

  
    
            
        
      
      
        
          
        

        
          
            
          
        
        
          
            
              
                
              
            

            
              
                
                  Nedávno hledané
                

              

                
                  
                      
                      
                        
                      
                  

                
              
                Nebyly nalezeny žádné výsledky
              

            

          

          
            
              

                
              
            

            
              
                Tags
              

              
                
                  
                      
                  
                
              

              
                

              

              
                Nebyly nalezeny žádné výsledky
              

            

          

          
            
              
                
              
            

            
              
                Dokument
              

              
                
                  
                      
                  
                
              

              
                

              

              
                Nebyly nalezeny žádné výsledky
              

            

          

        

      

    

    
      
        
          
        
      
              

                        
  
  

                
            
            
        
        Čeština
                  

                        
  

                Nahrát
                        
          
            
            
              
                Domovská stránka
                
                  
                
              
              
                Školy
                
                  
                
              
              
                Témy
                
                  
                
              
            

          

        


        
          Přihlášení
        
        
        
        
        
          

  





  
    
      
      	
            
              
              
            
            Odstranit
          
	
            
              
              
            
          
	
            
              
                
              
              
            
          
	
          

        
	Nebyly nalezeny žádné výsledky


      
        
          
        
      
    

  







  
      
  
    
    	
                                    
              Domovská stránka
            
            




	
                          
                
              
                        
              Další
            
            


      
                  DOCTORAL THESIS
      

      
        
          
            
              
                
              
            
            
            
              
                Podíl "DOCTORAL THESIS"

                
                  
                    
                  
                  
                    
                  
                  
                    
                  
                  
                    
                  
                

                
                  

                  
                    COPY
                  
                

              

            

          

          
            
              

                
              
            
          

        

      

    

    
      
        
          
            
              
            
                          
                N/A
              
                      


          
            
              
            
                          
                N/A
              
                      

        

        
                      
              
                
              
                               Protected
                          

                    
            
              
            
            
              Akademický rok: 
                2023
              
            

          

        

        
          
            
            
                
                    
                
                Info
                
                

            
            

            

                        
  

                
        Stáhnout
          
              

          
            
              
                
                Protected

              

              
                
                
                  Academic year: 2023
                

              

            

            
              
                
                  
                
                
                
                  
                    Podíl "DOCTORAL THESIS"

                    
                      
                        
                      
                      
                        
                      
                      
                        
                      
                      
                        
                      
                    

                    
                      

                      
                        
                      
                    

                    Copied!

                  

                

              

              
                
                  
                
              

            

            
              
                
                148
              

              
                
                0
              

              
                
                0
              

            

          

        

      

      
        
                              
            
            148
          

          
            
            0
          

          
            
            0
          

        

      

    

  



  
        
                    
  
    
    
      
        Načítání....
        (zobrazit plný text nyní)
      

      
        
      

      
      

    

  




  
      

                    Zobrazit více (   Stránka )
        
  


  
      

                    Stáhnout nyní ( 148 Stránka )
      



      
            
  
    Fulltext

    
      (1)   



DOCTORAL THESIS 



Michal Lacko



Studies of reactions of ions with water molecules in the gaseous  phase for trace gas analysis


Department of Surface and Plasma Science 


Supervisor of the doctoral thesis: Prof. RNDr. Patrik Španěl, Dr. rer. nat.


Study programme: Physics (P1701)


Study branch: Physics of Plasma and Ionized Media 


Prague 2022



(2)i 


I declare that I carried out this doctoral thesis independently and only with the cited 
 sources, literature and other professional sources. 


I understand that my work relates to the rights and obligations under the Act No. 


121/2000 Coll., the Copyright Act, as amended, in particular the fact that Charles 
 University has the right to conclude a license agreement on the use of this work as a 
 school work pursuant to Section 60 paragraph 1 of the Copyright Act. 


In Prague date 15.8.2022    Mgr. Michal Lacko, PhD. 



(3)ii 



“
Man, he took his time in the sun 
   Had a dream to understand 
   A single grain of sand … “ 

(Nightwish)



(4)iii 



Acknowledgements 


First, would like to thank my supervisor Prof. Patrik Španěl for his help and guidance 
 during my studies as well as all members of his group making my work and life in 
 Prague awesome. Dear Ksenia, Anatoli, Krystina, Violet, Pavel, Jan, Niki, thank you. 


Massive thanks also go to Stephan, who helped me with the language aspect of the 
 thesis. Additionally, I would like to thank all members of the IMPACT project for their 
 unforgivable  experiences  and  great  memories.  Also,  thanks  to  the  members  of  my 
 faculty for their patience, as the preparation of this work took more time than expected. 


Finally, the biggest thanks belong to my patient wife and children, for accompanying 
 me during my complicated path to knowledge.  


  



(5)iv 


Title: Studies of reactions of ions with water molecules in the gaseous phase for trace 
 gas analysis 


Author: Michal Lacko 


Department / Institute: Department of Surface and Plasma Science, Faculty of 
 Mathematics and Physics, Charles University in Prague 


Department of Chemistry of Ions in Gaseous Phase, J. Heyrovský Institute of 
 Physical Chemistry of the CAS, v. v. i. 


Supervisor of the doctoral thesis: Prof. RNDr. Patrik Španěl, Dr. rer. nat., 
 J. Heyrovský Institute of Physical Chemistry of the CAS, v. v. i. 


Abstract:  Chemical  ionization  mass  spectrometry  (CI-MS)  is  a  powerful  analytical 
 technique, capable to detect trace levels of organic molecules diluted in air samples in 
 real-time. Processes leading to ionization of organic molecules, necessary for their 
 detection and identification, are however often strongly affected by the presence of 
 water vapours in form of sample humidity. In the present work, I studied the influence 
 of  water  vapours  on  ion  chemistry  and,  subsequently,  the  respective  influence  on 
 sensitivity and selectivity of CI-MS techniques.  


Studies  were  carried  out  using  several  soft  chemical  ionization  mass  spectrometry 
 instruments, including Selected Ion Flow Tube Mass Spectrometry (SIFT-MS), Proton 
 Transfer Reaction Mass Spectrometry (PTR-MS) and Selected Ion Flow-Drift Tube 
 Mass Spectrometry (SIFDT-MS). Experimental studies were also supplemented by 
 theoretical simulation of proposed ion chemistry using the Kinetic of Ion-Molecular 
 Interaction simulator (KIMI), developed by the author.  


In this thesis, I present a study of formaldehyde, glyoxal and phthalates ion chemistry 
 with H3O+, NO+ and O2+ reagent ions, focusing on secondary reactions with water 
 vapours. Additionally, I also studied secondary reactions of protonated hydrated acetic 
 acid  with  acetone.  Finally,  I  have  carried  out  experiments  with  fast  gas 
 chromatography  (CG)  coupled  with  the  SIFT-MS  instrument,  to  reduce  humidity 
 influence and improve the selectivity of monoterpenes.  


Keywords: Soft chemical ionization mass spectrometry, selected ion flow tube mass 
spectrometry, proton transfer reaction mass spectrometry, selected ion flow drift tube 
mass spectrometry  



(6)v 


Název práce: Studium reakcí iontů s molekulami vody v plynné fázi pro stopovou 
 analýzu 


Autor: Michal Lacko 


Katedra/Ústav:  Katedra  fyziky  povrchů  a  plazmatu  Matematicko-fyzikální  fakulty, 
 Univerzity Karlovy v Praze 


Oddělení chemie iontů v plynné fázi, Ústav fyzikální chemie J. Heyrovského AV ČR, 
 v. v. i. 


Vedoucí  disertační  práce:  Prof.  RNDr.  Patrik  Španěl,  Dr.  rer.  nat.,  Ústav  fyzikální 
 chemie J. Heyrovského AV ČR, v. v. i. 
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 organických  těkavých  látek  přítomné  ve  vzduchu.  Procesy  vedoucí  k  ionizaci 
 organických  molekul,  nutné  k jejich  detekci  a  následnou  identifikaci,  jsou  bohužel 
 často ovlivněné přítomností vodní páry. V představené práci jsem studoval vliv vodní 
 páry na chemii iontů a její následní vliv na citlivost a selektivitu metod hmotnostní 
 spektrometrie pomocí chemické ionizace. 


Pro studium jsme využili několik hmotnostně-spektrometrických přístrojů, mimo jiné 
 techniku hmotnostní spektrometrie v proudové trubici s vybranými ionty (SIFT-MS), 
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V disertační  práci  prezentuji  výsledky  zkoumání  iontové  chemie  molekul 
 formaldehydu, glyoxalu a ftalátů pomocí H3O+, NO+ and O2+ reakčních iontů, přičemž 
 se  zaměřuji  na  pochopení  sekundárních  reakci  iontových  produktů  s vodní  párou. 


Následně  jsem  také  studoval  sekundární  reakce  protonovaných  a  hydratovaných 
 molekul  kyseliny  mravenčí  s acetonem.  V práci  jsem  nakonec  zkoumal  analýzu 
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Preface 


The  dissertation  thesis  deals  with  specific  problems  of  chemical  ionisation  mass 
 spectrometry  and  its  applications  for  trace  gas  analysis,  mainly  focusing  on  the 
 influence  of  water  molecules  on  ion  chemistry  in  soft  chemical-ionisation  mass-
 spectrometry  (SCIMS).  The  study  was  carried  out  as  a  part  of  the  Interactional 
 Training  Network  “IMPACT”  program,  connecting  several  leading  European 
 academic  institutions  and  companies  in  the  area  of  chemical  ionisation,  analytical 
 chemistry and instrumental development. The international team, containing 10 PhD 
 students,  have  been  focusing  on  the  identification  and  solving  of  specific  SCIMS 
 problems as well as the development of new analytical solutions. Present work is an 
 integral part of the IMPACT network, dealing with the fundamental theoretical and 
 experimental research of SCIMS. This thesis reflects on the problems of the SCIMS 
 techniques  which  were  found  from  interactional  and  interdisciplinary  discussions, 
 which are still ongoing.  


The main objective of this thesis is to study the reactions of specific reagent ions H3O+, 
 NO+ and O2+ (usually presented in SCIMS), with various molecules in the gas phase 
 and  to  determine  the  influence  of  sample  humidity  on  these  reactions.  This  was 
 achieved by experimental research on individual SCIMS instruments and theoretical 
 simulation of ion molecular interactions.     


This thesis consists of four main Chapters. The first part introduces ion chemistry and 
 its application to trace gas analysis, identifying the specific problems connected with 
 SCIMS techniques influencing their sensitivity and selectivity, as well as formulation 
 of objectives dealing with these specific problems. 


In the second section, we present the construction of the fast gas chromatography (GC) 
 unit used to pre-separate molecular isomers in a gas sample, along with its coupling 
 with  selective  ion  flow  tube  mass  spectrometry  (SIFT-MS).  This  combination  of 
 techniques was used to analyse monoterpenes in several coniferous needle samples.   


The following chapter focuses on the development of an interactive numerical model 
capable of simulating ion chemistry in individual SCIMS analytical techniques which 
in turn enables us to improve the interpretation of our results. This model was then 
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successfully applied to several studies, describing and compensating for the effect of 
 sample humidity. 


The final chapter presents the main results of the thesis. Firstly, the thesis deals with 
the ion chemistry surrounding glyoxal molecules in the flow and drift tubes, which 
were studied using several SCIMS experimental techniques. Later, the ion chemistry 
of  phthalate  isomers  dimethyl  phthalate,  dimethyl  isophthalate  and  dimethyl 
terephthalate together with diethyl phthalate were studied by the SIFT technique. In 
both studies, we investigated effect of sample humidity on ion chemistry and, using 
the numerical model, we were capable of identify secondary reactions forming new 
product  ions.  Secondary  reactions  influencing  ion  chemistry  are,  however,  not 
exclusively  induced  by  presence  of  water  vapours.  In  our  next  study,  we  studied 
secondary reactions of protonated acetic acid hydrates induced by presence of acetone 
vapours. Acetone vapours, similar to water vapours, reacts with primary product ions 
via association and ligand switching reactions, reducing selectivity and sensitivity of 
SCIMS  analysis.  Finally,  we  demonstrated  applicability  of  SCIMS  techniques  on 
inorganic  hydrides  of  arsene  and  selene,  in  highly  humidified  environment  of 
atomizers. This study can help to understand decomposition processes in atomizers 
and eventually may lead into new analytical applications of SCIMS techniques. 
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1. Introduction to gas phase ion processes for trace gas  analysis 


The  term  ion  processes  (or  ion  chemistry)  refers  to  ion-neutral  reactions  between 
 ionised and neutral molecules (or atoms) in the gas phase. This form of interaction is 
 typical for low-temperature plasmas and ionised gasses which can be found in many 
 technical applications as well as in the environment (planetary ionosphere, interstellar 
 clouds).  


The study of ion-molecular reactions started in the middle of the 20th century after the 
 development of quantum chemistry. Development of new materials, improvements in 
 electronics  together  with  new  techniques  for  vacuum  generation  and  mass 
 spectrometry, allowed for the construction of accurate experimental systems capable 
 of carrying out investigations of individual ion-neutral reactions. 


The interest in ion-neutral reactions was supported by early astronomical observations, 
 which indicated the presence of the diatomic molecules CH, OH, NH, CN and C2 in 
 interstellar space. [1, 2] The formation of various diatomic molecules in low-density 
 plasmas under heavy radiation was expected to be carried out by occasional ion-neutral 
 reactions  over  a  long  period  of  time.  [3]  Nowadays,  we  know  that  ion  chemistry 
 together with electron-ion recombination are the main processes generating complex 
 molecules in interstellar space, such as dense and diffuse molecular clouds or nebulas. 


[4-6]   


The second area of research where ion chemistry was considered important was the 
 Earth’s ionosphere. This topic has become particularly interesting for the development 
 of long-range radio communication; explanation of rare atmospheric phenomena; as 
 well  as  the  future  development  of  space  technologies.  Initial  measurements  of  ion 
 concentrations  in  the  Earth’s  ionosphere  were  carried  out  on  a  rocket-borne  mass-
 spectrometer, launched in Canada [7], which observed the presence of NO+, O2+ ions 
 at altitudes above 100  km. Shortly after this initial in situ measurement, an intensive 
 experimental study of atmospheric ion chemistry started.  


The  first  pieces  of  experimental  data  were  obtained  using time-resolved  stationary 
afterglow techniques. [8, 9]  The mass-spectrometric analysis of ion decay in stationary 
afterglows provided the first measurements of ion-neutral reaction rate constants at 
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Maxwellian  kinetic  energy  distributions,  defined  by  gas  temperature.  These 
 experiments  were  more  useful  compared  to  the  direct  ion-neutral  cross-section 
 estimation carried out by cross beam experiments, as said previous experiments were 
 only  able  to  effectively  achieve  interaction  energies  over  1  eV,  thus  were  not 
 reproducing  experimental  conditions  characteristic  for  either  atmospheric  or 
 interstellar plasmas. [10] The discharge in stationary afterglow may however ionise 
 not only the gas mixture but also produce a high population of excited neutrals which 
 may  interfere  with  studied  ion-neutral  processes.  [11]  Secondly,  the  presence  of 
 electrons in the afterglow allows for the production of an ambipolar diffusion field, 
 preventing the flow of negative ions into the plasma and thus can only be used for the 
 study of cation-neutral reactions. 


Significant progress in an experimental study of ion chemistry was achieved by the 
 development of the flowing afterglow (FA) technique by Ferguson and Fehsenfeld 
 [12]  at the National Oceanic and Atmospheric Administration (NOAA) in the U.S. 


The discharge was generated in the stream of carrier gas in a flow tube. Generated ions 
 and radical species were carried by the gas stream from the active discharge region, 
 where they thermalized. A specific gas might be introduced into the fresh afterglow 
 (e.g. a small amount of a specific electronegative gas such as SF6 to attract remaining 
 free electrons) to adjust the afterglow properties as well as ion formation. The targeted 
 ion chemistry was then studied by injecting molecules of interest into the afterglow. 


Ions presented in the afterglow interact with the injected sample neutrals, generating 
 product  ions  which  are  detected  by  the  mass  spectrometer.  Reaction  times  can  be 
 reconstructed by changing the positions of the gas injection and detection orifices, as 
 well as the afterglow gas velocity. However, as a limitation, more than one primary 
 ion is often present in such a system and some metastable species (often in Helium) 
 may influence the studied ion chemistry by Penning ionization. Nevertheless, the FA 
 was a popular technique for the determination of reaction rate constants for ion-neutral 
 reactions. [13-17] 


Building  from  the  FA,  the  newly  developed  flow-drift-tube  type  (FDT)  technique 
allowed for the study of ion chemistry and estimating ion motilities for both positive 
and negative ions over a wide range of interaction energies. [18-20] Here, the uniform 
electric  field  was  applied  along  the  flow  tube,  accelerating  the  ion  swarm  and 
increasing the relative interaction energy between ions and neutrals. The technique 



(13)7 


allowed for the determination of reaction rate constants from thermal energies up to 
 several  eV.  For  higher  values  of  reduced  electric  field  (E/N),  however,  the  non-
 Maxwellian and non-Boltzmann distributions of energy and internal excitation could 
 be achieved. [21] 


The  possibility  to  selectively  choose  specific  reagent  ions  while  keeping  the  ion-
 neutral  reactions  at  thermal  conditions  was  achieved  by  the  development  of  the 
 selective  ion  flow  tube  (SIFT),  developed  by  Adams  and  Smith  [22].  The  SIFT 
 technique uses a mass selective ion injection system providing high ion transmission 
 from a plasma discharge into the flow tube while keeping sufficient resolution of ions 
 (with the  mass-to-charge  ratios  of O2+  (m/z 32)  and  NO+  (m/z  30)  produced  in  the 
 discharge being very close in value). The construction was possible due to the unique 
 solution of the flow tube ion injection orifice, providing ion transmission from the low-
 pressure region of the injection quadrupole mass filter (10-5 mbar) into the medium-
 pressure region of the flow tube (1 mbar). [23] The orifice is made of specifically 
 shaped and orientated injection nozzles placed symmetrically around the ion orifice. 


Helium gas injected through the nozzles creates a conical gas stream, minimalizing the 
 back  flow  of  gas  into  the  low-pressure  injection  quadrupole  while  generating 
 turbulences  afterwards,  which  helps  to  mix  injected  ions  with  carrier  gas.  The 
 remaining parts of the technique were similar to the FA, including the injection needle 
 for sampled gas at the point where helium flow is laminar and the second quadrupole 
 mass spectrometer for analysis of ion concentrations at the downstream end of the flow 
 tube.  The  initial  concept  consisted  of  a  100  cm  long  flow  tube  that  required  a 
 substantial  pumping  speed  of  the  main  flow  tube  pump  (100  Torr  l.s-1)  to  reduce 
 diffusion losses of ions to the flow tube wall. The initial instrument thus achieved a 
 room-size dimension, high operational cost, and despite its popularity, was used rather 
 rarely.  


Besides  the  limitations  of  FA  and  SIFT,  both  techniques  were  actively used  to 
determine  ion  products  and  rate  coefficients  for  many  reactions  of  positive  and 
negative ions [24, 25]. Accumulated data were afterwards compared with theoretical 
predictions. [13, 26] As a result, SIFT quickly became a standard method for the study 
of ion-neutral reactions at and near thermal interaction energies. [23]  
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As stated before, SIFT was initially used to study the ion chemistry of interstellar 
 clouds, planetary atmospheres [27-29] and laboratory plasmas for technical use. [30] 


The  idea  of  using  SIFT  for  analytical  applications  became  visible  after  a  series  of 
 studies  related  to  terrestrial  atmospheric  chemistry.  The  concentration  of  neutral 
 reactants needs to be changed over a wide range to determine the rate constants for 
 studied  ion-molecular  reactions.  Studies  showed  that  when  processes  occur  at  the 
 collisional  rate,  ion  products  become  visible  even  at  low  concentrations  of  neutral 
 reactants.  Thus,  it  should  be  possible  to  analyse  a  gas  sample  with  unknown 
 composition  and  concentration  based  on  the  specific  chemical  ionization  of  gas 
 components within the flow tube. Additionally, reagent ions should be chosen on the 
 basis that they do not react with the main components of air, but would react rapidly 
 with trace components of the sample gas (such as organic molecules) and thus allowing 
 for the analysis of their concentration. The idea of using chemical ionization for the 
 detection of trace gas components in air was not new. It was shown previously that 
 organic molecules become protonated after their reaction with specific ions such as 
 CH5+. [31] Additionally, Kr+ and Xe+ were once used for the analysis of air sample, as 
 their ionization potential lay below the ionization threshold for N2, thus it was possible 
 to analyze minor air components without interference from the major components. 


[32] This was beneficial over classical electron ionization mass spectrometry (EI-MS), 
 where  only  components  with  partial  pressures  at  the  percentage  or  fraction  of 
 percentage levels can be analysed. (i.e. oxygen or carbon dioxide). [33] 


The benefit of the SIFT technique was its simple principle. The reaction time is well 
 defined by carrier gas velocity; thus, the concentration of specific neutral components 
 can be directly determined from the abundance of the ion product and known rate 
 constants. Studies of ion chemistry in the Earth’s ionosphere provided information 
 about  stable  ions  (H3O+,  NO+  and  O2+)  which  do  not  interact  with  the  major 
 components  of  the  Earth’s  atmosphere.  Additionally,  data  was  obtained  on  their 
 reactions  with  a  series  of  molecules  which  could  be  used  for  the  analysis  of  trace 
 compounds in it. The possibility to select multiple reagent ions in SIFT has opened 
 new analytical opportunities for SIFT-MS, which was then demonstrated by lab air 
 and breath analysis. [34-36] 


Successful introduction of chemical ionization into analytical applications provided 
benefits  over  conventional  analytical  techniques  such  as  gas  chromatography-mass 
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spectrometry (GC-MS). Demonstration of detection limits in the range of 1 ppbv for 
 several volatile organic compounds (VOCs) allows one to analyse complex mixtures 
 without pre-concentration, allowing for the analysis of the gas sample in real-time. 


[37] As a result of this, chemical ionization techniques are an excellent choice for 
 analysis of breath or samples from environments requiring quick response times (i.e. 


homeland security). 


The potential of chemical ionization for trace gas analysis became even more dominant 
 after the introduction of new analytical techniques. The Proton Transfer Reaction Mass 
 Spectrometry (PTR-MS) technique replaces a flow tube presented in SIFT-MS with a 
 drift tube. [38] The axial electric field presented in the flow tube carries ions instead 
 of drifting carrier gas. The full volume of the drift tube can be filled with a gas sample 
 which increases the sensitivity of the technique down to the pptv region. The next step 
 involved the installation of the axial electric field into the SIFT, creating a flow-drift 
 tube  reaction  region.  So-called  Selected  Ion  Flow-Drift  Tube  Mass  Spectrometry 
 (SIFDT-MS)  has  the  potential  to  further  improve  the  analytical  possibilities  of 
 chemical ionization. [39] 


In  parallel  to  low-pressure  chemical  ionization,  atmospheric  pressure  chemical 
ionization (APCI) was developed, where ion chemistry occurs at atmospheric or near-
atmospheric pressure. [40] The absence of powerful vacuum pumps allows APCI to 
inhabit much smaller instruments. APCI is also often combined with measurements of 
ion mobility (APCI-IMS) [41] instead of classical mass spectrometry. [42] The latest 
development  is  called  secondary  electrospray  ionization  (SESI),  which  ionizes 
ambient gas by secondary ions formed by the electrospray technique [43]. Although 
APCI is an important variant of CI, used globally, we will not focus on it in the present 
work. Instead, we focus on the low-pressure CI occurring in the SIFT, PTR and IMS 
instruments. The obtained results and surrounding principles, however, may also be 
applied to APCI.  
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1.1. Chemical ionisation of organic molecules 


Chemical ionisation is a process achieved through the chemical reaction between ions 
 and molecules. Compared to other ionisation techniques (such as electron ionisation 
 or  photoionization),  the  chemical  ionisation  here  cannot  be  described  by  Franck-
 Condon's vertical electronic transition. Rather, the slower adiabatic approximation has 
 to be considered, assuming adjustment of electronic states and atomic position during 
 the  interaction.  [44]  The  amount  of  energy  required  to  overcome  an  ionisation 
 threshold is contained in the potential of electronic states of one of the reactants and 
 not  necessarily  in  the  kinetic  energy  of  particles.  Chemical  ionisation  can  thus  be 
 efficient even at low temperatures, characteristic, for example, for interstellar space. 


Chemical ionization requires at least two reacting species, A and B, with one of the 
 species carrying a positive or negative charge: 


𝐴𝐴+/−+𝐵𝐵 → 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. (1) 


Such  interaction  may  result  in  several  reaction  channels  based  on  the  individual 
 properties  of  both  reactants.  Apart  from  elastic  collisions  and  trivial  non-elastic 
 collisions, where reactants thermalize by adjustment of their vibrational and rotational 
 excitation states, we are interested in reactions where reactants change their electronic 
 states.  This  can  lead  to  rearrangement  of  electron  positions,  leading  to  transfer  of 
 charge on the second particle, or eventually initiate atomic rearrangement leading to 
 the formation of new products. 


The formation of such products is described by the reaction rate coefficient, individual 
 for each reaction path: 


𝑘𝑘exp(𝑇𝑇)~𝑘𝑘col(𝑇𝑇)𝜔𝜔(𝑇𝑇), (2) 


where kcol(T) is the collisional rate of both reactants and ω(T) is the thermal reaction 
probability. While the collisional rate is a property shared between all possible reaction 
channels,  depending  on  the  collision  cross-section  between  reactants,  the  thermal 
reaction probability is unique for each reaction channel, determined by its reaction 
potential. Therefore, both reaction kinetics and thermodynamics have to be considered. 
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 Collision rate of ion – molecular reactions 


The initial theory describing the interaction between ions and molecules was created 
 by Langevin. [45] A moving charged particle generates an electric field, creating a 
 long-range interaction via the formation of an induced dipole moment on a neutral 
 molecule.  The  interaction  potential  between  a  point  ion  and  spherical  molecule  at 
 distance r takes the form: 


𝑉𝑉(𝑝𝑝) =− 1
 4𝜋𝜋𝜀𝜀0


𝛼𝛼𝑞𝑞2


2𝑝𝑝4,  (3) 


where q represents the charge of the ion, α is the polarizability of the neutral molecule 
 and ε0  is  the  permittivity  of  the  vacuum.  The  ion-molecular  interaction  potential 
 decreases with distance (due to the r-4 term) much slower than classical Lennard-Jones' 
 potential  for  neutral-neutral  collision  [46],  influenced  by  Van  der  Vaal  interaction 
 (which decreases as r-6). The crucial parameter is the polarizability (α), which will 
 force the neutral to move towards the ion. Higher polarizability will directly lead to a 
 stronger interaction between particles. The reaction cross-section of such interactions 
 can be determined by a simple collision model as a function of relative ion velocity ν 
 [47], also referred to as the capture cross-section, 


𝜎𝜎(𝜈𝜈) =𝜋𝜋
 𝜈𝜈 �


4𝛼𝛼𝑞𝑞2
 µ �


1�2


, (4) 


where µ = m1m2/(m1 + m2) represents the reduced mass of colliding particles, where 
 m1 stands for the ion mass and m2 for the mass of the neutral molecule. This cross-
 section represents the associated area around the molecule on which a reaction will 
 occur in the event of a collision. For Maxwellian distribution of particle velocities, the 
 cross-section leads to the temperature-independent Langevin reaction rate coefficient: 


𝑘𝑘𝐿𝐿 =�𝜋𝜋𝛼𝛼𝑞𝑞2


𝜇𝜇𝜀𝜀0 . (5) 


This  reaction  model  may  however  only  predict  the  ion-molecular  interaction 
 accurately for atomic ions reacting with small non-polar molecules.  


For polar molecules containing permanent dipole moments, the shape of the interaction 
potential differs from Eq. 1. Charge-dipole potential depends on the angle, Θ, between 
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the vector of the permanent dipole moment relative to the mutual orientation of both 
 interacting particles as: 


𝑉𝑉(𝑝𝑝,𝛩𝛩) =− 1
 4𝜋𝜋𝜀𝜀0


𝛼𝛼𝜇𝜇𝐷𝐷


2𝑝𝑝2 cos𝛩𝛩,  (6) 


where µD represents the value of the permanent dipole moment of the neutral molecule. 


The range of the potential is much greater as now it falls as a function of r-2. For most 
 ion-molecular interactions, both permeability and permanent dipole moment will be 
 non-zero values. Thus, dipole forces cannot be ignored, and both potentials have to be 
 considered. [48] The issue which surrounds modelling is that the mean value of the 
 relative dipole orientation, Θ, depends on the specific molecular system and differs 
 between molecules in a non-trivial way. Two main approaches have been developed 
 to describe the effect of permanent dipole moments; the average dipole orientation 
 (ADO) theory and the parametrised trajectory calculation.  


The  ADO  theory  uses  a  specific  locking  constant, C,  to  reflect  the  effect  of  the 
 permanent  dipole  moment.  Modelling  of  such  systems  shows  that  for  Maxwell-
 Boltzmann distribution of relative velocities, the locking constant can be parametrised 
 as  a  function  of µD/α1/2  for  a  temperature  range  150  –  500  K.  [49-51]  Using  this 
 approach, the collision rate constant for the specific thermal energy is  


𝑘𝑘ADO(therm) =�𝜋𝜋𝛼𝛼𝑞𝑞2


𝜇𝜇𝜀𝜀0 +𝐶𝐶𝜇𝜇𝐷𝐷𝑞𝑞


𝜀𝜀0 � 1


2𝜋𝜋𝜇𝜇𝑘𝑘𝐵𝐵𝑇𝑇. (7) 


Even for large values of dipole moment, the locking constant C does not exceed the 
 value of 0.3. However, in such a situation, it may still enhance the rate constant by a 
 factor  of  2  to  4  compared  to  the  Langevin  reaction  rate  coefficient.  Numerous 
 experimental studies showed that even ADO theory tends to underestimate reaction 
 rates by 10 – 25%.  [52].  


The parametrised trajectory calculation model’s ion-molecular interactions via a series 
 of classical trajectory calculations rather than looking for an exact interpretation of 
 dipole interaction. The extensive modelling provided by Chesnavich, Su and Bowers 
 show a good estimation of an upper bound for the true capture rate coefficients. [53] 


Assuming that the actual reaction rate is always lower or equal to the collisional or 
capture rate, the theory provides a good estimation of the upper reaction rate limit. The 
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capture rate coefficient was then parametrised by the quantity Kcap(TR, I*), depending 
 on the polarizability, α, and dipole moment, µD, of the neutral molecule 


𝑘𝑘cap(𝑇𝑇) =𝑘𝑘𝐿𝐿×𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐(𝑇𝑇R,𝐼𝐼∗),
 𝑇𝑇R= 4𝜋𝜋𝜀𝜀02𝛼𝛼𝑘𝑘B𝑇𝑇


𝜇𝜇D2 ,
 𝐼𝐼∗ = 𝜇𝜇𝐷𝐷𝐼𝐼


𝛼𝛼𝑞𝑞𝜇𝜇,


(8) 


where kL is the Langevin reaction rate coefficient and I is the moment of inertia of the 
 neutral molecule. [54] 


Both theories can be applied to determine collisional rate coefficients, as they only 
 require  the  available  values  of  polarizability  and  permanent  dipole  moment. 


Nowadays,  such  values  can  be  easily  obtained  by  using  density  functional  theory 
 (DFT) calculations and thus the collisional rates can be estimated for a large number 
 of molecules. [55] 


Thermodynamics of ion-molecular reactions 


Based on the thermodynamic properties of reagents, several reaction channels can be 
 observed, as summarized in Table 1. At the low pressures (below 10 mbar), the most 
 important are bimolecular reactions, as they are usually very fast and occur at rates 
 comparable to the collisional rate. This is true if the chemical energy of the reaction 
 sufficiently exceeds the specific reaction barrier. Such reactions are very important for 
 chemical ionization as they occur in almost every single collision. Some reactions, 
 however, may require a specific mutual orientation of reactants described by a steric 
 factor, which is often much less than 1. 


The reactions of positive ions can be divided into five main reaction channels (Table 1, 
a-e). Most of them can be supplemented by additional dissociation if the chemical 
potential is high enough to excite the molecule after ionization (into a repulsive state) 
and thus overcome the bounding energy which leads to dissociation. 
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Table 1 List of ion-molecular reactions used for CI. 


Reactants  Products  Condition 


Positive CI 


a,  A+.+ B  →  B+.+ A  IE(A) > IE(B) 
 b,  AH++ B → BH++ A PA(B) > PA(A)
 c,  A+.+ BH


A+.+ BR


→


→


B+.+ AH
 B++ AR


if exothermic 
 if exothermic 
 d,  A++ B + C  →  AB++ C  if exergonic 


e,  AL++ B → BL++ A if exergonic 


Negative CI 


f,  A−+ B  →  B−+ A  EA(B) > EA(A) 


g,  A−+ BH → B−+ AH  PA(A−) > PA(B−) 
 h,  A−+ BL  →  B−+ AL  if exergonic 


i,  A−+ B + C → AB−+ C if exergonic 


The first typical process is a charge transfer (Table 1, a), where a cation radical A+.


takes an electron from a neutral molecule B, leaving molecule B ionised. The process 
 is exothermic if the ionization energy of neutral B is lower than the recombination 
 energy of the reactant ion, A+.. As reactions often occur at thermal conditions, only a 
 negative  difference  in  respective  adiabatic  ionization  energies,  IE(A)  >  IE(B)  is 
 required.  In  practical  applications,  the  reaction  is  triggered  by  using  ions  of  noble 
 gases, as their IE exceeds most of the IE of other atoms and molecules. [56] O2+. ions 
 are often used as they can be easily produced by a discharge in air, for which the IE(O2) 


=  12.07 eV  exceeds  the  IE  of  most  organic  molecules.  [57]  As  the  difference  in 
 ionization  energies  for  both  A  and  B  often  exceed  2  eV,  reactions  are  frequently 
 accompanied by the dissociation of the B+ molecular ion. The dissociation pattern is 
 very similar to electron ionization, as both reactions form an odd-electron molecular 
 ion by removing the electron from the highest occupied molecular orbital (HOMO). 


The  fragmentation  rates  will  however  differ  as  the  energy  distribution  for  charge 
transfer is strictly limited by the exothermicity of the process (usually 2-3 eV for the 
charge transfer which compares to 70 eV for electron ionization). The reaction rates 
for charge transfer are very dependent on the electronic and vibrational state of the 
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reactants, as the charge transfer (similar to electron ionization) abides by the Franck-
 Condon principle. If the electronic states of the reactant neutrals are accessible, the 
 reaction will occur as a fast reaction with reaction rates close to the collisional rate. If 
 not  (i.e.  HOMO  is  not  accessible),  the  reaction  will  either  form  a  long-lived 
 intermediate complex where the reaction may be triggered after isotropic redistribution 
 of energies or as more frequently seen, the reaction would result in elastic or non-
 elastic  scattering  (even  though  the  reaction  is  exothermic).  We  will  discuss  this 
 scenario later. In summary, in such a situation, the reaction rate is much slower than 
 the collisional rate.   


An additional process which is very characteristic for CI, is proton transfer (Table 1, 
 b) from a conjugated base (AH+) to a neutral base (B). The ability of a molecule to 
 bind a proton is represented by its basicity, defined as the negative change of the Gibbs 
 free energy (ΔG) when a neutral molecule accepts a proton. During the reaction, a 
 proton is more likely to be attached to a base with higher associated basicity, while the 
 reaction equilibrium rises with a larger basicity difference. However, as the transfer of 
 a single proton from one base to another does not significantly change the entropy 
 (TΔS),  only  the  enthalpy  change  (ΔH)  is  usually  important.  The  condition  for 
 successful  proton  transfer  is  for  the  proton  affinity  of  the  neutral  molecule  (B)  to 
 exceed the proton affinity of the neutral (A) currently binding the proton; PA(B) > 


PA(A). As the proton transfer does not face a potential barrier, the process will be 
spontaneous after the condition is fulfilled. A series of experiments showed that proton 
transfer is extremely efficient as the reaction rate almost equals the collisional rate, 
meaning  that  a  reaction  occurs  on  almost  every  single  collision  if  the  reaction  is 
exothermic by at least 20 kJ/mol. [58] This makes proton transfer the most used CI 
process for analytical applications. A variety of reagent ions can be used, although 
should  be  chosen  based  on  their  PA  and  how  easily  they  may  be  generated  in  a 
discharge. Initially, CH5+ together with C2H5+ was used as reagent ions as they were 
easily  generated  by  electron  bombardment  of  methane  gas  in  a  discharge  yielding 
approximately  a  1:1  ratio.  [44]  The  proton  affinity  of  methane 
PA(CH4) = 543.5 kJ/mol and ethylene PA(C2H4) = 680.5 kJ/mol were sufficient for 
proton transfer to almost all organic molecules. [57] However, the low PA of methane 
represents a significant chemical potential for most reactions as the PA of organic 
molecules is around 800 kJ/mol. [57] The energy difference of around 250 kJ/mol 
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(∼2.6 eV)  triggers  the  repulsive  behaviour  and  molecules  tend  to  dissociate.  More 
 consistent formation of protonated products can be achieved by hydronium (H3O+), 
 easily generated in by discharge in pure water vapours. As PA(H2O) = 691 kJ/mol 
 [57], hydronium can protonate most organic molecules (except for light alkanes from 
 methane to propane, and a few others), and the dissociation probability is significantly 
 reduced. The last considered ion is NH4+, produced by discharge in pure ammonia gas. 


The use of NH4+ is however limited as the PA(NH3) = 853.6 kJ/mol is above the PA 
 of  most  organic  molecules.  It  was  shown  that  NH4+  can  be  used  for  the  specific 
 identification of some molecules, demonstrated when distinguishing between pinenes 
 and 2-ethyl-3,5-dimethylpyrazine. [59] However, except for specific applications, the 
 use of NH4+ as a proton donor is limited, as for most organic molecules it forms ion 
 adducts via an association reaction. [60, 61] 


The next process (Table 1, c) indicates a series of different ratio channels, where the 
 reagent ion A+. removes hydrogen or a radical R from the neutral molecule B. The 
 molecule B then remains charged (although with a lighter mass due to the transferred 
 radical, R, or the proton, H). The initial reagent ion becomes neutral as it reacts with 
 the removed fragments. An example of such hydride ion abstractions is found in the 
 reactions of unsaturated hydrocarbon ions with other hydrocarbons, such as C3H5+ + 
 neo-C5H12 → C5H11+ + C3H6 [62]. However, hydrocarbon ions are not frequently used 
 for analytical applications due to their rapid proton transfer to H2O molecules, and 
 therefore the reaction between hydrocarbons and NO+ is of greater use. NO+ may also 
 induce hydrogen transfer on reaction with sample molecules by forming NOH when 
 reacting with ethers [63], aldehydes [64], amines [65] and alcohols [66]. The hydrogen 
 transfer  reaction  is  determined  by  the  difference  in  hydrogen  affinity  between  the 
 reagent ions and B (where BH is the neutral reactant molecule, as shown in Table 1). 


Again, if the reagent ion has a higher hydrogen affinity, the reaction is exothermic and 
 can proceed.  


In addition to hydride ion abstraction, more complex radicals from the neutral may be 
transferred onto the reagent ion. A typical example of this is found in the transfer of 
OH-  hydroxide  ions  which  has  been  observed  for  alcohols  [66]  and  diols  [67];  or 
carboxylic  acids  [68]  observed  for  hydronium  (H3O+)  and  NO+  reagent  ions, 
respectively.  For  alcohols  reacting  with  hydronium,  the  reaction  results  in  the 
elimination of an additional H2O neutral from the molecule, producing a dehydrated 
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ion (typical for heavier alcohols). For the NO+ reagent ion, the reaction produces HNO2


as  a  neutral  product  alongside  the  dehydrated  molecular  ion.  This  reaction  is  very 
 important for the use of chemical ionisation in an analytical setting. This is because if 
 this process is exothermic, then this reaction would most likely be dominant over other 
 processes.  


Last but not least, the association (or adduct formation) reaction (Table 1, d), where 
 the  colliding  particles  A+  and  B  form  a  short-lived  ion-neutral  complex  AB+*,  is 
 discussed. The complex exists due to the presence of a resonance structure formed by 
 a centrifugal barrier, as the charge can be partially located on both molecules. The 
 complex can spontaneously dissociate back to its original form or be stabilized by the 
 emission of a photon, or more likely in CI, by a collision with a third particle, C. The 
 third particle removes part of the potential energy from the excited transition complex 
 and acquires this energy itself, in the form of kinetic energy. The reaction complex 
 may thus become bounded inside the barrier. The efficiency of the energy transfer 
 during the collision depends on the reduced mass of the complex, as well as on the 
 mass and the number of degrees of freedom of the C particle. The bound energy can 
 be  small  or  significantly  high,  depending  on  the  type  of  the  reactants defining  the 
 enthalpy and the entropy change between the free and bounded states. For hydronium, 
 the  enthalpy  difference  changes  from  33  kJ/mol  to  60  kJ/mol  for  the  association 
 reaction  with  non-polar  CH4  and  CO2,  respectively.  These  differences  reach  up  to 
 92 kJ/mol and 136 kJ/mol for the association reactions between hydronium with polar 
 SO2 and H2O, respectively. [57] Polar molecules tend to form even larger structures, 
 as the reaction complex after stabilisation may react with more neutrals, thus forming 
 bigger  clusters.  However,  the  bound  energy  between  elements  of  such  a  cluster 
 decreases with each new neutral added to the cluster. The size of the cluster is based 
 on  the  temperature  and  pressure  of  the  gas,  as  larger  clusters  will  spontaneously 
 dissociate under thermal collisions with other molecules. The association rate drops 
 rapidly for higher temperatures, as T-n, where n ranges from 3-5. [69]  


Association is a third-order reaction with the unit cm-6s-1. As the reaction often occurs 
in a drift or a flow tube at constant pressure and temperature, it is practical to consider 
this as an effective second-order reaction. As an example, for a carrier gas at 1.3 mbar 
and  300 K,  the  number  density  is  3.22x1016  cm-3.  A  third-order  association  rate 
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constant of 1x10-25 cm6s-1 corresponds to an effective second-order rate of 3.22x10-9
 cm-3s-1.  


Ligand switching (Table 1, e) is often not considered as a primary reaction channel, as 
 it cannot proceed from the injected reagent ions. However, the reaction is important 
 for its presence as a secondary process occurring in the ion–molecular system. The 
 reaction often involves neutral or ionised clusters, from which one or more cluster 
 ligands can be transferred to the other reactant. An example of this is when hydronium 
 water clusters [70] react with organic molecules in the system: 


H3O++ H2O + He→ H3O+. H2O + He, 
 H3O+H2O + M↔M. H3O++ H2O.


(9a) 
 (9b) 
 The thermochemistry of the process (9b) depends primarily on the different affinity of 
 the transferred ligand (H3O+ affinity in the present example). However, as the reaction 
 system  contains  many  molecules,  the  change  in  entropy  becomes  significant. 


Therefore,  describing  the  reaction  only  as  the  difference  in  particular  affinities 
 (otherwise sufficient for proton transfer reactions) is not possible and the total Gibbs 
 free energy must be considered. Additionally, in practical applications, the fact that 
 the  reaction  is  exergonic  or  endergonic  does  not  necessarily  define  the  reaction 
 equilibrium. That is mainly established by the difference in the number densities of 
 particular neutrals. In typical analytical applications, the number density of the H2O is 
 six orders of magnitude higher than the number density of the organic molecule, M. 


Therefore, the reaction will run heavily in favour of hydronium cluster production even 
 if the process is endergonic, as seen in the case of the reaction between formaldehyde 
 and hydronium clusters. [71, 72]  


Finally, it is necessary to mention reactions which involve negative ions. However, as 
we have not used negative ions in the present work, we will only briefly summarize 
some important reactions. In the environment, negative ions may naturally occur in the 
upper level of atmosphere as free electrons (generated by solar radiation) are captured 
by  surrounding  molecules.  [73]  Therefore,  the  study  of  molecular  reactions  with 
negative ions is highly relevant to the ion chemistry of planetary atmospheres in our 
solar system. [74-76] For analytical applications, using negative ions as reagents are 
not as popular as positive ions. This is because reactions involving negative ions are 
more selective and thus are not universal for all applications. However, they can serve 
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as a beneficial supplement to the analysis with positive ions as well as be used for the 
 analysis of specific molecules (especially halogenated molecules).  


A set of four of the most important reactions is listed in Table 1, f-i. Electron transfer 
 (or  charge  exchange)  (f)  is  the  reaction  equivalent  to  the  charge  transfer  reaction 
 observed  for  positive  ions.  The  exothermicity  of  the  process  is  defined  by  the 
 difference between the electron affinity (EA) of the reacting molecules. If the EA of 
 the neutral molecule (B) is greater than the EA of the reacting molecular ion in the 
 neutral state (A), the process is exothermic and may proceed. In the stable negative 
 ion, the electron is captured in the Feshbach resonance state and occupies the lowest 
 unoccupied molecular orbital (LUMO) of the neutral molecule. This electron state is 
 usually easily accessible and the reaction may proceed at the reaction rate close to the 
 collisional  rate.  However,  if  the  difference  between  the  geometries  of  the  neutral 
 molecule and the negative ion is too great, the reaction rate may be reduced. This is 
 due to the formation of a potential barrier as the neutral reagent becomes ionised. [77] 


All remaining reactions share many similarities with the reactions of positive ions. For 
 proton transfer reaction (Table 1, g), exothermicity depends on the difference between 
 the respective PAs of the negative ions, A- and B-. If the PA of A- is greater than the 
 PA of B-, the proton will be transferred from BH on A-, leaving the B- ion. The reaction 
 rate  behaves  similar  to  positive  proton  transfer.  If  the  PA  difference  is  above  10 
 kcal.mol-1, the reaction rate becomes almost identical to the collisional rate. [69] This, 
 however, may not be true for the anions where electrons are delocalized. [78] The 
 ligand switching (or the displacement reaction) (Table 1, h) will proceed in the absence 
 of the effective proton transfer reaction if the displacement process is exothermic. An 
 interesting example is the reaction of OH- with CH3CN, where a displacement of CN-
 is suppressed by proton transfer. [79] Finally, association (Table 1, i), as a third-order 
 reaction,  is  also  common  for  negative  ions,  especially  in  the  presence  of  polar 
 molecules.  The  mechanism  and  reaction  rate  are  comparable  with  the  equivalent 
 association for positive ions. 


In conclusion, molecular ions react with neutral molecules in various ways, based on 
the thermodynamic and physical properties of the reaction system. The effect of the 
physical parameters (i.e. gas temperature) was not discussed carefully in this chapter, 
as we will focus on it later in the work. However, it may be seen that ion products of 
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the reactions carry information about the neutral reactant (M) on the formation of ions 
 such  as  M+,  (M+H)+,  (M-H)+,  that  can  be  detected  using  mass  spectrometry.  The 
 presence of such ions can be thus used to retrospectively determine the presence of the 
 neutral  reactant  M  in  the  system.  This  fact  led  to  the  development  of  chemical 
 ionization mass spectrometry (CI-MS). Unlike electron ionization mass spectrometry 
 (EI-MS)  often  used  for  analytical  applications,  CI-MS  cannot  provide  useful 
 information about molecular structure due to a lack of fragmentation of molecules. 


However, a small amount of reaction products that are closely related to the neutral 
 reactants can be effectively used to analyse complex molecular systems containing 
 several molecules. 


The effect of an external electric field 


So far, we  have described various types of ion  molecular reactions and collisional 
 reaction rates for thermalized systems. The energy distribution of the internal energy 
 states, as well as the kinetic energy of all involved particles, is defined by the gas 
 temperature. Most laboratory applications occur at temperatures around 300 K and 
 below,  thus  we  may  assume  all  involved  particles  are  presented  in  their  ground 
 energetic states. In such a situation it is easy to determine or predict the reactions, as 
 we  can  simply  compare  important  thermodynamic  parameters  of  reactants  and 
 products  and  assume  the  thermodynamic  availability  of  the  selected  process  (for 
 example  difference  in  proton  affinity  of  ionization  energy)  and  also  determine  the 
 collisional rate, representing the upper limit for the reaction rate.  


The  Boltzmann  distribution  may  however  be  disrupted  by  external  factors.  One 
practical example is the injection of ions from an ion source into the reactor. Ions are 
often generated in a discharge – an energy-dense environment – from where they can 
preserve  a  range  of  electronically  excited  states.  The  high  internal  energy  of  such 
excited ions has to be first dissipated into the gas via (in the best scenario) inelastic 
collisions for the ion to be thermalized. Until that point, excited ions carry much more 
chemical  energy  and  classical  determination  of  the  collisional  rate  nor  the 
determination of the thermodynamic availability may be applied. In most applications, 
this effect is not significant as instrumental design tends to avoid or minimize such 
situations by letting ions “relax” and thermalize before reacting with molecules of 
interest.  
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The  external  electric  field  is  an  additional  source  of  potential  disruption.  In  the 
 presence of an electric field, ions in the gas phase accelerate along the vector of the 
 electric field, E. Collisions with gas molecules cause ions to maintain a mean ion drift 
 velocity, vd, characterized by ion mobility, µ, as: 


𝑣𝑣𝑑𝑑 =  𝜇𝜇𝜇𝜇. (10) 


For low electric fields (comparable to or below the thermal velocity), the ion mobility 
 is constant. However, for higher electric fields it acquires a non-linear form: 


𝜇𝜇(𝜇𝜇) =  𝜇𝜇(0)[1 +𝛼𝛼1(𝜇𝜇/𝑁𝑁)2 +𝛼𝛼2(𝜇𝜇/𝑁𝑁)4+⋯]  (11) 
 The ion mobility depends on a collisional cross-section between ions and a buffer gas 
 but is also highly sensitive on gas pressure and temperature. Determination of ion drift 
 velocity, as well as ion mobility, is important for the calculation of ion transit time 
 through the drift tube. Both parameters can be obtained by their direct measurement in 
 the drift tube if the apparatus is capable of generating short pulses of ions entering the 
 drift tube. Alternatively, ion mobility can be found in the literature [80-82] for the most 
 common ions, from which the drift velocity may be calculated.  


Increased ion velocity has a direct effect on the kinetic energy of the ion and thus on 
 the reaction cross-section. Collisions of ions with neutrals thus do not occur at thermal 
 energies. To describe this effect, we defined the mean collisional energy (KECM) as the 
 relative kinetic energy available for the reaction process at the centre-of-mass, which 
 is related to the two interacting particles through: 


𝐾𝐾𝜇𝜇𝐶𝐶𝐶𝐶 =  1


2� 𝑚𝑚𝑛𝑛𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛


𝑚𝑚𝑛𝑛+𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛�(𝑣𝑣𝑖𝑖𝑖𝑖𝑛𝑛2 +𝑣𝑣𝑛𝑛2), (12) 


where mion and mn refer to the mass of the colliding ion and neutral. The vion and vn


represent the mean velocities of the colliding ion and neutral at the centre-of-mass, 
 respectively defined as: 


1


2𝑚𝑚𝑖𝑖𝑣𝑣𝑖𝑖𝑖𝑖𝑛𝑛2 =  𝐾𝐾𝜇𝜇𝑖𝑖𝑖𝑖𝑛𝑛,  (13) 


1


2𝑚𝑚𝑛𝑛𝑣𝑣𝑛𝑛2 =  3


2𝑘𝑘𝐵𝐵𝑇𝑇.  (14) 


Eq. 12 is then often expressed in a more convenient form  
 𝐾𝐾𝜇𝜇𝐶𝐶𝐶𝐶 =   𝑚𝑚𝑛𝑛


𝑚𝑚𝑛𝑛 +𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛�𝐾𝐾𝜇𝜇𝑖𝑖𝑖𝑖𝑛𝑛−3


2𝑘𝑘𝐵𝐵𝑇𝑇�+3


2𝑘𝑘𝐵𝐵𝑇𝑇.  (15) 
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The ion reactions often take place in a system where the analyte molecule is diluted in 
 a  buffer  (or  carrier)  gas.  The  reagent  ions  thus  mainly  collide  with  the  buffer  gas 
 molecules, while the main interest is to describe the reaction with the analyte. The 
 kinetic energy of the reagent ion is thus characterised by the mass of the buffer gas, 
 mb, and can be calculated from its drift velocity using the Wannier formula [83]: 


𝐾𝐾𝜇𝜇𝑖𝑖𝑖𝑖𝑛𝑛 =  3


2𝑘𝑘𝐵𝐵𝑇𝑇+1


2𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛𝑣𝑣𝑑𝑑2+1


2𝑚𝑚𝑏𝑏𝑣𝑣𝑑𝑑2.  (16) 


The KECM can be thus defined for collisions with both buffer gas, KECM,b, and the 
 analyte (neutral reactant), KECM,r:   


𝐾𝐾𝜇𝜇𝐶𝐶𝐶𝐶,𝑏𝑏=   𝑚𝑚𝑏𝑏


𝑚𝑚𝑏𝑏+𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛�𝐾𝐾𝜇𝜇𝑖𝑖𝑖𝑖𝑛𝑛−3


2𝑘𝑘𝐵𝐵𝑇𝑇�+3


2𝑘𝑘𝐵𝐵𝑇𝑇,  (17) 


𝐾𝐾𝜇𝜇𝐶𝐶𝐶𝐶,𝑟𝑟=   𝑚𝑚𝑟𝑟


𝑚𝑚𝑟𝑟+𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛�𝐾𝐾𝜇𝜇𝑖𝑖𝑖𝑖𝑛𝑛 −3


2𝑘𝑘𝐵𝐵𝑇𝑇�+3


2𝑘𝑘𝐵𝐵𝑇𝑇,  (18) 


where mr represents the mass of the neutral reactant molecule. The KMCM,b is related 
 to  the  internal  excitation  of  the  reagent  ions.  An  increase  of  the KMCM,b  over  the 
 thermal energy causes a redistribution of the rotational and vibrational equilibrium into 
 energetically higher states, resulting in a change in ion reactivity. The KMCM,r then 
 represents the translational collision energy of the reagent ion with the analyte.  


The energy transfer at the centre-of-mass depends on the mass of the neutral particle 
and is less effective for lighter neutral reactants (see Figure 1). For the reaction of 
hydronium (m/z 19) with helium (4 amu) and argon (40 amu), the mass coefficient is 
0.17 and 0.68, respectively. This rapid increase in the effectivity of energy transfer, 
however, is not that significant, due to ion mobility and thus an ion mean drift velocity 
decrease for a heavier buffer gas. At this point, it would be convenient to recap on the 
situation introduced previously, where ions were injected from the ion source into the 
buffer  gas.  In  such  a  situation,  the  mean  velocity  of  the  particle  is  defined  by  the 
potential difference between the ion source and the reaction region (and may achieve 
several eV). Reagent ions in the injection region, before deceleration, collide with the 
buffer  gas  regardless  of  ion  mobility.  The  mass  of  the  buffer  gas  molecules  thus 
significantly influences the collisional energy.   
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Figure 1 The mass coefficient for conversion of the laboratory ion kinetic energy into 
 the centre-of-mass collisional energy (see Eq. 15). The profile represents the energy 
 conversion for the hydronium ion colliding with neutrals from 4 up to 200 amu. 


The KMCM,r  is  a  crucial  parameter  for  ion-molecular  reactions  and  describes  the 
amount of translational energy in addition to the internal chemical energy which is 
available for that particular reaction. This significantly affects the thermodynamics of 
the reaction as well as the reaction cross-sections. To visualize this effect, we may 
consider  the  typical  drift  velocity  of  hydronium  in  PTR-MS  (see  Section  1.2),  of 
995 ms-1.  The  translational  collisional  energy  with  neutral  particles  of  molar  mass 
30 g/mol, 60 g/mol and 100 g/mol is 0.19 eV, 0.35 eV and 0.55 eV, respectively. At 
the  temperature T  =  300  K,  the  mean  thermal  energy  is  0.039  eV.  The  collisional 
energy  may  exceed  the  average  thermal  energy  and  thus  significantly  affect  ion-
molecular reactions. The increase in the reaction energy affects both the collisional 
cross-section  as  well  as  the  thermodynamics  of  individual  reactions  and  thus  the 
reaction cross-section. 
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The influence of an electric field (and therefore KMCM) on the collisional rate was in 
 most cases determined indirectly. Assuming Maxwellian ion velocity distribution, we 
 can define an effective temperature of the system, Teff, as:  


3


2𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 =𝐾𝐾𝜇𝜇𝑖𝑖𝑖𝑖𝑛𝑛 =  3


2𝑘𝑘𝐵𝐵𝑇𝑇+1


2𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛𝑣𝑣𝑑𝑑2+1


2𝑚𝑚𝑏𝑏𝑣𝑣𝑑𝑑2.  (19) 
 Thus, Teff is the kinetic temperature corresponding to three degrees of freedom in the 
 centre-of-mass system of the ion and reactant molecule, where the first term represents 
 the thermal energy; the second term represents the energy absorbed from the field 
 which is converted into the ion drift motion; and the last term represents the energy of 
 random motion from collisions with gas molecules. [21, 84] This assumption allows 
 us to simplify the reaction rate function from k(T, E, p) to k(Teff). It should however be 
 stressed that Eq. 19 represents only the first-order approximation, derived by Wannier. 


[83] The higher orders of Eq. 19 are usually ignored, as their effect on the calculated 
 value is below 15%. [84] The conclusions also apply only to an atomic ion drifting in 
 an atomic buffer gas, where internal excitations do not affect reactions.   


Looking back at the Langevin reaction rate coefficient, kL, (Eq. 5), we see that it is 
 temperature  independent.  Thus,  the  collisional  rate  of  non-polar  molecules  is  not 
 affected by elevated collisional energy. For polar molecules, the ADO theory, Eq. 7, 
 predicts  the  temperature  dependence  as T-1/2.  Su  [85]  also  developed  a  parametric 
 representation of the ion-polar molecular collision rate for kinetic energy dependence, 
 where: 


𝑘𝑘cap =𝑘𝑘𝐿𝐿×𝐾𝐾𝑐𝑐(𝜏𝜏,𝜀𝜀),
 𝜏𝜏 = 𝜇𝜇𝐷𝐷


√𝛼𝛼𝑇𝑇, 
 𝜖𝜖 = 𝜇𝜇𝐷𝐷


�𝛼𝛼𝐾𝐾𝜇𝜇𝑐𝑐𝑐𝑐.


(20) 


The parametric representation of Su was tested for the rotational temperature T up to 
1000  K  and KEcm  up  to  several  eV,  achieving  good  agreement  with  available 
experimental data. Additionally, Su concluded that the parametric representation is 
sufficient without introducing the dipole–induced dipole potential. [86] A trajectory 
calculation approach may also be used, but good agreement with experimental data 
has only been reported at low temperatures and low relative kinetic energies. [87] In 
conclusion, all theories predict the reduction of the collisional reaction rate for polar 
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molecules, as KEcm increases as a function of Teff  -1/2, or eventually with a slightly 
 faster reduction when also considering higher orders of Eq. 19.  


The reaction rate however differs from the collisional rate and the dependence on KEcm


and Teff changes with the type of reaction. Multiple studies can be found investigating 
 ion molecular reaction rates under variable electric fields, or more frequently, under 
 variable gas temperatures. Also, reactions shall be divided into several sub-categories, 
 reflecting the different natures of ion-molecular reactions which include whether the 
 reaction  is  exothermic  or  endothermic;  slow  or  fast  (compare  to  collisional  rate); 


unimolecular or bimolecular; and if ions react with non-polar or polar neutrals.   


The most common are bimolecular reactions:  


A++ B ↔AB ∗+→products.  (21) 


Fast bimolecular reactions are exothermic, proceeding at reaction rates close to the 
 collisional rate. The distribution and stabilisation of atoms and charge in the formed 
 AB*+ nascent complex have to occur rapidly. A good example is a charge or proton 
 transfer, that is very rapid and can effectively proceed even as the interaction time (the 
 time interval for when both reactants are in close proximity to each other and a reaction 
 can occur) decreases due to increased relative ion velocity. These reactions follow the 
 profile of the collisional reaction rate, thus there is no thermal dependence for non-
 polar  neutral  reactants  and  small  negative  temperature  dependence  for  polar 
 molecules, as predicted by theory. [73] As an example, we may choose a dissociative 
 charge transfer reaction He+ + N2 → N+ + N + He with a reaction rate 1.5 x 10-9 cm3s-


1 and with no thermal dependence [88-90]. Also, the proton transfer reaction N2H+ + 
 CH4 with a reaction 1.3 x 10-9 cm3s-1 shows no thermal dependence. [91] For polar 
 reactants,  the  exothermic  proton  transfer  reaction  N2H+  +  CH3CHOH  follows  the 
 negative thermal dependence as predicted by ADO theory. [91] 


Slow bimolecular reactions have reaction rates significantly lower than the collisional 
rate,  even  at  normal  laboratory  temperatures.  This  may  occur  when  a  reaction  is 
endothermic  (or  endogenic)  and  thus  an  energetic  barrier  is  present.  The  thermal 
dependence of a reaction rate consists of a combination of collisional rate thermal 
dependence and  the  Arrhenius  function,  describing  the  increase  of  reactivity  when 
temperatures or collisional energies close the difference in the activation energy:  
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 𝑘𝑘𝑟𝑟 =𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐×𝑒𝑒𝑒𝑒𝑝𝑝 �− 𝜇𝜇𝑐𝑐


𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒�. (22) 


The reaction rate of such a reaction may have negative thermal dependence (at the 
 beginning);  however,  it  will  change  into  positive  thermal  dependence  when  the 
 reaction channel starts to open up as the translational or internal energy of the reactant 
 can  overcome  the  reaction  barrier.  After  the  reaction  channel  opens,  the  reaction 
 becomes  fast.  An  example  is  the  charge  transfer  reaction  CO2+  +  O2  which  has  a 
 negative thermal dependence on reaction rate up to 740K, where it changes into a 
 positive thermal dependence. [92] 


Some  reactions  are  however  slow  naturally.  A reaction  may  become  less  effective 
 when a reagent ion is excited from its ground vibrational state (due to collisions with 
 buffer gas, Eq. 17) or when the reverse reaction channel occurs faster than the forward 
 reaction,  transferring  the  products  back  into  the  reactants.  This  may  happen  for 
 reactions  of  small  molecules  with  high  exothermicity,  while  the  nascent  reaction 
 intermediate AB*+ does not have an accessibly fast reaction potential towards new 
 products. In other words, the nascent intermediate requires a longer period of time to 
 rearrange the electronic or atomic distribution. The lifetime of the nascent intermediate 
 must be long enough to allow for the statistical redistribution of energy into all degrees 
 of freedom and thus favour the most exothermic channel. However, the lifetime of the 
 nascent  intermediate  decreases  with  the  total  energy.  Thus,  an  increase  in  the 
 translational energy results in a higher probability of elastic scattering  


A++ B →AB ∗+→A++ B.  (23) 


An example of this is the charge transfer reaction O+ + O2, where the reaction rate was 
 estimated to be 3.4 x10-15 x T-0.48. [93, 94]  


The thermal dependence for slow reaction, however, does not necessarily follow the 
 T-1/2  profile.  Often,  the  exponent  is  much  larger  than  0.5.  This  can  happen  if,  for 
 example, during processes involving the exchange or relocation of massive particles. 


The  proton  transfer  reaction  of t-C4H9+  conversion  to  benzyl  acetate  follows  a 
temperature dependence from T-6 to T-10. [95] Also, for the proton transfer from CH4D+
to CH4, the data suggest a thermal dependence of T-8. [96, 97] Similar thermal profiles 
can be found also for association reactions, where in the first reaction step a nascent 
intermediate  is  also  formed,  followed  by  its  stabilisation  via  collision  with  a  third 
particle. [73] 
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