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Lecture 4  Ion Thermochemistry 
 
Reminmder of terms and quantities 
 
Thermochemical parameters  
AE        Appearance Energy  
EA        Electron Affinity  
IE         Ionization Energy  
PA        Proton Affinity (enthalpic) 
GB       Gas Phase Basicity (free energy) 
- Gacid   Gas Phase Acidity (free energy acidity) 
-Hacid    Gas Phase Acidity (enthalpic quantity)  
RE       Recombination Energy  
HA      Hydride Affinity  
 
Rationale for Thermochemistry 
Mass Spectrometry is a major method of determining thermochemical values for ions & neutrals  
Thermochemical information is essential to predict ionization will occur.  
In large molecules, thermochemical information indicates where ionization/reaction will occur 
Thermochemical information indicates internal excitation of ionization process  
Thermochemical information predicts unimolecular dissociation (and its rate) (from above) 
Thermochemical information is needed to predict bimolecular reactions e.g. proton transfer  
Thermochemical information is useful in characterizing ion structure 
 
GLOSSARY – THERMOCHEMISTRY   
Adiabatic  
No heat transferred between system and surroundings; for a chemical reaction (ionization, 
dissociation, etc) this usually means the lowest energy product state is formed (eg. adiabatic 
dissociation, adiabatic ionization energy).  
 
Vertical  
Used to describe an electronic transition or ionization (neutralization) occurring at the Born-
Oppenheimer limit, i.e., with no change in nuclear coordinates of the molecule (eg. vertical 
excitation, vertical ionization energy).  
 
Ionization energy (IE)  
Also ionization potential (IP), energy required to remove an electron: M —> M+  + e; strictly 
refers to 0 K; may be adiabatic or vertical (recombination energy (RE) is energy released when 
electron added to an ion) 
 
Heat of formation of a positive ion (Hf

o(M+))  
Sum of the heat of formation of a neutral molecule and its adiabatic ionization potential:  
Hf

o(M+) = Hf
o(M)  + IE(K) (at 0 K)  

 
Electron affinity (EA)  
Negative of the energy of the reaction in which a negative ion is formed (electron is attached) 
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EA = -[AHrxn] = - [Hf
o(M-) + Hf

o(e-) - Hf
o(M)]  = - [Hf

o(M-) - Hf
o(M)]  

= Hf
o(M)]- [Hf

o(M-)] 
So EA is positive when Hf

o(M) is greater than Hf
o(M-), i.e. when the anion is more stable 

than the neutral.. Many molecules do have metastable anions, i.e. they have –ve  EA’s but 
are relatively long lived 
EA is also equal to the energy required to remove an electron from a negative ion: M-. > M + e; 
strictly refers to 0 K; may be adiabatic or vertical.  
Most molecules with stable anions have EA’s from 0 - 5 eV 
 
Heat of formation of a negative ion (Hf

o(M-))  
Heat of formation of a neutral molecule less its adiabatic electron affinity:  
Hf

o(M-) = Hf
o(M)  - EA(K) (at 0 K)  

“Stationary electron” convention  
Sometimes referred to as the “ion convention”; the integrated heat capacity of the electron is 
taken as zero.  

Appearance energy (AE)  
Also appearance potential (AE); mass spectrometrically determined amount of energy required 
to form an ion from a neutral molecule, 
this is approximately equal to the heat of reaction: AB  A+ + B + e- (or e- + AB  A-  + B) 
[ if there is a barrier for the reaction, then the approximation will not be exact] 
   
Bond dissociation energy  
BDE, D[A—B], D[A+—B-], etc.  
Energy required to break a bond in a molecule; may be homolytic or heterolytic.  
Do

o[A—B]  or Do[A—B] at 0 K  D°298[A—B] or D298[A—B] at 298K  
Approx. given by the energy difference AE – IE  
Also known as the critical energy (min energy for formation of a particular product, usually 
lowest energy) 

Bond dissociation enthalpy  
DH[A—B], DH°[A—B]  DH°298[A-B], etc.  
Enthalpy of homolytic or heterolytic bond cleavage; usually differs from bond energy by RT.  

Proton affinity (PA)  
Enthalpy change for the reaction: BH+  B + H+; usually pertains to 298K  
Equivalent definition is negative of enthalpy change for addition of a proton 
Note: all “affinity” definitions are analogous, most important are methyl cation affinity, 
hydride affinity; metal ion affinity (methyl cation affinities correlates with PA; hydride 
affinityof cation is inverse with cation stability; metal ion affinity correlates with Lewis 
acidity).  
 
Gas phase basicity (GB)  
Free energy change for the reaction: BH+  B + H+ 
GB = PA -TSioniz  
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Sioniz is S for ionization reaction, i.e. Sioniz = S (B) + S (H+) - S (BH+) 
      ~ S(H+)  = 26 e.u (cal K-1 mol-1) 

Hence GB  -   PA – 7.7 kcal/mol @ 298K  
 
Gas phase acidity (Gacid or Hacid) 
Free energy or enthalpy change, respectively, for the reaction:  
AH   A- + H+; enthalpy change pertains to 298K  
Hacid(HA) = PA(A-);  Gacid=Hacid - TSacid 
 
 
 
 
 
 
 
 
Methyl cation affinity (MCA)  
Enthalpy change for the reaction:  
BCH3

+  B + CH3
+; usually pertains to 298K 

 Hydride (ion) affinity (HA or HIA)  
Enthalpy change (298K) for the reaction  
AH  A + H- or RH  R+ +H- 

Solvation Energy 
Energy released on solvation (enthalpy usually)  
 
 
 
 
 
  

                                           A  + H+   —>   HA+     rxn 
Gas Phase Basicity (GB):  - Grxn 
Proton Affinity (A) : - Hrxn  
Hacid(HA+) = PA(A)     reln between acid and conjugate base 
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Measuring Thermochemical Properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Main methods are  
 

1. Equilibrium 
Rates of forward and reverse; positions of equilibrium 
 

2. Thermokinetic 
a. Bracketing – does a rxn occur; best to use a series of systems  
b. Threshold – EI, PI, CID, etc 
c. Kinetic method 
 

3. Spectroscopic  
 

4. Calculations  
NOTE : most methods are relative not absolute  
Hence the importance of scales of values, e.g. Proton 
Affinities 

 

Used for MS Short Course at Tsinghua 
by R. Graham Cooks, Hao Chen, Zheng Ouyang, Andy Tao, Yu Xia and Lingjun Li 



5 
 

Thermokinetic  
 

 
 
Example Determination of  
Thermochemistry  
by Threshold Methods 

Example: Determination of Acidity  
of Chloroform by Bracketing Method 
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Cooks’ Kinetic Method: 
 

Thermochemistry for Protonation Reactions 
 

MH
+

  M + H
+

 
• Proton Affinity:  

PA(M) = H
rxn

 = H
f
(H

+

) + H
f
(M) - H

f
(MH

+

) 

• Entropy of Protonation: 

S
rxn

 = Sº(H
+

) + Sº(M) - Sº(MH
+

) 

• Gas-Phase Basicity: 

GB
T

(M) = G
rxn

 = H
rxn

 - TS
rxn
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Potential Energy Surface for Proton 
Bound Dimer 

 
 

Dissociation Channels 

Relating Critical Energies to PA’s 

 
Kinetic Method Equation 

 

 

 
Kinetic Method Derivation: 
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Recap of derivation: 

The kinetic method derivation is based on 
transition state theory with the unimolecular 
rate constant given as: 
 
 
For the two dissociation channels, the natural 
log of the branching ratio is given as: 
 
 
As previously demonstrated, Δε○ can be 
replaced by ΔPA and T is replaced with Teff in 
recongnition that the ion population is a 
microcanonical ensemble 
 
 
For clusters composed of two bases of similar 
structure, the partition function term will 
cancel, leaving: 
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Ionization Energy  

 

Electron Affinity  
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Internal Energy Distributions: 
 

 
 
 
 

Breakdown curve: internal energy 
independent form of mass 
spectrum – more fundamental 
information 

P(ε) 

Mass 
Spectra  
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Thermometer ion method: determination of P(e) 
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Internal  energy distributions for low energy CID  
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Internal energy deposition – high 
and low collision energy CID  
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