

i=1
i−

2

= √ 5
(13.63 13.07) +(12.46 13.07) +(13.03 13.07) +(12.57 13.07) +(13.64 13.07)− 2 − 2 − 2 − 2 − 2

≃  



9.5.‌ ‌Graphical‌ ‌representations‌ ‌and‌ ‌analysis‌ ‌ 

The‌ ‌error‌ ‌bars‌ ‌generated‌‌for‌‌figure‌‌2‌‌represent‌‌the‌‌associated‌‌absolute‌‌uncertainty‌‌for‌‌each‌‌data‌‌point‌‌of‌‌the‌‌reaction‌‌rate‌‌(‌table‌‌5‌)‌.‌‌It‌‌is‌‌                                               
important‌ ‌to‌ ‌note‌ ‌that‌ ‌some‌ ‌error‌ ‌bars‌ ‌for‌ ‌H‌2‌O‌2‌ ‌‌are‌‌too‌‌small‌‌to‌‌be‌‌visible‌‌as‌‌H‌2‌O‌2‌ ‌results‌‌in‌‌much‌‌slower‌‌reaction‌‌rate‌‌compared‌‌with‌‌                                                 
equimolar‌‌Cu‌2+‌,‌‌thus,‌‌reducing‌‌the‌‌percentage‌‌error‌‌in‌‌timing.‌‌The‌‌absolute‌‌uncertainty‌‌labeling‌‌the‌‌x‌-axis‌‌of‌‌‌figure‌‌2‌‌is‌‌a‌‌representation‌‌of‌‌                                           
the‌ ‌average‌‌of‌‌the‌‌absolute‌‌uncertainty‌‌of‌‌H‌2‌O‌2‌ ‌‌(‌ 2mM)‌‌and‌‌Cu‌2+‌ ‌‌(‌ 1mM).‌‌Trend‌‌lines‌‌are‌‌generated‌‌using‌‌the‌‌least‌‌square‌‌regression‌‌                ±       ±                    
method‌‌for‌‌the‌‌purpose‌‌of‌‌maximizing‌‌the‌‌Pearson‌‌correlation‌‌coefficient‌‌(‌‌r‌2‌ ‌)‌‌values.‌‌Hence,‌‌it‌‌is‌‌found‌‌that‌‌an‌‌exponential‌‌trend‌‌line‌‌for‌‌                                               
Cu‌2+‌ ‌‌provides‌ ‌a‌ ‌r‌2‌‌ ‌value‌ ‌(0.921)‌ ‌that‌ ‌is‌ ‌closest‌ ‌to‌ ‌1,‌ ‌while‌ ‌a‌ ‌linear‌ ‌trend‌ ‌fulfills‌ ‌the‌ ‌same‌ ‌purpose‌ ‌for‌ ‌H‌2‌O‌2‌‌ ‌(‌ ‌r‌2‌ ‌‌=‌ ‌0.993).‌‌‌  
‌ 

Figure‌ ‌2‌ ‌illustrates‌ ‌that‌ ‌the‌ ‌reaction‌ ‌rate‌ ‌of‌‌N-acetyl‌‌cysteine‌‌oxidation‌‌(by‌‌the‌‌oxidizing‌‌agent‌‌H‌2‌O‌2‌)‌‌increases‌‌as‌‌the‌‌concentration‌‌of‌‌                                         
H‌2‌O‌2‌ ‌‌increases‌ ‌and‌ ‌as‌ ‌the‌ ‌concentration‌ ‌of‌ ‌Cu‌2+‌ ‌‌increases.‌ ‌This‌ ‌is‌ ‌evident‌ ‌from‌ ‌the‌ ‌positive‌ ‌gradient‌ ‌of‌ ‌both‌ ‌trend‌‌lines,‌‌indicating‌‌a‌‌                                           
positive‌‌correlation‌‌between‌‌the‌‌rate‌‌of‌‌reaction‌‌and‌‌the‌‌concentration‌‌of‌‌these‌‌two‌‌chemical‌‌species.‌ ‌Hence,‌‌this‌‌demonstrates‌‌that‌‌H‌2‌O‌2‌‌‌is‌‌                                         
indeed‌‌involved‌‌in‌‌the‌‌rate-determining‌‌step‌‌of‌‌the‌‌chain‌‌reaction‌‌of‌‌N-acetyl-L‌‌cysteine‌‌oxidation.‌‌Meanwhile,‌‌it‌‌is‌‌also‌‌evident‌‌that‌‌the‌‌                                         
addition‌ ‌of‌ ‌Cu‌2+‌ ‌‌always‌ ‌results‌ ‌in‌ ‌a‌ ‌faster‌ ‌rate‌ ‌of‌ ‌the‌ ‌N-acetyl‌ ‌cysteine‌ ‌oxidation‌ ‌compared‌ ‌with‌‌the‌‌addition‌‌of‌‌equimolar‌‌H‌2‌O‌2‌.‌‌For‌                                           
instance,‌‌according‌‌to‌‌interpolation,‌‌the‌‌addition‌‌of‌‌40mM‌‌Cu‌2+‌ ‌‌results‌‌in‌‌the‌‌reaction‌‌of‌‌ ,‌‌compared‌‌with‌‌the‌‌reaction‌‌rate‌‌of‌‌                            0.0 mMs5 1−              

that‌‌would‌‌be‌‌shown‌‌under‌‌the‌‌treatment‌‌of‌‌40mM‌‌H‌2‌O‌2‌.‌‌This‌‌is‌‌almost‌‌a‌‌10-fold‌‌difference.‌‌Hence,‌‌‌figure‌‌2‌‌suggests‌‌that‌‌the‌‌.60 mMs5 1−                                            
homogeneous‌‌catalyst‌‌Cu‌2+‌‌‌tends‌‌to‌‌affect‌‌the‌‌rate‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌and‌‌reduce‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence‌‌to‌‌                                     
a‌‌greater‌‌extent‌‌compared‌‌with‌‌equimolar‌‌H‌2‌O‌2‌.‌‌This‌‌statement‌‌is‌‌further‌‌supported‌‌by‌‌the‌‌evidence‌‌that‌‌the‌‌best-fit‌‌trend‌‌line‌‌for‌‌H‌2‌O‌2‌‌‌is‌‌                                             
closer‌ ‌to‌ ‌that‌ ‌of‌ ‌a‌ ‌first‌ ‌order‌ ‌reaction,‌ ‌such‌ ‌that‌ ‌its‌ ‌r‌2‌ ‌value‌ ‌of‌ ‌0.993‌ ‌suggests‌ ‌a‌ ‌fairly‌ ‌strong‌ ‌correlation‌ ‌with‌ ‌a‌ ‌linear‌ ‌trend‌ ‌line.‌ ‌In‌‌                                                   
comparison,‌ ‌this‌ ‌observation‌ ‌contrasts‌ ‌with‌ ‌the‌ ‌curve‌ ‌of‌ ‌Cu‌2+‌,‌ ‌which‌ ‌possesses‌ ‌a‌ ‌reaction‌ ‌order‌ ‌that‌ ‌is‌ ‌greater‌ ‌than‌ ‌first‌ ‌order,‌ ‌and‌‌is‌‌                                           
showing‌‌the‌‌characteristic‌‌of‌‌a‌‌pseudo-second‌‌order‌‌reaction.‌‌This‌‌means‌‌that‌‌despite‌‌the‌‌graph‌‌showing‌‌an‌‌exponential‌‌increase‌‌in‌‌the‌‌rate‌‌                                         
of‌‌reaction‌‌as‌‌the‌‌concentration‌‌of‌‌Cu‌2+‌ ‌‌increases‌‌(resembles‌‌a‌‌second‌‌order‌‌reaction),‌‌however,‌‌it‌‌can‌‌be‌‌seen‌‌from‌‌the‌‌mixed‌‌rate‌‌law‌‌‌V‌=‌                                             

‌ ‌that‌ ‌the‌ ‌a‌ ‌second-order‌ ‌artifact‌ ‌is‌ ‌created‌ ‌by‌ ‌the‌ ‌addition‌ ‌of‌ ‌the‌ ‌term‌ ‌ ‌.‌‌ ‌.161[H O ] [Cu ] .563 [Cu ]0 2 2
0.4 2+ 0.7 + 0 2+ 0.7 k2 Cu ][ 2+ 0.7   

‌ 

Figure‌ ‌2‌-Increase‌ ‌in‌ ‌the‌ ‌rate‌ ‌of‌ ‌N-acetyl-L‌ ‌oxidation‌ ‌oxidation‌ ‌against‌ ‌increasing‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌‌ ‌  

 ‌(concentration‌ ‌set‌ ‌1-5‌ ‌)‌ ‌and‌ ‌Cu‌2+‌‌ ‌(concentration‌ ‌set‌ ‌6-10)‌ ‌respectively‌‌ ‌  

‌ 

Figure‌ ‌3‌ ‌-‌ ‌Decrease‌ ‌in‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemi-‌‌                   
luminescence‌ ‌under‌ ‌the‌ ‌treatment‌ ‌of‌ ‌10mM‌ ‌Cu‌2+‌ ‌‌and‌‌               
increasing‌ ‌concentrations‌ ‌of‌ ‌H‌2‌O‌2‌ ‌ ‌(concentration‌ ‌set‌ ‌1-5‌ ‌)‌ ‌ 
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Figure‌ ‌4‌ ‌-‌ ‌Decrease‌ ‌in‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemi-‌‌                   
luminescence‌ ‌under‌ ‌the‌ ‌treatment‌ ‌of‌ ‌22mM‌ ‌H‌2‌O‌2‌ ‌‌and‌‌               
increasing‌ ‌concentrations‌ ‌of‌ ‌Cu‌2+‌‌

 ‌ ‌(concentration‌ ‌set‌ ‌6-10‌ ‌)‌ ‌ 
‌ 



Each‌‌error‌‌bar‌‌in‌‌‌figure‌‌3‌‌and‌‌‌figure‌‌4‌‌represent‌‌the‌‌absolute‌‌standard‌‌deviation‌‌for‌‌each‌‌data‌‌point,‌‌as‌‌displayed‌‌in‌‌‌table‌‌4‌.‌‌It‌‌is‌‌evident‌‌                                                   
that‌ ‌the‌ ‌standard‌ ‌deviation‌ ‌values‌ ‌vary‌ ‌toward‌ ‌both‌ ‌positive‌ ‌and‌ ‌negative‌ ‌direction‌ ‌as‌ ‌the‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌and‌ ‌Cu‌2+‌ ‌increases‌‌                                       
respectively,‌ ‌indicating‌ ‌that‌ ‌random‌ ‌errors‌ ‌were‌ ‌present‌ ‌throughout‌ ‌the‌ ‌measurement‌ ‌process.‌ ‌The‌‌influence‌‌of‌‌random‌‌error‌‌in‌‌timing‌‌                                   
appeared‌ ‌to‌ ‌result‌ ‌in‌ ‌further‌ ‌spread‌ ‌of‌ ‌data‌ ‌from‌ ‌the‌ ‌mean‌ ‌for‌ ‌higher‌ ‌concentration‌ ‌conditions‌ ‌compared‌ ‌with‌ ‌lower‌ ‌concentration‌‌                                     
conditions,‌‌as‌‌shown‌‌by‌‌the‌‌standard‌‌deviation‌‌of‌‌0.14‌‌(relative‌‌STD=53.8%)‌‌for‌‌the‌‌320mM‌‌Cu‌2+‌ ‌condition‌‌compared‌‌with‌‌the‌‌relative‌‌                                       
STD‌ ‌of‌ ‌22.8%‌ ‌for‌ ‌the‌ ‌20mM‌ ‌Cu‌2+‌ ‌condition.‌ ‌The‌ ‌presence‌ ‌of‌ ‌relatively‌ ‌large‌ ‌variations‌ ‌between‌ ‌replicates,‌ ‌as‌ ‌indicated‌ ‌by‌ ‌their‌‌                                       
comparatively‌‌high‌‌standard‌‌deviation‌‌and‌‌data‌‌range,‌‌again‌‌implies‌‌insufficient‌‌replicability‌‌‌as‌‌well‌‌as‌‌the‌‌presence‌‌of‌‌random‌‌errors‌‌in‌‌                                       
the‌‌identification‌‌of‌‌chemiluminescence‌‌and‌‌the‌‌timing‌‌of‌‌the‌‌induction‌‌period.‌‌This‌‌observed‌‌data‌‌variation‌‌combined‌‌with‌‌the‌‌fact‌‌that‌‌                                       
only‌ ‌five‌ ‌replicates‌ ‌were‌ ‌carried‌ ‌out‌ ‌for‌ ‌each‌ ‌condition,‌ ‌further‌ ‌challenges‌ ‌the‌ ‌reliability‌ ‌and‌ ‌the‌ ‌credibility‌ ‌of‌ ‌the‌ ‌results.‌‌ ‌  
‌ 

Furthermore,‌ ‌from‌ ‌both‌ ‌figures,‌ ‌it‌ ‌is‌ ‌evident‌ ‌that‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌decreases‌ ‌in‌ ‌a‌ ‌logarithmic‌ ‌manner‌ ‌as‌ ‌the‌‌                                       
concentration‌‌of‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌ ‌increases,‌‌as‌‌shown‌‌by‌‌their‌‌logarithmic‌‌trend‌‌line‌‌of‌‌ ]‌‌‌and‌‌ ‌                            3.9 .87 In[H Ot = 1 − 1 2 2     .59 .428 In[Cu ]t = 2 − 0 2+  
respectively‌ ‌that‌‌provide‌‌the‌‌r‌2‌ ‌values‌‌closest‌‌to‌‌1.‌‌Additionally,‌‌for‌‌both‌‌chemical‌‌species,‌‌it‌‌is‌‌also‌‌observed‌‌that‌‌the‌‌induction‌‌time‌‌of‌‌                                             
chemiluminescence‌ ‌tends‌ ‌to‌ ‌decrease‌ ‌more‌ ‌rapidly‌ ‌(steeper‌ ‌slope‌ ‌of‌ ‌the‌ ‌curve)‌ ‌as‌‌the‌‌concentration‌‌of‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌ ‌‌increases‌‌at‌‌low‌‌                                         
concentrations‌ ‌(<50mM),‌ ‌by‌ ‌which‌ ‌a‌ ‌greater‌ ‌percentage‌ ‌decrease‌ ‌in‌ ‌the‌ ‌induction‌ ‌time‌ ‌(in‌ ‌seconds)‌ ‌is‌ ‌exhibited‌ ‌when‌ ‌increasing‌ ‌the‌‌                                     
concentration‌‌of‌‌either‌‌species‌‌from‌‌20mM‌‌to‌‌40mM,‌‌compared‌‌with‌‌the‌‌percentage‌‌decrease‌‌shown‌‌as‌‌the‌‌concentration‌‌increases‌‌from‌‌                                     
280mM‌‌to‌‌300mM‌‌(where‌‌the‌‌trend‌‌line‌‌smoothes‌‌out).‌‌Lastly,‌‌it‌‌is‌‌noteworthy‌‌that‌‌the‌‌trend‌‌line‌‌of‌‌best-fit‌‌for‌‌the‌‌data‌‌points‌‌in‌‌‌figure‌‌4‌‌                                                   
possesses‌ ‌a‌ ‌much‌ ‌lower‌ ‌r‌2‌ ‌value‌‌(0.777)‌‌compared‌‌with‌ ‌‌figure‌‌3‌‌(r‌2‌ ‌=0.986),‌‌as‌‌the‌‌second‌‌data‌‌point‌‌in‌‌‌figure‌‌4‌‌deviates‌‌significantly‌‌                                             
from‌‌the‌‌expected‌‌trend,‌‌implying‌‌how‌‌a‌‌very‌‌slight‌‌increase‌‌in‌‌the‌‌concentration‌‌of‌‌the‌‌homogeneous‌‌catalyst‌‌Cu‌2+‌‌‌(10mM‌‌increase)‌‌can‌‌                                         
significantly‌ ‌reduce‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌(by‌ ‌1.54‌ ‌seconds‌ ‌or‌ ‌44‌ ‌%).‌ ‌ 
‌ 

10.‌ ‌Evaluation‌ ‌ 
10.1.‌ ‌Conclusion‌ ‌ 
The‌‌aim‌‌of‌‌this‌‌investigation‌‌has‌‌been‌‌achieved,‌‌which‌‌is‌‌to‌‌investigate‌‌the‌‌extent‌‌to‌‌which‌‌increasing‌‌the‌‌concentrations‌‌of‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌‌                                             

affects‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌through‌ ‌formulating‌ ‌the‌ ‌mixed‌ ‌rate‌ ‌law‌ ‌N-acetyl-L-cysteine‌ ‌oxidation.‌ ‌Prior‌ ‌to‌ ‌the‌‌                                 
experiment,‌ ‌it‌ ‌was‌ ‌hypothesized‌ ‌that‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌cysteine-inhibited‌ ‌chemiluminescence‌ ‌will‌ ‌decrease,‌ ‌and‌ ‌the‌ ‌rate‌ ‌of‌‌                                 
N-acetyl-L-cysteine‌ ‌oxidation‌ ‌will‌ ‌increase,‌ ‌as‌ ‌the‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌(aq)‌ ‌and‌ ‌Cu‌2+‌ ‌‌(aq)‌ ‌increases‌ ‌respectively.‌ ‌This‌ ‌hypothesis‌ ‌is‌‌                                   
supported‌‌by‌‌the‌‌experimental‌‌results,‌‌as‌‌a‌‌positive‌‌correlation‌‌is‌‌evident‌‌between‌‌the‌‌concentration‌‌of‌‌these‌‌two‌‌chemical‌‌species‌‌and‌‌the‌‌                                         
rate‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌(‌figure‌‌2‌),‌‌while‌‌a‌‌negative‌‌correlation‌‌is‌‌shown‌‌between‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence‌‌                                   
and‌ ‌the‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌and‌ ‌Cu‌2+‌ ‌‌respectively‌ ‌(‌figure‌ ‌3‌ ‌and‌ ‌‌figure‌‌4‌).‌‌These‌‌experimental‌‌findings‌‌are‌‌generally‌‌in‌‌line‌‌with‌‌the‌‌                                           
Almássy‌‌(2018‌),‌‌however,‌‌the‌‌results‌‌in‌‌‌Almássy‌‌(2018‌)‌‌indicate‌‌a‌‌less‌‌rapid‌‌decrease‌‌in‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence‌‌as‌‌the‌‌                                         
concentration‌ ‌of‌ ‌the‌‌reactant‌‌and‌‌the‌‌catalyst‌‌doubled‌‌successively.‌‌This‌‌discrepancy‌‌is‌‌believed‌‌to‌‌be‌‌associated‌‌with‌‌differences‌‌in‌‌the‌‌                                       
temperature‌‌to‌‌which‌‌the‌‌experiments‌‌were‌‌carried‌‌out,‌‌as‌‌the‌‌rate‌‌constant‌‌is‌‌proportional‌‌to‌‌the‌‌absolute‌‌temperature‌‌in‌‌Kelvin‌‌(Atkins,‌‌                                         
2006).‌‌ ‌  
‌ 

Furthermore,‌ ‌prior‌ ‌to‌ ‌the‌ ‌experiment,‌ ‌the‌ ‌partial‌ ‌reaction‌ ‌order‌ ‌in‌‌respect‌‌to‌ ‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌ ‌‌were‌‌unable‌‌to‌‌be‌‌predicted‌‌since‌‌reaction‌‌                                           
orders‌‌are‌‌empirical‌‌in‌‌nature.‌‌According‌‌to‌‌the‌‌results‌‌of‌‌this‌‌experiment,‌‌the‌‌integrated‌‌rate‌‌law‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌is‌‌found‌‌                                         
to‌ ‌be‌ ‌ ‌,‌ ‌where‌ ‌ a‌nd‌ ‌ ‌.‌ ‌Hence,‌ ‌it‌ ‌is‌ ‌also‌ ‌concluded‌ ‌that‌ ‌the‌‌    k [H O ] [Cu ] [Cu ]V =   1 2 2

0.4 2+ 0.7 + k2
2+ 0.7     k .161mM s  1 = 0 0.1− 1−   k .563mM s  2 = 0 0.3 1−                

dependence‌‌of‌‌the‌‌rate‌‌of‌‌cysteine‌‌oxidation‌‌(‌V‌)‌‌has‌‌fractional‌‌dependence‌‌on‌‌both‌‌species,‌‌and‌‌the‌‌concentration‌‌of‌‌Cu‌2+‌‌‌affects‌‌the‌‌rate‌‌of‌‌                                             
N-acetyl-L-cysteine‌‌oxidation‌‌to‌‌a‌‌greater‌‌extent‌‌than‌‌H‌2‌O‌2‌.‌‌This‌‌conclusion‌‌is‌‌further‌‌supported‌‌by‌‌‌figure‌‌2‌‌in‌‌the‌‌sense‌‌that‌‌the‌‌effect‌‌of‌‌                                             
Cu‌2+‌ ‌‌on‌‌the‌‌reaction‌‌rate‌‌shows‌‌the‌‌characteristics‌‌of‌‌a‌‌pseudo-second‌‌order‌‌reaction,‌‌while‌‌the‌‌effect‌‌of‌‌H‌2‌O‌2‌ ‌concentration‌‌on‌‌the‌‌rate‌‌of‌‌                                             
N-acetyl-L‌ ‌cysteine‌ ‌oxidation‌ ‌is‌ ‌closer‌ ‌to‌ ‌that‌ ‌of‌ ‌a‌ ‌first‌ ‌order‌‌reaction.‌‌Fractional‌‌reaction‌‌orders‌‌imply‌‌the‌‌presence‌‌of‌‌complex‌‌chain‌‌                                         
reaction‌‌mechanisms,‌‌competing‌‌reactions‌‌or‌‌side‌‌reaction‌‌reactions.‌‌However,‌‌it‌‌is‌‌highly‌‌important‌‌to‌‌note‌‌that‌‌the‌‌final‌‌equation‌‌of‌‌the‌‌                                         
mixed‌‌integrated‌‌rate‌‌law‌‌derived‌‌is‌‌inconsistent‌‌with‌‌current‌‌literature.‌‌Namely,‌‌ ‌‌is‌‌derived‌‌by‌‌Atkin‌‌(2006).‌‌                       [H O ] [Cu ]  [Cu ]V = k1 2 2

2
 1   

2+    + k2
2+            

This‌ ‌deviation‌ ‌from‌ ‌existing‌ ‌literature‌ ‌is‌ ‌not‌ ‌surprising‌ ‌as‌‌this‌‌experiment‌‌was‌‌conducted‌‌in‌‌a‌‌high-school‌‌laboratory,‌‌by‌‌which‌‌human‌‌                                       
errors‌ ‌were‌ ‌inherent‌ ‌in‌ ‌timing‌ ‌and‌ ‌dissolved‌ ‌oxygen‌ ‌could‌ ‌have‌ ‌competed‌ ‌with‌ ‌H‌2‌O‌2‌‌ ‌for‌ ‌reduction.‌‌ ‌  
‌ 

All‌‌in‌‌all,‌‌this‌‌investigation‌‌provides‌‌some‌‌insights‌‌and‌‌real-life‌‌applications‌‌in‌‌controlling‌‌the‌‌timing‌‌of‌‌chemiluminescence‌‌by‌‌adjusting‌                                     
the‌‌concentration‌‌of‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌ ‌.‌‌However,‌‌the‌‌presence‌‌of‌‌random‌‌errors‌‌including‌‌the‌‌estimation‌‌of‌‌the‌‌last‌‌digit‌‌in‌‌measurements,‌‌as‌‌                                             
well‌‌as‌‌systematic‌‌errors‌‌inherent‌‌in‌‌potential‌‌side‌‌reactions‌‌and‌‌the‌‌measuring‌‌instrument‌‌used,‌‌may‌‌collectively‌‌limit‌‌the‌‌reliability‌‌and‌‌                                       
the‌ ‌validity‌ ‌of‌ ‌the‌ ‌conclusions‌ ‌drawn.‌ ‌Hence,‌ ‌in‌ ‌order‌ ‌to‌ ‌check‌ ‌the‌ ‌validity‌ ‌of‌ ‌the‌ ‌findings,‌ ‌further‌ ‌research‌ ‌needs‌ ‌to‌ ‌be‌ ‌done‌ ‌using‌‌                                             
spectrophotometer‌ ‌to‌ ‌pursue‌ ‌a‌ ‌greater‌ ‌precision‌ ‌in‌ ‌timing‌‌and‌‌a‌‌greater‌‌accuracy‌‌in‌‌the‌‌identification‌‌of‌‌chemiluminescence,‌‌as‌‌well‌‌as‌‌                                       
using‌ ‌inert‌ ‌gas‌ ‌to‌ ‌purge‌ ‌dissolved‌ ‌oxygen‌ ‌in‌ ‌the‌ ‌reaction‌ ‌mixture.‌ ‌Strength,‌ ‌limitations‌‌and‌‌improvements‌‌of‌‌this‌‌investigation‌‌will‌‌be‌‌                                       
further‌ ‌discussed‌ ‌from‌ ‌section‌ ‌10.3.‌‌ ‌  
‌ 

10.2.‌ ‌Scientific‌ ‌context‌ ‌ 
The‌‌recorded‌‌increase‌‌in‌‌the‌‌rate‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌as‌‌the‌‌concentration‌‌of‌‌H‌2‌O‌2‌ ‌or‌ ‌Cu‌2+‌ ‌increases‌‌is‌‌well-explained‌‌by‌‌the‌‌                                          
kinetic‌‌molecular‌‌theory‌‌of‌‌matter‌‌and‌‌the‌‌Maxwell-Boltzmann‌‌distribution‌‌curve‌‌respectively.‌‌In‌‌regards‌‌to‌‌H‌2‌O‌2‌which‌‌is‌‌involved‌‌as‌‌a‌‌                                       
reactant‌‌in‌‌the‌‌rate-determining‌‌step,‌‌an‌‌increase‌‌in‌‌its‌‌concentration‌‌increases‌‌the‌‌frequency‌‌of‌‌collisions‌‌between‌‌the‌‌reactant‌‌particles,‌‌                                     
resulting‌‌in‌‌greater‌‌kinetic‌‌energy‌‌and‌‌greater‌‌entropy‌‌of‌‌the‌‌system.‌‌As‌‌a‌‌result,‌‌a‌‌higher‌‌fraction‌‌of‌‌reactant‌‌particles‌‌are‌‌able‌‌to‌‌overcome‌‌                                               
the‌‌activation‌‌energy‌‌threshold‌‌and‌‌successfully‌‌convert‌‌into‌‌product‌‌per‌‌unit‌‌of‌‌time,‌‌leading‌‌to‌‌a‌‌faster‌‌rate‌‌of‌‌reaction‌‌and‌‌shifting‌‌the‌‌                                             
position‌‌of‌‌equilibrium‌‌to‌‌the‌‌product‌‌side‌‌(increase‌‌the‌‌reaction‌‌quotient‌‌Q‌c‌).‌‌Subsequently,‌‌as‌‌N-acetyl-L-cysteine‌‌is‌‌being‌‌oxidized‌‌more‌‌                                     
rapidly,‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence‌‌shortens.‌‌Secondly,‌‌the‌‌fact‌‌that‌‌increasing‌‌concentration‌‌of‌‌Cu‌2+‌‌‌also‌‌increases‌‌the‌‌rate‌‌                                     
of‌ ‌reaction‌ ‌can‌ ‌be‌‌interpreted‌‌using‌‌the‌‌Maxwell-Boltzmann‌‌distribution‌‌curve‌‌in‌‌the‌‌light‌‌of‌‌the‌‌catalytic‌‌property‌‌of‌‌transition‌‌metals.‌‌                                       
Specifically,‌ ‌transition‌ ‌metal‌ ‌cation‌ ‌Cu‌2+‌ ‌‌can‌ ‌have‌ ‌variable‌ ‌oxidation‌ ‌state‌ ‌due‌ ‌to‌ ‌small‌ ‌differences‌ ‌between‌ ‌its‌ ‌successive‌ ‌ionisation‌‌                                   



energy.‌ ‌This‌ ‌property‌ ‌allows‌‌Cu‌2+‌ ‌to‌‌act‌‌as‌‌a‌‌homogenous‌‌catalyst‌‌by‌‌facilitating‌‌electron‌‌exchange‌‌when‌‌reactants‌‌are‌‌brought‌‌to‌‌close‌‌                                         
proximity.‌‌As‌‌a‌‌result,‌‌the‌‌transition‌‌state‌‌of‌‌the‌‌reaction‌‌is‌‌stabilized‌‌and‌‌its‌‌activation‌‌energy‌‌threshold‌‌is‌‌lowered‌‌(shifted‌‌to‌‌the‌‌left‌‌hand‌‌                                               
side‌‌of‌‌the‌‌Maxwell-Boltzmann‌‌distribution‌‌curve),‌‌thus,‌‌the‌‌probability‌‌of‌‌successful‌‌collisions‌‌is‌‌again‌‌enhanced‌‌and‌‌the‌‌induction‌‌time‌‌                                     
of‌ ‌chemiluminescence‌ ‌is‌ ‌subsequently‌ ‌shortened.‌ ‌Further,‌ ‌the‌ ‌fractional‌ ‌reaction‌ ‌order‌ ‌in‌ ‌the‌ ‌mixed‌ ‌integrated‌ ‌rate‌ ‌law‌ ‌of‌ ‌the‌‌                                   
N-acetyl-L-cysteine‌‌oxidation‌‌reaction‌‌can‌‌be‌‌interpreted‌‌in‌‌terms‌‌of‌‌the‌‌presence‌‌of‌‌complex‌‌chain‌‌reaction‌‌mechanisms,‌‌side‌‌reactions‌‌                                   
and‌ ‌competing‌‌reactions.‌‌This‌‌statement‌‌is‌‌evident‌‌from‌‌the‌‌fact‌‌that‌‌the‌‌reaction‌‌mixture‌‌turned‌‌light‌‌green‌‌when‌‌solutions‌‌with‌‌higher‌‌                                         
Cu‌2+‌ ‌concentrations‌‌were‌‌added,‌‌indicating‌‌that‌‌the‌‌added‌‌amorphous‌‌CuSO‌4‌ ‌powder‌‌has‌‌reacted‌‌with‌‌species‌‌other‌‌than‌‌H‌2‌O‌2‌.‌‌Since‌‌inert‌‌                                       
gas‌‌pumps‌‌were‌‌not‌‌available‌‌in‌‌the‌‌laboratory,‌‌it‌‌is‌‌postulated‌‌that‌‌dissolved‌‌oxygen‌‌gas‌‌might‌‌have‌‌been‌‌involved‌‌in‌‌the‌‌described‌‌side‌‌                                             
reaction,‌ ‌which‌ ‌may‌ ‌in‌ ‌turn‌ ‌compete‌ ‌with‌ ‌H‌2‌O‌2‌‌ ‌for‌ ‌oxidising‌ ‌Cu‌+‌‌ ‌back‌ ‌to‌ ‌Cu‌2+‌,‌ ‌hence,‌ ‌affecting‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence.‌‌ ‌  
‌ 

In‌‌order‌‌to‌‌carry‌‌out‌‌cross-comparison‌‌between‌‌the‌‌conclusions‌‌drawn‌‌from‌‌this‌‌experiment‌‌and‌‌existing‌‌scientific‌‌literatures,‌‌key‌‌words‌‌                                     
including‌ ‌“N-acetyl-L-cysteine‌ ‌oxidation”,‌ ‌“mixed‌ ‌rate‌ ‌law”‌ ‌and‌ ‌“luminol‌ ‌oxidation”‌ ‌were‌ ‌searched‌ ‌on‌ ‌Pubmed‌ ‌and‌ ‌Research‌ ‌gate.‌‌                               
Unfortunately,‌ ‌no‌ ‌existing‌ ‌peer-reviewed‌ ‌papers‌ ‌directly‌ ‌relevant‌ ‌to‌ ‌the‌ ‌specific‌ ‌conditions‌ ‌involved‌ ‌and‌ ‌methods‌ ‌employed‌ ‌in‌ ‌this‌‌                                 
investigation‌ ‌were‌ ‌found‌ ‌(other‌ ‌than‌ ‌2018‌ ‌International‌ ‌Chemistry‌ ‌Olympiad),‌ ‌which‌ ‌serves‌ ‌as‌ ‌a‌ ‌limitation‌‌of‌‌this‌‌investigation‌‌in‌‌the‌‌                                     
sense‌ ‌that‌ ‌the‌ ‌reproducibility‌ ‌and‌ ‌the‌ ‌reliability‌ ‌of‌ ‌the‌ ‌results‌ ‌obtained‌ ‌are‌ ‌unable‌ ‌to‌ ‌be‌ ‌justified‌‌sufficiently‌‌by‌‌using‌‌a‌‌sole‌‌resource.‌‌                                           
Nevertheless,‌‌there‌‌are‌‌a‌‌few‌‌pieces‌‌of‌‌indirect‌‌evidence‌‌collected‌‌via‌‌extensive‌‌research.‌‌For‌‌instance,‌‌in‌‌Adari‌‌(2006),‌‌the‌‌mixed‌‌rate‌‌law‌‌                                           
describing‌ ‌the‌ ‌oxidation‌‌of‌‌L-cysteine‌‌by‌‌the‌‌oxidizing‌‌agent‌‌pyridinium‌‌chlorochromate‌‌(PCC)‌‌was‌‌found‌‌to‌‌have‌‌an‌‌overall‌‌fractional‌‌                                     
order.‌‌However,‌‌it‌‌is‌‌important‌‌to‌‌note‌‌that‌‌Adari‌‌(2006)‌‌obtained‌‌this‌‌result‌‌at‌‌30‌°‌C‌‌(instead‌‌of‌‌below‌‌20‌°‌C),‌‌and‌‌cysteine‌‌solution‌‌with‌‌                                             
concentration‌ ‌of‌ ‌0.3M‌ ‌was‌ ‌used.‌ ‌More‌ ‌importantly,‌‌it‌‌is‌‌imprudent‌‌to‌‌generalize‌‌the‌‌findings‌‌on‌‌oxidation‌‌of‌‌L-cysteine‌‌by‌‌PCC‌‌to‌‌the‌‌                                           
mixed‌ ‌rate‌ ‌law‌ ‌of‌ ‌N-acetyl-L-cysteine‌ ‌oxidation‌ ‌by‌ ‌H‌2‌O‌2‌,‌ ‌hence,‌ ‌further‌ ‌research‌ ‌is‌ ‌needed‌ ‌to‌ ‌confirm‌ ‌the‌ ‌findings‌ ‌of‌ ‌this‌ ‌investigation.‌ ‌ 
‌ 

Additionally,‌ ‌it‌ ‌is‌ ‌also‌ ‌noteworthy‌ ‌that‌ ‌there‌ ‌are‌ ‌inconsistencies‌ ‌between‌ ‌the‌ ‌findings‌ ‌of‌ ‌existing‌ ‌literature‌ ‌and‌ ‌this‌ ‌experiment.‌ ‌For‌‌                                     
instance,‌‌Millero‌‌(1991)‌‌found‌‌that‌‌1‌ 10‌-7‌M‌ ‌H‌2‌O‌2‌‌‌is‌‌sufficient‌‌in‌‌reducing‌‌Cu‌2+‌ ‌to‌‌Cu‌+‌.‌‌Similarly,‌ ‌Moffet‌‌and‌‌Zika‌‌(1983)‌‌also‌‌concluded‌‌          ×                                
that‌‌<‌‌1‌ 10‌-8‌‌‌M‌‌of‌‌H‌2‌O‌2‌ ‌can‌‌still‌‌result‌‌in‌‌significant‌‌reduction‌‌of‌‌Cu‌2+‌.‌‌However,‌‌the‌‌statements‌‌from‌‌Millero‌‌(1991)‌‌and‌‌Moffet‌‌and‌‌Zika‌‌    ×                                             
(1983)‌ ‌appear‌ ‌contradictory‌ ‌to‌ ‌what‌ ‌was‌ ‌observed‌ ‌throughout‌ ‌the‌ ‌trial‌ ‌tests.‌ ‌Furthermore,‌ ‌Sharma‌ ‌and‌ ‌Millero‌ ‌(1989)‌ ‌found‌ ‌that‌ ‌the‌‌                                     
re-oxidation‌‌of‌‌Cu‌+‌ ‌by‌‌H‌2‌O‌2‌ ‌‌was‌‌unsuccessful‌‌when‌‌H‌2‌O‌2‌ ‌‌concentration‌‌exceeded‌‌1‌ 10‌-5‌ ‌‌M‌‌(since‌‌Cu‌+‌ ‌would‌‌become‌‌competitive‌‌with‌‌                      ×                
oxygen).‌ ‌However,‌ ‌their‌ ‌findings‌ ‌are‌ ‌again‌ ‌highly‌ ‌contradictory‌ ‌to‌ ‌the‌ ‌results‌ ‌of‌ ‌this‌ ‌experiment,‌ ‌by‌ ‌which‌ ‌it‌ ‌was‌ ‌evident‌ ‌that‌‌                                       
chemiluminescence‌‌has‌‌indeed‌‌appeared‌‌upon‌‌the‌‌re-oxidation‌‌of‌‌Cu‌+‌ ‌to‌‌Cu‌2+‌ ‌in‌‌the‌‌presence‌‌of‌ ‌H‌2‌O‌2‌ ‌with‌‌concentration‌‌as‌‌high‌‌as‌ ‌3.52‌                                          

10‌-1‌ ‌‌M.‌ ‌These‌ ‌inconsistencies‌ ‌again‌ ‌raise‌ ‌questions‌ ‌on‌ ‌the‌ ‌reproducibility‌ ‌and‌ ‌the‌ ‌validity‌ ‌of‌ ‌the‌ ‌results‌ ‌obtained‌ ‌by‌ ‌this‌ ‌experiment.‌‌ ‌×   
‌ 

10.3.‌ ‌Strength‌ ‌ 
Preliminary‌ ‌trial-and-error‌ ‌testings‌ ‌were‌ ‌carried‌ ‌out‌ ‌rigorously‌ ‌in‌ ‌order‌ ‌to‌ ‌enhance‌ ‌the‌ ‌effectiveness‌ ‌of‌ ‌the‌ ‌methodology‌ ‌used,‌ ‌which‌‌                                   
constituted‌‌a‌‌few‌‌stand-out‌‌strengths‌‌of‌‌this‌‌investigation.‌‌During‌‌preliminary‌‌trials,‌‌multiple‌‌methods‌‌of‌‌mitigating‌‌the‌‌fluctuations‌‌in‌‌the‌‌                                     
room‌‌temperature‌‌were‌‌attempted,‌‌such‌‌as‌‌using‌‌a‌‌water‌‌bath‌‌and‌‌placing‌‌the‌‌reaction‌‌mixture‌‌inside‌‌an‌‌insulating‌‌container.‌‌However,‌‌it‌‌                                         
appeared‌‌that‌‌light‌‌refraction‌‌through‌‌the‌‌water‌‌bath‌‌as‌‌well‌‌as‌‌the‌‌semi-transparent‌‌nature‌‌of‌‌the‌‌insulation‌‌materials‌‌tended‌ ‌to‌‌interfere‌‌                                         
with‌‌the‌‌identification‌‌of‌‌weak‌‌chemiluminescence.‌‌Hence,‌‌it‌‌was‌‌finally‌‌decided‌‌to‌‌monitor‌‌the‌‌temperature‌‌of‌‌the‌‌reaction‌‌mixture‌‌at‌‌the‌‌                                         
end‌ ‌of‌ ‌each‌ ‌trial,‌ ‌which‌ ‌allowed‌ ‌the‌ ‌uncontrolled‌ ‌variable‌ ‌of‌ ‌fluctuations‌ ‌in‌ ‌room‌ ‌temperature‌ ‌to‌ ‌be‌ ‌compensated‌ ‌by‌ ‌normalising‌‌the‌‌                                       
average‌‌reaction‌‌time‌‌and‌‌reaction‌‌rate‌‌to‌‌25‌°‌‌C.‌‌Since‌‌it‌‌is‌‌evident‌‌from‌‌the‌‌data‌‌points‌‌in‌‌‌table‌‌2‌‌and‌‌table‌‌‌3‌‌that‌‌the‌‌room‌‌temperature‌‌                                                     
appeared‌‌to‌‌decrease‌‌at‌‌the‌‌end‌‌of‌‌the‌‌experimental‌‌day,‌‌normalisation‌‌allowed‌‌reaction‌‌rates‌‌that‌‌took‌‌place‌‌at‌‌different‌‌temperatures‌‌to‌‌be‌‌                                           
compared‌ ‌together‌ ‌in‌ ‌a‌ ‌valid‌‌manner.‌‌Furthermore,‌‌the‌‌design‌‌of‌‌this‌‌experiment‌‌is‌‌apt‌‌and‌‌creative‌‌in‌‌terms‌‌of‌‌how‌‌it‌‌made‌‌use‌‌of‌‌the‌‌                                                 
phenomenon‌ ‌of‌ ‌chemiluminescence‌ ‌as‌ ‌an‌ ‌indicator‌ ‌to‌ ‌determine‌ ‌the‌ ‌end‌ ‌point‌ ‌of‌ ‌the‌ ‌N-acetyl‌ ‌cysteine‌ ‌oxidation‌ ‌reaction,‌ ‌instead‌ ‌of‌‌                                     
employing‌ ‌more‌ ‌conventional‌ ‌methods‌ ‌such‌ ‌as‌ ‌using‌ ‌indicators‌ ‌and‌ ‌plotting‌ ‌titration‌ ‌curves‌ ‌‌—‌ ‌‌which‌ ‌would‌ ‌have‌ ‌resulted‌ ‌in‌ ‌lower‌‌                                     
accuracy,‌‌more‌‌effort‌‌and‌‌time.‌‌Meanwhile,‌‌this‌‌experimental‌‌design‌‌also‌‌served‌‌to‌‌provide‌‌dual‌‌understandings‌‌in‌‌a‌‌single‌‌experiment‌‌‌—‌‌                                       
namely,‌‌methods‌‌of‌‌predicting‌‌and‌‌control‌‌the‌‌timing‌‌of‌‌chemiluminescence‌‌in‌‌real‌‌life‌‌(photochemistry),‌‌as‌‌well‌‌as‌‌the‌‌mixed‌‌rate‌‌law‌‌of‌‌                                           
N-acetyl-L‌ ‌cysteine‌ ‌oxidation‌ ‌in‌ ‌the‌ ‌light‌ ‌of‌ ‌fractional‌ ‌reaction‌ ‌order‌ ‌(kinetics).‌‌ ‌  
‌ 

10.4.‌ ‌Weakness‌‌ 

10.4.1.‌ ‌Random‌ ‌errors‌ ‌and‌ ‌improvements‌‌ ‌  
Firstly,‌‌for‌‌some‌‌samples‌‌that‌‌were‌‌treated‌‌with‌‌low‌‌[H‌2‌O‌2‌]‌‌and‌‌[Cu‌2+‌],‌‌it‌‌was‌‌observed‌‌that‌‌the‌‌glow‌‌was‌‌very‌‌subtle.‌‌As‌‌a‌‌result,‌‌due‌‌to‌‌                                                   
the‌‌dimness‌‌of‌‌glowing‌‌as‌‌well‌‌as‌‌the‌‌nature‌‌of‌‌human‌‌reaction‌‌time,‌‌there‌‌was‌‌a‌‌certain‌‌degree‌‌of‌‌random‌‌errors‌‌in‌‌determining‌‌the‌‌exact‌‌                                                 
instance‌ ‌when‌ ‌chemiluminescence‌ ‌appeared‌ ‌in‌ ‌the‌ ‌visible‌ ‌spectrum,‌ ‌and‌ ‌thus,‌ ‌resulted‌ ‌in‌ ‌lower‌ ‌precision‌ ‌of‌ ‌the‌ ‌data‌ ‌collected.‌ ‌This‌‌                                     
uncertainty‌ ‌was‌ ‌particularly‌ ‌significant‌ ‌for‌ ‌the‌ ‌trials‌ ‌with‌ ‌relatively‌ ‌concentrated‌ ‌H‌2‌O‌2‌ ‌or‌ ‌Cu‌2+‌ ‌solutions‌‌added‌‌to‌‌the‌‌reaction‌‌mixture‌‌                                     
(concentration‌‌set‌‌9‌‌and‌‌set‌‌10),‌‌such‌‌that‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence‌‌was‌‌too‌‌short‌‌for‌‌humans‌‌to‌‌react‌‌(less‌‌than‌‌1‌‌second),‌‌                                               
which‌‌manifested‌‌in‌‌the‌‌presence‌‌of‌‌outliers‌‌(‌table‌‌3‌).‌‌Despite‌‌repeated‌‌trials‌‌being‌‌conducted‌‌to‌‌counterbalance‌‌this‌‌random‌‌error‌‌in‌‌this‌‌                                         
experiment,‌ ‌it‌ ‌is‌ ‌important‌ ‌to‌ ‌note‌ ‌that‌ ‌random‌ ‌errors‌ ‌are‌ ‌theoretically‌ ‌unable‌ ‌to‌ ‌be‌ ‌fully‌ ‌eliminated.‌ ‌In‌ ‌order‌ ‌to‌ ‌counter‌ ‌this‌‌issue,‌‌a‌‌                                             
spectrophotometer‌‌connected‌‌to‌‌the‌‌LoggerPro‌‌software‌‌can‌‌be‌‌used‌‌in‌‌the‌‌future‌‌in‌‌an‌‌attempt‌‌to‌‌obtain‌‌more‌‌reliable‌‌readings,‌‌as‌‌well‌‌as‌‌                                             
providing‌‌quantitative‌‌descriptions‌‌of‌‌the‌‌brightness‌‌and‌‌the‌‌duration‌‌of‌‌chemiluminescence.‌‌With‌‌that‌‌being‌‌said,‌‌it‌‌should‌‌be‌‌noted‌‌that‌‌                                       
this‌‌proposed‌‌improvement‌‌method‌‌may‌‌transfer‌‌random‌‌errors‌‌into‌‌systematic‌‌errors‌‌if‌‌the‌‌spectrophotometer‌‌is‌‌not‌‌correctly‌‌calibrated.‌‌                                   
Secondly,‌ ‌a‌ ‌500ml‌ ‌beaker‌ ‌with‌ ‌an‌ ‌absolute‌ ‌uncertainty‌ ‌as‌ ‌large‌ ‌as‌ ‌ 25ml‌ ‌was‌ ‌used‌ ‌to‌ ‌prepare‌ ‌the‌ ‌stock‌ ‌solution‌ ‌(section‌ ‌7‌ ‌step‌ ‌1).‌                      ±                        
However,‌‌in‌‌reality,‌‌the‌‌uncertainty‌‌was‌‌highly‌‌unlikely‌‌to‌‌be‌‌indeed‌‌ 25ml‌‌as‌‌the‌‌solutions‌‌were‌‌topped‌‌up‌‌drop-wise‌‌using‌‌a‌‌5ml‌‌pipette‌‌                      ±                        
to‌‌reach‌‌the‌‌bottom‌‌of‌‌the‌‌gradation.‌‌Nevertheless,‌‌in‌‌order‌‌to‌‌reduce‌‌the‌‌random‌‌error‌‌associated‌‌with‌‌the‌‌estimation‌‌of‌‌the‌‌significant‌‌last‌‌                                             
digit,‌‌a‌‌500ml‌‌measuring‌‌cylinder‌‌(which‌‌was‌‌not‌‌available‌‌in‌‌school)‌‌should‌‌be‌‌used‌‌instead‌‌in‌‌order‌‌to‌‌reduce‌‌the‌‌absolute‌‌uncertainty‌‌                                           
from‌‌ 25ml‌‌to‌‌ 0.5ml.‌‌This‌‌improvement‌‌is‌‌highly‌‌crucial‌‌as‌‌all‌‌subsequent‌‌trials‌‌and‌‌results,‌‌without‌‌any‌‌exceptions,‌‌were‌‌potentially‌‌  ±     ±                                  
affected‌ ‌by‌ ‌the‌ ‌uncertainty‌ ‌associated‌ ‌with‌ ‌the‌ ‌stock‌ ‌solution.‌‌ ‌  



10.4.2.‌ ‌Systematic‌ ‌errors‌ ‌and‌ ‌improvements‌ ‌ 
It‌‌was‌‌noticed‌‌throughout‌‌the‌‌trials‌‌that‌‌the‌‌mercury‌‌thermometer‌‌appeared‌‌to‌‌be‌‌too‌‌insensitive‌‌to‌‌register‌‌the‌‌instantaneous‌‌temperature‌‌                                       
of‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌after‌ ‌each‌ ‌trial,‌ ‌as‌ ‌suggested‌ ‌by‌ ‌the‌ ‌fact‌ ‌that‌ ‌the‌ ‌temperature‌ ‌registered‌ ‌tended‌ ‌to‌ ‌sit‌ ‌at‌ ‌whatever‌ ‌the‌ ‌room‌‌                                             
temperature‌‌was‌‌despite‌‌the‌‌reaction‌‌mixture‌‌being‌‌obviously‌‌warmer‌‌when‌‌felt‌‌by‌‌hands‌‌after‌‌luminol‌‌oxidation‌‌(‌table‌‌2‌).‌‌This‌‌choice‌‌of‌‌                                         
measuring‌‌instrument‌‌has‌‌lowered‌‌the‌‌validity‌‌of‌‌the‌‌subsequent‌‌induction‌‌time‌‌normalisation‌‌carried‌‌out.‌‌Therefore,‌‌in‌‌order‌‌to‌‌enhance‌‌                                     
the‌‌accuracy‌‌of‌‌the‌‌temperature‌‌readings,‌‌a‌‌digital‌‌thermometer‌‌connected‌‌to‌‌the‌‌Logger‌‌Pro‌‌program‌‌should‌‌be‌‌used‌‌in‌‌the‌‌future.‌‌This‌‌                                           
would‌ ‌also‌ ‌allow‌‌the‌‌temperature‌‌curve‌‌to‌‌be‌‌extrapolated‌‌back‌‌to‌‌the‌‌‌y‌-axis‌‌to‌‌find‌‌out‌‌the‌‌initial‌‌temperature‌‌while‌‌accounting‌‌for‌‌the‌‌                                             
temperature‌ ‌loss.‌ ‌Furthermore‌,‌ ‌side‌ ‌reactions‌ ‌were‌ ‌noticed‌ ‌for‌ ‌some‌ ‌samples‌ ‌under‌‌the‌‌treatment‌‌of‌‌high‌‌[Cu‌2+‌],‌‌such‌‌that‌‌the‌‌reaction‌‌                                       
mixture‌‌turned‌‌light‌‌green‌‌and‌‌dark‌‌copper‌‌precipitates‌‌were‌‌formed‌‌at‌‌the‌‌bottom‌‌of‌‌the‌‌test‌‌tube.‌‌This‌‌means‌‌that‌‌there‌‌was‌‌actually‌‌less‌‌                                               
amount‌ ‌of‌ ‌H‌2‌O‌2‌ ‌and‌ ‌electrons‌ ‌involved‌‌in‌‌the‌‌reaction‌‌under‌‌investigation‌‌‌than‌‌expected.‌‌The‌‌‘loss’‌‌of‌‌reactants‌‌served‌‌as‌‌a‌‌systematic‌‌                                         
error‌‌that‌‌could‌‌potentially‌‌reduce‌‌the‌‌rate‌‌of‌‌reaction‌‌and‌‌the‌‌product‌‌yield.‌‌A‌‌possible‌‌improvement‌‌is‌‌to‌‌use‌‌titration‌‌to‌‌determine‌‌the‌‌                                             
purity‌ ‌of‌ ‌the‌‌reagent‌‌prior‌‌to‌‌the‌‌experiment‌‌and‌‌to‌‌determine‌‌the‌‌amount‌‌of‌‌oxidised‌‌luminol‌‌at‌‌the‌‌end‌‌of‌‌the‌‌reaction.‌‌This‌‌improved‌‌                                               
method‌‌would‌‌allow‌‌stoichiometry‌‌to‌‌be‌‌carried‌‌out‌‌using‌‌the‌‌molar‌‌coefficients‌‌of‌‌balanced‌‌equations‌‌to‌‌calculate‌‌the‌‌amount‌‌of‌‌reagents‌‌                                         
that‌‌were‌‌actually‌‌involved‌‌in‌‌the‌‌reaction‌‌under‌‌investigation,‌‌by‌‌referencing‌‌the‌‌amount‌‌of‌‌expected‌‌product‌‌produced.‌‌Moreover,‌‌even‌‌                                     
though‌‌the‌‌amount‌‌of‌‌dissolved‌‌oxygen‌‌in‌‌the‌‌reaction‌‌mixture‌‌was‌‌mitigated‌‌to‌‌some‌‌extent‌‌by‌‌avoiding‌‌stirring,‌‌this‌‌method‌‌of‌‌control‌‌                                           
was‌ ‌arbitrary,‌ ‌by‌ ‌which‌ ‌a‌ ‌better‌ ‌control‌ ‌can‌ ‌be‌ ‌established‌ ‌using‌ ‌deoxygenated‌ ‌water‌ ‌by‌ ‌bubbling‌ ‌N‌2‌ ‌‌into‌ ‌distilled‌ ‌water.‌ ‌This‌‌                                       
methodological‌ ‌improvement‌ ‌is‌ ‌highly‌ ‌important‌ ‌because‌ ‌Cu‌+‌ ‌‌can‌ ‌be‌ ‌oxidised‌ ‌by‌ ‌dissolved‌ ‌oxygen‌ ‌in‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌via‌ ‌a‌‌free‌‌                                       
radical‌ ‌mechanism‌ ‌(Xing,2012):‌ ‌ .‌ ‌As‌ ‌a‌ ‌result,‌ ‌assuming‌ ‌the‌ ‌catalyst‌ ‌ was‌ ‌not‌ ‌in‌ ‌excess‌ ‌initially,‌ ‌this‌‌      u uC + + O2 → C 2+ + O2

•−               uC 2+            
extraneous‌ ‌variable‌ ‌was‌ ‌highly‌ ‌likely‌ ‌to‌‌amplify‌‌the‌‌effect‌‌of‌‌H‌2‌O‌2‌ ‌and‌‌reduce‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence,‌‌which‌‌in‌‌turn‌‌                                         
may‌ ‌contribute‌ ‌to‌ ‌the‌ ‌deviation‌ ‌of‌ ‌the‌ ‌final‌ ‌integrated‌ ‌rate‌ ‌law‌ ‌equation‌ ‌from‌ ‌what‌ ‌is‌ ‌proposed‌ ‌in‌ ‌existing‌ ‌literature.‌‌ ‌  
‌ 

10.4.3.‌ ‌Methodological‌ ‌issues‌ ‌and‌ ‌assumptions‌ ‌ 
In‌‌reality,‌‌the‌‌concentration‌‌of‌‌cysteine‌‌itself‌‌also‌‌affects‌‌the‌‌rate‌‌of‌‌the‌‌oxidation‌‌reaction‌‌as‌‌it‌‌is‌‌involved‌‌in‌‌the‌‌RDS.‌‌This‌‌proposition‌‌is‌‌                                                 
supported‌‌by‌‌Adari‌‌(2006),‌‌which‌‌provided‌‌the‌‌rate‌‌equation‌‌‌V‌=‌‌ .‌‌However,‌‌due‌‌to‌‌time‌‌constraints‌‌and‌‌the‌‌complexity‌‌of‌‌the‌‌                    1+k[Cys]

k[Cys][P CC]                      
serial‌‌reaction‌‌mechanism,‌‌it‌‌was‌‌decided‌‌to‌‌keep‌‌the‌‌concentration‌‌of‌‌N-acetyl‌‌cysteine‌‌constant‌‌throughout‌‌the‌‌course‌‌of‌‌the‌‌experiment,‌‌                                       
and‌‌derive‌‌the‌‌rate‌‌equation‌‌without‌‌considering‌‌the‌‌involvement‌‌of‌‌cysteine.‌‌Subsequently,‌‌it‌‌is‌‌suspected‌‌that‌‌this‌‌simplification‌‌of‌‌the‌‌                                       
reality‌ ‌might‌ ‌have‌ ‌led‌ ‌to‌ ‌decimal‌ ‌partial‌‌reaction‌‌orders‌‌before‌‌rounding-up‌‌was‌‌carried‌‌out.‌‌Nevertheless,‌‌justifying‌‌this‌‌speculation‌‌is‌‌                                     
beyond‌‌the‌‌scope‌‌of‌‌this‌‌experiment.‌‌Furthermore,‌‌the‌‌principle‌‌assumption‌‌of‌‌the‌‌methodology‌‌is‌‌that‌‌all‌‌N-acetyl-L‌‌cysteine‌‌needs‌‌to‌‌be‌‌                                         
consumed‌‌for‌‌chemiluminescence‌‌to‌‌occur.‌‌However,‌‌this‌‌proposition‌‌contradicts‌‌with‌‌the‌‌qualitative‌‌observations‌‌during‌‌this‌‌experiment,‌‌                               
by‌ ‌which‌ ‌it‌ ‌was‌ ‌noticed‌ ‌that‌‌the‌‌blue‌‌glow‌‌spread‌‌out‌‌across‌‌the‌‌reaction‌‌mixture‌‌gradually‌‌in‌‌a‌‌non-uniform‌‌manner.‌‌This‌‌observation‌‌                                           
suggests‌‌that‌‌some‌‌luminol‌‌was‌‌able‌‌to‌‌be‌‌oxidised‌‌when‌‌the‌‌cysteine‌‌molecules‌‌surrounding‌‌it‌‌were‌‌partially‌‌consumed.‌‌Hence,‌‌there‌‌is‌‌a‌‌                                           
lack‌ ‌of‌ ‌rigor‌ ‌associated‌ ‌with‌ ‌this‌ ‌assumption.‌ ‌Lastly,‌ ‌referring‌ ‌to‌ ‌‌figure‌ ‌2‌,‌ ‌it‌ ‌is‌ ‌important‌‌to‌‌note‌‌that‌‌the‌‌methodology‌‌used‌‌possesses‌‌                                           
another‌‌limitation‌‌in‌‌the‌‌sense‌‌that‌‌the‌‌series‌‌of‌‌diluted‌‌Cu‌2+‌and‌‌H‌2‌O‌2‌ ‌solutions‌‌were‌‌not‌‌equimolar‌‌with‌‌their‌‌associated‌‌counterpart‌‌(for‌‌                                         
instance,‌‌20mM‌‌Cu‌2+‌ ‌was‌‌compared‌‌with‌‌22mM‌‌H‌2‌O‌2‌).‌‌This‌‌difference‌‌was‌‌necessary‌‌as‌‌20mM‌‌Cu‌2+‌ ‌and‌‌22mM‌‌H‌2‌O‌2‌ ‌were‌‌tested‌‌to‌‌be‌‌                                           
the‌‌minimum‌‌concentrations‌‌that‌‌facilitate‌‌luminol‌‌oxidation.‌‌Despite‌‌this‌‌limitation‌‌was‌‌compensated‌‌via‌‌interpolation‌‌using‌‌trend‌‌lines,‌‌                                 
however,‌‌it‌‌should‌‌be‌‌noted‌‌that‌‌extrapolation‌‌has‌‌shown‌‌an‌‌artifact‌‌in‌‌figure‌‌2‌‌in‌‌terms‌‌of‌‌how‌‌0mM‌‌Cu‌2+‌and‌‌H‌2‌O‌2‌ ‌concentrations‌‌(at‌‌the‌‌                                               
origin‌‌of‌‌the‌‌‌x‌-axis)‌‌were‌‌shown‌‌to‌‌be‌‌associated‌‌with‌‌a‌‌specific‌‌reaction‌‌rate.‌‌This‌‌tends‌‌to‌‌be‌‌misleading‌‌as‌‌it‌‌was‌‌evident‌‌from‌‌the‌‌two‌‌                                                   
negative‌ ‌controlled‌ ‌samples‌ ‌prepared‌ ‌that‌ ‌the‌ ‌absence‌ ‌of‌ ‌either‌ ‌Cu‌2+‌and‌  ‌H‌2‌O‌2‌‌ ‌led‌ ‌to‌ ‌failures‌ ‌for‌ ‌the‌ ‌reaction‌ ‌to‌ ‌proceed.‌ ‌ 

‌ 

10.5.‌ ‌Extensions‌ ‌ 
In‌ ‌the‌ ‌future,‌ ‌it‌ ‌would‌ ‌be‌ ‌valuable‌ ‌to‌ ‌extend‌ ‌the‌ ‌investigation‌ ‌in‌ ‌chemiluminescence‌ ‌to‌ ‌other‌ ‌types‌ ‌of‌ ‌radiative‌ ‌relaxation‌ ‌such‌ ‌as‌‌                                         
phosphorescence‌ ‌and‌ ‌fluorescence,‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌subtype‌ ‌of‌ ‌chemiluminescence‌ ‌known‌ ‌as‌‌bioluminescence.‌‌These‌‌investigations‌‌will‌‌                               
allow‌ ‌more‌ ‌in-depth‌ ‌understanding‌ ‌into‌ ‌photomestry,‌ ‌including‌ ‌the‌ ‌role‌ ‌of‌ ‌intersystem‌ ‌crossing,‌‌spin‌‌multiplicity,‌‌singlet‌‌versus‌‌triplet‌‌                                 
state‌ ‌excited‌ ‌state,‌ ‌and‌ ‌Pauli‌ ‌exclusion‌ ‌principle‌ ‌in‌ ‌the‌‌control‌‌of‌‌induction‌‌time.‌‌More‌‌importantly,‌‌these‌‌further‌‌investigations‌‌will‌‌be‌‌                                       
highly‌‌relevant‌‌to‌‌many‌‌practical‌‌applications,‌‌such‌‌as‌‌mineralogy,‌‌dyes‌‌and‌‌clock‌‌dials.‌‌Furthermore,‌‌using‌‌spectrophotometry‌‌to‌‌monitor‌‌                                   
the‌ ‌change‌ ‌in‌ ‌the‌ ‌absorbance‌ ‌of‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌over‌ ‌a‌ ‌period‌‌of‌‌time‌‌would‌‌also‌‌provide‌‌additional‌‌insights.‌‌This‌‌would‌‌allow‌‌a‌‌                                             
graph‌‌of‌‌ verse‌‌time‌‌to‌‌be‌‌plotted‌‌by‌‌converting‌‌the‌‌absorbance‌‌recorded‌‌to‌‌solution‌‌concentration‌‌using‌‌Beer‌‌Lambert’s‌‌law‌‌(Atkins,‌‌    1

[C]                                    
2006).‌‌This‌‌extension‌‌will‌‌help‌‌to‌‌evaluate‌‌the‌‌dependence‌‌of‌‌the‌‌rate‌‌of‌‌N-acetyl-L‌‌cysteine‌‌oxidation‌‌more‌‌comprehensively‌‌via‌‌multiple‌‌                                       
parameters‌ ‌and‌ ‌visualization‌ ‌methods,‌ ‌which‌ ‌would‌ ‌ultimately‌ ‌result‌ ‌in‌ ‌more‌ ‌accurate‌ ‌and‌ ‌reliable‌ ‌derivation‌ ‌of‌ ‌the‌ ‌mixed‌ ‌rate‌ ‌law.‌ ‌  

‌ 
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April‌ ‌30th‌‌ ‌   Fascinated‌ ‌by‌ ‌the‌ ‌phenomenon‌ ‌of‌ ‌chemiluminescence‌ ‌and‌ ‌carried‌ ‌out‌ ‌independent‌ ‌research.‌ ‌ 

To‌‌understand‌‌the‌‌underlying‌‌mechanisms‌‌of‌‌chemiluminescence‌‌on‌‌a‌‌molecular‌‌level,‌‌it‌‌is‌‌essential‌‌to‌‌define‌‌a‌‌few‌‌                                   
key‌ ‌concepts.‌ ‌Hence,‌ ‌I‌ ‌took‌ ‌notes‌ ‌below:‌ ‌ 

Spin‌‌quantum‌‌number‌‌(ms):‌‌‌The‌‌ms‌‌value‌‌describes‌‌both‌‌the‌‌magnitude‌‌(‌ )‌‌and‌‌direction‌‌(+/-)‌‌of‌‌an‌‌electron,‌‌by‌‌which‌‌                      2
1                  

it‌ ‌is‌ ‌assigned‌ ‌‘+‌ ’‌ ‌for‌ ‌a‌ ‌up-spined‌ ‌electron‌ ‌and‌ ‌‘‌ ‌-‌ ’‌ ‌for‌ ‌a‌ ‌down-spined‌ ‌electron.‌‌ ‌2
1

2
1   

Total‌‌spin‌‌quantum‌‌number‌‌(S):‌‌Total‌‌spin‌‌quantum‌‌number‌‌is‌‌determined‌‌by‌‌the‌‌sum‌‌of‌‌the‌‌spin‌‌quantum‌‌number‌‌(ms)‌‌                                       
of‌ ‌each‌ ‌individual‌ ‌electron.‌ ‌For‌ ‌a‌ ‌pair‌ ‌of‌ ‌electrons‌ ‌with‌ ‌opposite‌ ‌spin,‌ ‌ .‌ ‌Similarly,‌ ‌S‌ ‌value‌ ‌of‌ ‌1‌‌is‌‌                        + ) )S = ( 2

1 + (− 2
1 = 0              

obtained‌ ‌for‌ ‌a‌ ‌pair‌ ‌of‌ ‌electrons‌ ‌orienting‌ ‌toward‌ ‌the‌ ‌same‌ ‌direction.‌ ‌ 

Spin‌‌multiplicity(Ms):‌‌‌Spin‌‌multiplicity‌‌describes‌‌the‌‌number‌‌of‌‌possible‌‌orientations‌‌of‌‌the‌‌spin‌‌angular‌‌momentum‌‌of‌‌a‌‌                                 
given‌ ‌total‌ ‌quantum‌ ‌number‌‌(S),‌‌as‌‌calculated‌‌by‌‌2S+1.‌‌Hence,‌‌a‌‌pair‌‌of‌‌electrons‌‌in‌‌an‌‌orbital‌‌oriented‌‌according‌‌to‌‌the‌‌                                         
Hund's‌ ‌rule‌ ‌would‌ ‌give:‌ ‌Ms‌ ‌ ;‌ ‌while‌ ‌a‌ ‌pair‌ ‌of‌ ‌electrons‌ ‌oriented‌ ‌toward‌ ‌the‌ ‌same‌ ‌direction‌‌          (+ ) )]= 2 × [ 2

1 + (− 2
1 + 1 = 1                      

would‌ ‌give‌ ‌a‌ ‌Ms‌ ‌value‌ ‌of‌ ‌3.‌ ‌ 

Singlet‌‌(‌S‌n‌)‌‌and‌‌triplet‌‌(‌T‌n‌)‌‌spin‌‌state:‌‌‌The‌‌spin‌‌states‌‌of‌‌electrons‌‌refers‌‌to‌‌their‌‌spin‌‌multiplicity‌‌(Ms).‌‌A‌‌Ms‌‌value‌‌of‌‌1‌‌                                             
means‌‌that‌‌the‌‌electrons‌‌are‌‌in‌‌a‌‌singlet‌‌spin‌‌state.‌‌Without‌‌changing‌‌the‌‌orientation‌‌of‌‌spin,‌‌an‌‌electron‌‌at‌‌its‌‌ground‌‌state‌‌                                           
(S‌0‌)‌‌can‌‌be‌‌promoted‌‌to‌‌a‌‌vibrational‌‌state‌‌within‌‌the‌‌same‌‌electron‌‌state‌‌or‌‌get‌‌boosted‌‌to‌‌a‌‌new‌‌electronic‌‌state‌‌with‌‌higher‌‌                                             
energy‌‌(such‌‌as‌‌S‌1‌)‌‌upon‌‌absorption‌‌of‌‌photons.‌‌This‌‌is‌‌known‌‌as‌‌the‌‌singlet‌‌excited‌‌state‌‌with‌‌a‌‌net‌‌spin‌‌of‌‌0.‌‌On‌‌the‌‌other‌‌                                                 
hand,‌‌if‌‌the‌‌down-spined‌‌electron‌‌flips‌‌its‌‌spin‌‌direction‌‌upon‌‌absorption‌‌of‌‌a‌‌photon,‌‌then‌‌the‌‌electron‌‌pair‌‌(with‌‌Ms‌‌value‌‌                                         
of‌ ‌3)‌  ‌is‌ ‌said‌ ‌to‌ ‌be‌ ‌in‌ ‌triplet‌ ‌excited‌ ‌state‌ ‌(T‌n‌).‌ ‌ 

Jablonski‌‌diagram:‌‌‌The‌‌electronic‌‌states‌‌in‌‌a‌‌Jablonski‌‌diagram‌‌‌are‌‌arranged‌‌vertically‌‌by‌‌increasing‌‌energy‌‌and‌‌grouped‌‌                                 
horizontally‌ ‌by‌ ‌spin‌ ‌multiplicity,‌ ‌separating‌ ‌singlet‌ ‌and‌ ‌triplet‌ ‌states.‌‌ ‌  

Radiative‌‌recombination:‌‌‌Radiative‌‌recombination‌‌is‌‌achieved‌‌by‌‌vibrational‌‌relaxation,‌‌resulting‌‌in‌‌chemiluminescence‌‌                       
in‌ ‌the‌ ‌visible‌ ‌spectrum.‌ ‌ 



Intersystem-crossing‌‌(ISC):‌‌ISC‌‌refers‌‌to‌‌the‌‌process‌‌where‌‌a‌‌pair‌‌of‌‌electrons‌‌transfer‌‌from‌‌the‌‌singlet‌‌excited‌‌state‌‌(on‌‌                                     
the‌ ‌left‌ ‌hand‌ ‌side‌ ‌of‌ ‌the‌ ‌Jablonski‌ ‌diagram)‌ ‌to‌ ‌triplet‌ ‌excited‌ ‌state‌ ‌(on‌ ‌the‌ ‌right‌ ‌hand‌ ‌hand),‌ ‌or‌ ‌vice‌ ‌versa.‌ ‌ 

‌ 

May‌ ‌1st‌  ‌-‌‌ 
May‌ ‌4th‌ ‌ 

‌ 

I‌ ‌started‌ ‌to‌ ‌write‌ ‌the‌ ‌introduction‌ ‌of‌ ‌my‌ ‌scientific‌ ‌inquiry‌ ‌report:‌ ‌ 

The‌ ‌phenomenon‌ ‌of‌ ‌chemiluminescence‌ ‌refers‌ ‌to‌ ‌the‌ ‌production‌ ‌of‌‌electromagnetic‌‌radiation‌‌observed‌‌when‌‌a‌‌chemical‌‌                             
reaction‌‌yields‌‌an‌‌electronically‌‌excited‌‌intermediate‌‌or‌‌product‌‌(Christofi,‌‌2005).‌‌Chemiluminescence‌‌is‌‌produced‌‌from‌‌the‌‌                             
radiative‌ ‌recombination‌ ‌of‌ ‌excited‌ ‌electrons‌‌falling‌‌back‌‌to‌‌singlet‌‌ground‌‌state‌‌(S‌0‌)‌‌from‌‌singlet‌‌excited‌‌states,‌‌releasing‌‌                                 
excess‌ ‌energy‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌photons.‌ ‌In‌ ‌this‌ ‌experiment,‌ ‌water-solution‌ ‌dianion‌ ‌is‌ ‌first‌ ‌produced‌ ‌from‌ ‌water-insoluble‌‌                                 
luminol‌‌upon‌‌the‌‌addition‌‌of‌‌alkaline‌‌through‌‌an‌‌elimination‌‌reaction.‌‌Under‌‌a‌‌suitable‌‌redox‌‌catalyst‌‌(Cu‌2+‌),‌‌dianion‌‌may‌‌                                   
react‌‌with‌‌oxidizing‌‌agents‌‌(H‌2‌O‌2‌),‌‌forming‌‌3-Aminophthalate‌‌(3-APA)‌‌with‌‌electrons‌‌in‌‌their‌‌excited‌‌triplet‌‌state‌‌(T‌1‌)‌‌upon‌‌                                 
the‌‌substitution‌‌of‌ ‌N‌2‌ ‌by‌‌O‌2‌.‌Due‌‌to‌‌the‌‌Pauil‌‌exclusion‌‌principle,‌‌these‌‌electrons‌‌in‌‌T‌1‌‌‌are‌‌unable‌‌to‌‌fall‌‌back‌‌to‌‌the‌‌ground‌‌                                               
state.‌ ‌Thus,‌ ‌intersystem‌ ‌crossing‌ ‌takes‌ ‌place‌ ‌to‌ ‌transfer‌ ‌triplet‌ ‌3-Aminophthalate‌ ‌(3-APA)‌ ‌to‌ ‌singlet‌ ‌excited‌ ‌state‌ ‌(S‌1‌),‌‌                               
which‌ ‌allows‌ ‌the‌ ‌excited‌ ‌electron‌ ‌to‌ ‌transfer‌ ‌back‌ ‌to‌ ‌S‌0‌,‌ ‌realising‌ ‌the‌ ‌quantized‌ ‌energy‌ ‌difference‌ ‌as‌ ‌a‌ ‌flash‌ ‌of‌ ‌blue‌ ‌light.‌ ‌ 

Additionally,‌ ‌I‌ ‌also‌ ‌looked‌ ‌into‌ ‌the‌ ‌oxidation‌ ‌of‌ ‌N-acetyl-L-cysteine:‌ ‌ 



‌ 

May‌ ‌5th‌ ‌-‌‌ 
May‌ ‌10th‌ ‌ 

I‌ ‌finished‌ ‌planning‌ ‌for‌ ‌materials‌ ‌and‌ ‌considering‌ ‌the‌ ‌controls‌ ‌that‌ ‌need‌ ‌to‌ ‌be‌ ‌established‌ ‌(see‌ ‌section‌ ‌6‌ ‌and‌ ‌5.4‌ ‌of‌ ‌the‌‌ 
scientific‌ ‌inquiry‌ ‌report).‌ ‌ 

‌ 
Ideas‌ ‌and‌ ‌process‌ ‌of‌ ‌approach:‌ ‌ 
I‌ ‌referred‌ ‌to‌ ‌the‌ ‌self-learnt‌ ‌content‌ ‌of‌ ‌the‌ ‌IB‌ ‌HL‌ ‌kinetics‌ ‌chapter,‌ ‌as‌ ‌well‌ ‌as‌ ‌a‌ ‌number‌ ‌of‌ ‌high‌ ‌quality,‌ ‌peer-reviewed‌‌                                         
resources‌ ‌on‌ ‌Pubmed‌ ‌and‌ ‌Researchgate.‌ ‌Subsequently,‌ ‌in‌ ‌this‌‌experiment,‌‌I’m‌‌going‌‌to‌‌determine‌‌the‌‌dependence‌‌of‌‌the‌‌                                 
induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌‌on‌‌hydrogen‌‌peroxide‌‌(H‌2‌O‌2‌)‌‌and‌‌copper(II)‌‌(Cu‌2+‌)‌‌by‌‌calculating‌‌the‌‌rate‌‌constant‌‌                               
and‌ ‌the‌ ‌partial‌ ‌reaction‌ ‌order‌ ‌in‌ ‌respect‌ ‌to‌ ‌each‌ ‌species‌ ‌using‌ ‌integrated‌ ‌rate‌ ‌law.‌ ‌Specifically,‌ ‌this‌ ‌will‌ ‌be‌ ‌achieved‌‌by‌‌                                       
varying‌‌the‌‌concentration‌‌of‌‌H‌2‌O‌2‌‌‌and‌‌Cu‌2+‌ ‌while‌‌keeping‌‌the‌‌concentration‌‌of‌‌N-acetyl-L-cysteine‌‌constant‌‌in‌‌order‌‌to‌‌time‌‌                                   
their‌ ‌resulting‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌(in‌ ‌seconds).‌ ‌The‌ ‌rationale‌ ‌of‌ ‌this‌ ‌approach‌ ‌is‌ ‌that‌ ‌formulating‌‌the‌‌                                 
mixed‌‌rate‌‌law‌‌of‌‌N-acetyl-L-cysteine‌‌oxidation‌‌will‌‌allow‌‌the‌‌induction‌‌time‌‌of‌‌chemiluminescence‌‌to‌‌be‌‌easily‌‌predicted‌‌                                 
for‌‌a‌‌given‌‌amount‌‌of‌‌reactant‌‌(H‌2‌O‌2‌)‌‌and‌‌catalyst‌‌(Cu‌2+‌),‌‌as‌‌N-acetyl-L-cysteine‌‌acts‌‌as‌‌an‌‌inhibitor‌‌that‌‌needs‌‌to‌‌be‌‌fully‌‌                                         
oxidised‌ ‌for‌ ‌chemiluminescence‌ ‌to‌ ‌take‌ ‌place.‌ ‌ 
‌ 
‌ 

May‌ ‌11th‌ ‌-‌‌  The‌ ‌following‌ ‌procedures‌ ‌were‌ ‌carried‌ ‌out:‌ ‌ 



May‌ ‌12th‌ ‌ 
‌ 

Two‌ ‌full‌ ‌days‌‌ 
of‌ ‌experiment‌‌ 
completion‌ ‌ 

1.‌ ‌Anhydrous‌ ‌luminol‌ ‌(1.00g),‌ ‌anhydrous‌ ‌N-acetyl-L-cysteine‌ ‌(3.00g),‌ ‌Na‌2‌CO‌3‌(s)‌ ‌(2.00g),‌ ‌NaHCO‌3‌(s)(12.00g),‌ ‌and‌‌                     
(NH‌4‌)‌2‌CO‌3‌(s)‌‌(0.25g)‌‌were‌‌weighed‌‌using‌‌a‌‌digital‌‌scale‌‌and‌‌added‌‌to‌‌a‌‌clearly-labeled‌‌500ml‌‌beaker.‌‌Distilled‌‌water‌‌was‌‌                                   
first‌ ‌added‌ ‌roughly‌ ‌using‌ ‌a‌ ‌funnel‌ ‌to‌ ‌just‌ ‌below‌ ‌the‌ ‌500ml‌ ‌mark‌ ‌of‌ ‌the‌ ‌500ml‌‌beaker.‌‌The‌‌solution‌‌was‌‌then‌‌topped‌‌up‌‌                                           
drop-wise‌ ‌using‌ ‌a‌‌5ml‌‌bulb‌‌pipette‌‌until‌‌the‌‌bottom‌‌of‌‌the‌‌meniscus‌‌sat‌‌exactly‌‌at‌‌the‌‌500ml‌‌mark‌‌when‌‌viewed‌‌from‌‌an‌‌                                           
eye-level.‌ ‌In‌ ‌the‌ ‌following‌ ‌procedures,‌ ‌all‌ ‌steps‌ ‌involving‌ ‌making‌ ‌solutions‌ ‌to‌ ‌a‌ ‌certain‌ ‌volume‌ ‌were‌ ‌done‌ ‌using‌ ‌this‌‌                                   
method‌ ‌to‌ ‌mitigate‌ ‌random‌ ‌uncertainties.‌ ‌ 
2.‌ ‌‌10mM,‌ ‌‌20mM,‌ ‌40mM,‌ ‌80mM,‌ ‌160mM‌ ‌and‌‌320mM‌‌copper‌‌solutions‌‌were‌‌prepared‌‌by‌‌weighing‌‌0.16g,‌‌0.32g,‌‌0.64g,‌‌                                 
1.28g,‌ ‌2.56g‌ ‌and‌ ‌5.12g‌ ‌anhydrous‌ ‌CuSO‌4‌ ‌‌respectively.‌ ‌Each‌ ‌of‌ ‌the‌ ‌five‌ ‌weighed‌ ‌CuSO‌4‌(s)‌ ‌samples‌ ‌were‌ ‌dissolved‌ ‌in‌‌                                 
distilled‌ ‌water‌ ‌(100ml)‌ ‌in‌ ‌5‌ ‌separate‌ ‌100ml‌ ‌measuring‌ ‌cylinders.‌‌ ‌  
3.‌‌Diluted‌‌H‌2‌O‌2‌ ‌‌solutions‌‌of‌‌5‌‌different‌‌concentrations‌‌were‌‌prepared‌‌from‌‌6%‌‌(1.76M)‌‌stock‌‌H‌2‌O‌2‌‌‌(aq).‌‌This‌‌was‌‌done‌‌by‌‌                                       
using‌ ‌a‌ ‌1ml‌ ‌bulb‌ ‌pipette‌ ‌to‌ ‌transfer‌ ‌5‌ ‌lots‌ ‌of‌ ‌1ml‌‌1.76M‌‌H‌2‌O‌2‌ ‌‌into‌‌4‌‌separate‌‌100ml‌‌measuring‌‌cylinders‌‌and‌‌topped‌‌up‌‌                                           
using‌ ‌distilled‌ ‌water‌ ‌to‌ ‌80ml‌ ‌(give‌ ‌22mM‌ ‌H‌2‌O‌2‌),‌ ‌40ml‌ ‌(give‌ ‌44mM),‌ ‌20ml‌ ‌(give‌‌88mM),‌‌10ml‌‌(give‌‌176mM)‌‌and‌‌5ml‌‌                                     
(give‌ ‌352mM)‌ ‌respectively.‌‌ ‌  
4.‌ ‌To‌ ‌avoid‌ ‌contamination,‌ ‌another‌ ‌1ml‌ ‌bulb‌ ‌pipette‌ ‌was‌ ‌used‌ ‌to‌ ‌transfer‌ ‌1ml‌ ‌of‌ ‌the‌ ‌contents‌ ‌in‌ ‌the‌ ‌500ml‌ ‌beaker‌ ‌to‌‌a‌‌                                           
plastic‌ ‌10ml‌ ‌test‌ ‌tube‌ ‌with‌ ‌screw-on‌ ‌cap.‌‌ ‌  
5.‌‌‌Referring‌‌to‌‌‌Table‌‌1‌‌below,‌‌two‌‌separate‌‌1ml‌‌pipettes‌‌were‌‌used‌‌to‌‌charge‌‌a‌‌4ml‌‌glass‌‌vial‌‌with‌‌0.1ml‌‌10mM‌‌solution,‌‌                                           
and‌ ‌1.0ml‌ ‌22mM‌ ‌H‌2‌O‌2‌ ‌‌solution.‌ ‌This‌ ‌made‌ ‌up‌ ‌‘concentration‌ ‌set‌ ‌1‌ ‌(‌[C]‌ ‌set‌ ‌#1‌)’.‌ ‌ 
‌ 

6.‌ ‌‌The‌ ‌4ml‌ ‌filled‌ ‌glass‌ ‌vial‌ ‌was‌ ‌carefully‌ ‌inserted‌ ‌into‌ ‌the‌ ‌filled‌ ‌10ml‌ ‌test‌‌tube‌‌with‌‌screw-on‌‌cap‌‌without‌‌allowing‌‌the‌‌                                         
contents‌ ‌to‌ ‌mix.‌ ‌ 

Table‌ ‌1-‌ ‌‌The‌ ‌concentrations‌ ‌of‌ ‌H‌2‌O‌2‌ ‌‌(aq)‌ ‌and‌ ‌CuSO‌4‌(aq)‌ ‌in‌ ‌each‌ ‌concentration‌ ‌set‌ ‌transferred‌ ‌to‌ ‌the‌ ‌4ml‌ ‌glass‌ ‌vial‌‌ ‌  

‌ ‌   Concentration‌ ‌(mM)‌ ‌ 

Chemic‌
als‌ ‌ 

[C]‌ ‌Set‌‌ 
#1‌ ‌ 

[C]‌ ‌Set‌‌ 
#2‌ ‌ 

[C]‌ ‌Set‌‌ 
#3‌ ‌ 

[C]‌ ‌Set‌‌ 
#4‌ ‌ 

[C]‌ ‌Set‌‌ 
#5‌ ‌ 

[C]‌ ‌Set‌‌ 
#6‌ ‌ 

[C]‌ ‌Set‌‌ 
#7‌ ‌ 

[C]‌ ‌Set‌‌ 
#8‌ ‌ 

[C]‌ ‌Set‌‌ 
#9‌ ‌ 

[C]‌ ‌Set‌‌ 
#10‌ ‌ 

CuSO‌4‌ ‌ 
(aq)‌ ‌ 

10‌‌  10‌ ‌  10‌ ‌  10‌ ‌  10‌ ‌  20‌ ‌  40‌ ‌  80‌ ‌  160‌ ‌  320‌ ‌ 

H‌2‌O‌2‌ ‌  
(aq)‌ ‌ 

22‌ ‌  44‌ ‌  88‌ ‌  176‌ ‌  352‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌  22‌ ‌ 



7.‌ ‌‌The‌ ‌room‌ ‌light‌ ‌was‌ ‌switched‌ ‌off‌ ‌and‌‌the‌‌subsequent‌‌procedures‌‌were‌‌performed‌‌with‌‌the‌‌samples‌‌placed‌‌in‌‌the‌‌black‌‌                                       
cardboard‌‌box.‌‌The‌‌10ml‌‌test‌‌tube‌‌was‌‌sealed‌‌and‌‌shaken‌‌vigorously‌‌twice‌‌in‌‌order‌‌to‌‌mix‌‌in‌‌the‌‌contents‌‌in‌‌the‌‌4ml‌‌glass‌‌                                             
vial.‌ ‌The‌ ‌timer‌ ‌was‌ ‌started‌ ‌at‌ ‌the‌ ‌exact‌ ‌instance‌ ‌when‌ ‌shaking‌ ‌began.‌‌ ‌  
8.‌ ‌‌After‌ ‌shaking,‌ ‌the‌ ‌timer‌ ‌was‌ ‌stopped‌ ‌at‌ ‌the‌ ‌time‌ ‌when‌ ‌a‌ ‌flash‌ ‌of‌ ‌blue‌ ‌light‌ ‌was‌ ‌observed.‌ ‌The‌ ‌duration‌ ‌taken‌ ‌for‌‌                                           
chemiluminescence‌‌to‌‌appear‌‌(in‌‌seconds)‌‌in‌‌the‌‌first‌‌trial‌‌of‌‌concentration‌‌set‌‌1‌‌was‌‌recorded‌‌in‌‌the‌‌raw‌‌data‌‌table‌‌(‌table‌‌                                         
2‌).‌‌ ‌  
9.‌ ‌Immediately,‌ ‌a‌‌mercury‌‌thermometer‌‌was‌‌used‌‌to‌‌measure‌‌the‌‌final‌‌temperature‌‌(‌°‌C)‌‌of‌‌the‌‌reaction‌‌mixture.‌‌The‌‌data‌‌                                     
registered‌ ‌was‌ ‌also‌ ‌recorded‌ ‌in‌ ‌‌table‌ ‌2.‌ ‌ 
10.‌ ‌‌Step‌ ‌4‌ ‌-‌ ‌9‌ ‌was‌ ‌repeated‌ ‌for‌ ‌another‌ ‌4‌ ‌trials‌ ‌for‌‌concentration‌‌set‌‌1.‌‌Hence,‌‌5‌‌trials‌‌in‌‌total‌‌were‌‌carried‌‌out‌‌for‌‌each‌‌                                                 
concentration‌ ‌set.‌ ‌ 
11.‌ ‌Referring‌ ‌to‌ ‌‌table‌ ‌1‌,‌ ‌step‌ ‌4‌ ‌-10‌ ‌was‌ ‌repeated‌ ‌for‌ ‌the‌ ‌remaining‌ ‌concentration‌ ‌sets‌ ‌(2-10).‌ ‌All‌ ‌pipettes‌ ‌were‌ ‌rinsed‌‌                                       
thoroughly‌‌with‌‌distilled‌‌water‌‌first,‌‌then‌‌rinsed‌‌with‌‌their‌‌respective‌‌solutions,‌‌before‌‌the‌‌next‌‌concentration‌‌set‌‌was‌‌tested.‌‌                                   
To‌ ‌avoid‌ ‌contamination,‌ ‌a‌ ‌new‌ ‌4ml‌ ‌glass‌ ‌vial‌ ‌and‌ ‌a‌ ‌new‌ ‌10ml‌ ‌test‌‌tube‌‌with‌‌screw-on‌‌cap‌‌were‌‌used‌‌for‌‌each‌‌different‌‌                                           
concentration‌ ‌set.‌‌ ‌  
12.‌‌All‌‌raw‌‌data‌‌collected‌‌from‌‌the‌‌procedures‌‌documented‌‌above‌‌were‌‌recorded‌‌in‌‌‌table‌‌2‌‌‌and‌‌table‌‌3.‌‌‌This‌‌data‌‌was‌‌used‌‌                                           
to‌‌calculate‌‌the‌‌average‌‌induction‌‌time‌‌(in‌‌seconds)‌‌according‌‌to‌‌equation‌‌10‌‌in‌‌section‌‌9.4.5,‌‌which‌‌was‌‌then‌‌recorded‌‌in‌‌                                       
table‌ ‌4‌‌in‌‌section‌‌9.3‌‌(processed‌‌data).‌‌In‌‌addition,‌‌as‌‌described‌‌by‌‌section‌‌9.4‌‌(data‌‌processing‌‌method),‌‌the‌‌temperature‌‌                                     
data‌ ‌were‌ ‌then‌ ‌used‌ ‌to‌ ‌normalize‌‌the‌‌recorded‌‌induction‌‌time‌‌to‌‌what‌‌would‌‌be‌‌observed‌‌at‌‌25‌°‌C,‌‌before‌‌the‌‌normalised‌‌                                       
average‌‌induction‌‌time‌‌and‌‌normalised‌‌reaction‌‌rate‌‌(‌t‌able‌‌4‌)‌ ‌were‌‌calculated‌‌according‌‌to‌‌equation‌‌1‌‌(section‌‌9.4.1)‌ ‌and‌‌                                   
equation‌ ‌2‌ ‌(section‌ ‌9.4.2)‌ ‌respectively.‌ ‌ 
‌ 
‌ 

Adaptations:‌ ‌ 
The‌‌method‌‌used‌‌is‌‌partially‌‌inspired‌‌by‌‌the‌‌2018‌‌International‌‌Chemistry‌‌Olympiad‌‌(‌Almássy,‌‌2018)‌,‌‌however,‌‌it‌‌has‌‌been‌‌                                   
modified‌‌extensively‌‌by‌‌conducting‌‌trial‌‌and‌‌error‌‌throughout‌‌this‌‌investigation‌‌in‌‌an‌‌attempt‌‌to‌‌accommodate‌‌factors‌‌like‌‌                                 
unchangeable‌‌low‌‌room‌‌temperature.‌‌At‌‌first,‌‌by‌‌adapting‌‌the‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌‌‌concentrations‌‌used‌‌in‌‌the‌‌2018‌‌International‌‌                                   
Olympiad,‌‌it‌‌was‌‌evident‌‌that‌‌no‌‌glowing‌‌appeared‌‌(after‌‌10‌‌minutes‌‌of‌‌waiting)‌‌and‌‌the‌‌reaction‌‌mixture‌‌turned‌‌green‌‌(due‌‌                                       
to‌ ‌side‌ ‌reaction).‌ ‌To‌ ‌overcome‌ ‌this‌ ‌issue,‌ ‌the‌ ‌following‌ ‌modifications‌ ‌were‌ ‌made:‌ ‌1)‌ ‌Cu‌2+‌ ‌solutions‌ ‌were‌ ‌diluted‌ ‌by‌‌                                   
increasing‌‌dilution‌‌factors‌‌until‌‌reaching‌‌a‌‌concentration‌‌range‌‌that‌‌was‌‌high‌‌enough‌‌to‌‌allow‌‌successful‌‌catalytic‌‌activity‌‌                                 
while‌ ‌low‌ ‌enough‌ ‌to‌ ‌allow‌ ‌N-acetyl-L-cysteine‌ ‌to‌ ‌outcompete‌ ‌Cu‌2+‌ ‌for‌ ‌oxidation;‌ ‌2)‌ ‌The‌ ‌concentration‌ ‌of‌ ‌H‌2‌O‌2‌ ‌was‌‌                                 
increased‌ ‌by‌ ‌doubling‌ ‌it‌ ‌each‌ ‌time‌ ‌until‌ ‌it‌ ‌was‌‌concentrated‌‌enough‌‌to‌‌excite‌‌luminol‌‌(induce‌‌chemiluminescence)‌‌to‌‌an‌‌                                   
easily‌ ‌observable‌ ‌extent‌ ‌and‌ ‌to‌ ‌consume‌ ‌N-acetyl-L-cysteine‌ ‌within‌ ‌a‌ ‌viable‌ ‌time‌ ‌frame.‌ ‌ 

‌ 



Raw‌ ‌data‌ ‌collected:‌ ‌ 

‌ 

Table‌ ‌2‌-‌ ‌‌the‌ ‌induction‌ ‌time‌ ‌(in‌ ‌seconds)‌ ‌and‌ ‌the‌ ‌final‌ ‌temperature‌ ‌(in‌°‌C)‌ ‌of‌ ‌the‌ ‌N-acetyl-L-cysteine-inhibited‌ ‌luminol                             
oxidation‌ ‌reaction‌ ‌registered‌ ‌upon‌ ‌adding‌ ‌H‌2‌O‌2‌‌ ‌(aq)‌ ‌of‌ ‌increasing‌ ‌concentrations‌ ‌under‌ ‌constant‌ ‌Cu‌2+‌ ‌‌concentration‌ ‌(10mM)‌ 

[C]‌ ‌ 
Set‌ ‌ 
#‌ ‌ 

[‌‌ ‌‌Cu‌2‌+‌]‌ ‌ 
(mM)‌‌ 
1mM‌ ‌±  

[H‌2‌O‌2‌ ‌‌]‌ 
(mM)‌‌ 

2‌‌±  
mM‌ ‌ 

The‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌‌ 
(s)‌ ‌ 0.50s‌ ‌±  

Final‌ ‌temperature‌ ‌(‌°‌C)‌ ‌ 0.7‌ ‌‌°‌C‌ ‌±  

1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌  1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌ 

1‌ ‌  10‌ ‌  22‌ ‌  13.63‌ ‌  12.46‌ ‌  13.03‌ ‌  12.57‌ ‌  13.64‌ ‌  18.5‌ ‌  18.5‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌ 

2‌ ‌  10‌ ‌  44‌ ‌  10.82‌ ‌  9.85‌ ‌  11.78‌ ‌  10.98‌ ‌  11.60‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌ 

3‌ ‌  10‌ ‌  88‌ ‌  8.56‌ ‌  9.97‌ ‌  10.27‌ ‌  9.05‌ ‌  9.37‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ ‌  18.5‌ ‌  18.5‌ ‌ 

4‌ ‌  10‌ ‌  176‌ ‌  6.48‌ ‌  7.44‌ ‌  6.97‌ ‌  6.88‌ ‌  7.02‌ ‌  18.2‌ ‌  18.2‌ ‌  18.6‌ ‌  18.5‌ ‌  18.5‌ ‌ 

5‌ ‌  10‌ ‌  352‌ ‌  4.52‌ ‌  5.23‌ ‌  5.13‌ ‌  3.44‌ ‌  4.98‌ ‌  17.5‌ ‌  17.5‌ ‌  17.5‌ ‌  17.5‌ ‌  17.5‌ ‌ 

Table‌ ‌3‌-‌ ‌‌the‌ ‌induction‌ ‌time‌ ‌(in‌ ‌seconds)‌ ‌and‌ ‌the‌ ‌final‌ ‌temperature‌ ‌(in‌°‌C)‌ ‌of‌ ‌the‌ ‌N-acetyl-L-cysteine-inhibited‌ ‌luminol                             
oxidation‌ ‌reaction‌ ‌registered‌ ‌upon‌ ‌adding‌ ‌Cu‌2+‌ ‌‌(aq)‌ ‌of‌ ‌increasing‌ ‌concentrations‌ ‌under‌ ‌constant‌ ‌H‌2‌O‌2‌‌

 ‌‌concentration‌ ‌(22mM)‌ 

[C]‌ ‌ 
Set‌ ‌ 
#‌ ‌ 

[H‌2‌O‌2‌ ‌‌]‌ ‌ 
(mM)‌‌ 
2‌ ‌mM‌ ‌±  

[‌‌ ‌‌Cu‌2‌+‌]‌ ‌ 
(mM)‌‌ 

1‌‌±  
mM‌ ‌ 

The‌ ‌induction‌ ‌time‌ ‌of‌ ‌chemiluminescence‌ ‌(s)‌‌ 
0.50s‌ ‌±  

Final‌ ‌temperature‌ ‌(‌°‌C)‌ ‌ 0.7‌ ‌‌°‌C‌ ‌±  

1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌  1‌ ‌  2‌ ‌  3‌ ‌  4‌ ‌  5‌ ‌ 

6‌ ‌  22‌ ‌  20‌ ‌  2.76‌ ‌  3.25‌ ‌  2.22‌ ‌  2.76‌ ‌  3.21‌ ‌  17.5‌ ‌  17.3‌ ‌  17.3‌ ‌  17.3‌ ‌  17.5‌ 

7‌ ‌  22‌ ‌  40‌ ‌  1.24‌ ‌  1.22‌ ‌  1.37‌ ‌  1.02‌ ‌  1.01‌ ‌  18.0‌ ‌  18.5‌ ‌  18.0‌ ‌  18.0‌ ‌  18.0‌ 

8‌ ‌  22‌ ‌  80‌ ‌  1.11‌ ‌  1.06‌ ‌  1.01‌ ‌  1.00‌ ‌  1.01‌ ‌  16.8‌ ‌  16.9‌ ‌  17.0‌ ‌  17.3‌ ‌  17.2‌ 

9‌ ‌  22‌ ‌  160‌ ‌  1.02‌ ‌  0.81‌ ‌  0.69‌ ‌  0.79‌ ‌  0.74‌ ‌  16.4‌ ‌  16.2‌ ‌  16.1‌ ‌  16.8‌ ‌  16.8‌ 



‌ 

Qualitative‌ ‌observations‌ ‌ 
Firstly,‌ ‌when‌ ‌anhydrous‌ ‌N-acetyl-L-cysteine‌ ‌was‌ ‌added‌ ‌to‌ ‌the‌ ‌luminol-containing‌ ‌reaction‌‌mixture‌‌(step‌‌1‌‌of‌‌section‌‌7),‌‌                               
gentle‌‌effervescence‌‌was‌‌observed‌‌at‌‌the‌‌surface‌‌of‌‌the‌‌solution.‌‌Secondly,‌‌after‌‌an‌‌increasing‌‌mass‌‌of‌‌N-acetyl-L-cysteine‌‌                                 
was‌ ‌added‌ ‌during‌ ‌experimental‌ ‌modification,‌ ‌it‌ ‌was‌ ‌observed‌ ‌that‌ ‌chemiluminescence‌ ‌appeared‌ ‌increasingly‌ ‌brighter.‌‌                         
Meanwhile,‌ ‌it‌ ‌was‌‌also‌‌evident‌‌that‌‌the‌‌glowing‌‌appeared‌‌upon‌‌the‌‌radiative‌‌recombination‌‌of‌‌excited‌‌luminol‌‌molecules‌‌                                 
was‌‌not‌‌uniform‌‌throughout‌‌the‌‌reaction‌‌mixture,‌‌in‌‌other‌‌words,‌‌glowing‌‌tended‌‌to‌‌start‌‌from‌‌one‌‌corner‌‌of‌‌the‌‌test‌‌tube‌                                         
and‌ ‌then‌ ‌gradually‌ ‌spread‌ ‌out.‌ ‌This‌ ‌lack‌ ‌of‌‌uniformity‌‌in‌‌glowing‌‌was‌‌especially‌‌noticeable‌‌for‌‌lower‌‌concentration‌‌sets‌‌                                   
(1-3),‌‌by‌‌which‌‌it‌‌raised‌‌the‌‌question‌‌in‌‌terms‌‌of‌‌when‌‌the‌‌timer‌‌should‌‌be‌‌stopped,‌‌as‌‌well‌‌as‌‌providing‌‌counter-evidence‌‌                                         
for‌ ‌the‌ ‌proposition‌ ‌that‌ ‌all‌ ‌N-acetyl-L-cysteine‌ ‌needs‌ ‌to‌ ‌be‌ ‌oxidised‌ ‌for‌ ‌luminol‌ ‌to‌ ‌glow.‌ ‌Additionally,‌ ‌brown‌ ‌copper‌‌                                 
precipitate‌‌was‌‌noticed‌‌for‌‌concentration‌‌sets‌‌6-10‌‌after‌‌chemiluminescence‌‌took‌‌place.‌‌Through‌‌observations,‌‌it‌‌appeared‌‌                             
that‌ ‌the‌ ‌greater‌ ‌the‌‌concentrations‌‌of‌‌H‌2‌O‌2‌ ‌and‌‌Cu‌2+‌,‌‌the‌‌larger‌‌amount‌‌of‌‌copper‌‌precipitates‌‌formed,‌‌and‌‌the‌‌shorter‌‌the‌‌                                       
duration‌‌of‌‌chemiluminescence‌‌(or‌‌the‌‌glowing‌‌was‌‌obscured‌‌by‌‌the‌‌copper‌‌precipitate‌‌more).‌‌Lastly,‌‌it‌‌was‌‌clear‌‌that‌‌the‌‌                                     
final‌ ‌reaction‌ ‌mixture‌ ‌cooled‌ ‌down‌ ‌very‌ ‌rapidly‌ ‌after‌ ‌glowing‌ ‌due‌ ‌to‌ ‌low‌ ‌room‌ ‌temperature,‌ ‌by‌ ‌which‌ ‌the‌ ‌mercury‌‌                                   
thermometer‌ ‌appeared‌ ‌to‌ ‌be‌ ‌too‌ ‌insensitive‌ ‌to‌ ‌register‌ ‌its‌ ‌instantaneous‌ ‌temperature‌ ‌accurately.‌ ‌A‌ ‌digital‌ ‌thermometer‌‌                             
connected‌ ‌to‌ ‌Logger‌ ‌Pro‌ ‌should‌ ‌have‌ ‌been‌ ‌used‌ ‌to‌ ‌counter‌ ‌this‌ ‌and‌ ‌pursue‌ ‌a‌ ‌greater‌ ‌accuracy‌ ‌in‌ ‌results.‌‌ ‌  

‌ 

May‌ ‌13th‌ ‌-‌‌ 
July‌ ‌1st‌ ‌ 

Report‌ ‌writing‌ ‌ 
‌ 

Reflections:‌ 
Firstly,‌‌for‌‌some‌‌samples‌‌that‌‌were‌‌treated‌‌with‌‌low‌‌[H‌2‌O‌2‌]‌‌and‌‌[Cu‌2+‌],‌‌it‌‌was‌‌observed‌‌that‌‌the‌‌glow‌‌was‌‌very‌‌subtle.‌‌As‌‌a‌‌                                             
result,‌ ‌due‌ ‌to‌‌the‌‌dimness‌‌of‌‌glowing‌‌as‌‌well‌‌as‌‌the‌‌nature‌‌of‌‌human‌‌reaction‌‌time,‌‌there‌‌was‌‌a‌‌certain‌‌degree‌‌of‌‌random‌‌                                             
errors‌ ‌in‌ ‌determining‌ ‌the‌ ‌exact‌ ‌instance‌ ‌when‌ ‌chemiluminescence‌‌appeared‌‌in‌‌the‌‌visible‌‌spectrum,‌‌and‌‌thus,‌‌resulted‌‌in‌‌                                 
lower‌‌precision‌‌of‌‌the‌‌data‌‌collected.‌‌This‌‌uncertainty‌‌was‌‌particularly‌‌significant‌‌for‌‌the‌‌trials‌‌with‌‌relatively‌‌concentrated‌‌                                 
H‌2‌O‌2‌ ‌or‌ ‌Cu‌2+‌ ‌solutions‌ ‌added‌ ‌to‌ ‌the‌ ‌reaction‌ ‌mixture‌ ‌(concentration‌ ‌set‌ ‌9‌ ‌and‌ ‌set‌ ‌10),‌ ‌such‌ ‌that‌ ‌the‌ ‌induction‌ ‌time‌ ‌of‌                                         
chemiluminescence‌ ‌was‌ ‌too‌ ‌short‌ ‌for‌ ‌humans‌ ‌to‌ ‌react‌ ‌(less‌ ‌than‌‌1‌‌second),‌‌which‌‌manifested‌‌in‌‌the‌‌presence‌‌of‌‌outliers‌‌                                     

10‌ ‌  22‌ ‌  320‌ ‌  0.67‌ ‌  1.02‌ ‌  0.45‌ ‌  0.15‌ ‌  0.34‌ ‌  16.7‌ ‌  16.7‌ ‌  16.5‌ ‌  16.5‌ ‌  16.5‌ 



(‌table‌‌3‌).‌‌Despite‌‌repeated‌‌trials‌‌being‌‌conducted‌‌to‌‌counterbalance‌‌this‌‌random‌‌error‌‌in‌‌this‌‌experiment,‌‌it‌‌is‌‌important‌‌to‌‌                                     
note‌ ‌that‌‌random‌‌errors‌‌are‌‌theoretically‌‌unable‌‌to‌‌be‌‌fully‌‌eliminated.‌‌In‌‌order‌‌to‌‌counter‌‌this‌‌issue,‌‌a‌‌spectrophotometer‌‌                                     
connected‌ ‌to‌ ‌the‌ ‌LoggerPro‌ ‌software‌ ‌can‌ ‌be‌ ‌used‌ ‌in‌‌the‌‌future‌‌in‌‌an‌‌attempt‌‌to‌‌obtain‌‌more‌‌reliable‌‌readings,‌‌as‌‌well‌‌as‌‌                                           
providing‌‌quantitative‌‌descriptions‌‌of‌‌the‌‌brightness‌‌and‌‌the‌‌duration‌‌of‌‌chemiluminescence.‌‌With‌‌that‌‌being‌‌said,‌‌it‌‌should‌‌                                 
be‌‌noted‌‌that‌‌this‌‌proposed‌‌improvement‌‌method‌‌may‌‌transfer‌‌random‌‌errors‌‌into‌‌systematic‌‌errors‌‌if‌‌the‌‌spectrophotometer‌‌                                 
is‌ ‌not‌‌correctly‌‌calibrated.‌‌Secondly,‌‌a‌‌500ml‌‌beaker‌‌with‌‌an‌‌absolute‌‌uncertainty‌‌as‌‌large‌‌as‌‌ 25ml‌‌was‌‌used‌‌to‌‌prepare‌‌                              ±          
the‌ ‌stock‌ ‌solution‌ ‌(section‌ ‌7‌ ‌step‌ ‌1).‌ ‌However,‌‌in‌‌reality,‌‌the‌‌uncertainty‌‌was‌‌highly‌‌unlikely‌‌to‌‌be‌‌indeed‌‌ 25ml‌‌as‌‌the‌‌                                    ±      
solutions‌ ‌were‌ ‌topped‌ ‌up‌ ‌drop-wise‌ ‌using‌ ‌a‌ ‌5ml‌ ‌pipette‌ ‌to‌ ‌reach‌ ‌the‌ ‌bottom‌ ‌of‌ ‌the‌ ‌gradation.‌ ‌Nevertheless,‌ ‌in‌ ‌order‌ ‌to‌‌                                       
reduce‌‌the‌‌random‌‌error‌‌associated‌‌with‌‌the‌‌estimation‌‌of‌‌the‌‌significant‌‌last‌‌digit,‌‌a‌‌500ml‌‌measuring‌‌cylinder‌‌(which‌‌was‌‌                                     
not‌ ‌available‌ ‌in‌ ‌school)‌ ‌should‌ ‌be‌ ‌used‌ ‌instead‌‌in‌‌order‌‌to‌‌reduce‌‌the‌‌absolute‌‌uncertainty‌‌from‌‌ 25ml‌‌to‌‌ 0.5ml.‌‌This‌‌                                ±     ±    
improvement‌‌is‌‌highly‌‌crucial‌‌as‌‌all‌‌subsequent‌‌trials‌‌and‌‌results,‌‌without‌‌any‌‌exceptions,‌‌were‌‌potentially‌‌affected‌‌by‌‌the‌‌                                   
uncertainty‌ ‌associated‌ ‌with‌ ‌the‌ ‌stock‌ ‌solution.‌ ‌  
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