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Derivation of probability (Pg) for Model II 

In model II we consider that the ions uptake vapor dopants as predicted by the Langmuir 

adsorption model and upon collision the vapor molecules can bind at specific sites on the ion, 

with a total of gmax available sites. An ion with ‘g-1’ vapor molecules bound can undergo a 

collision limited association reaction to bind with a vapor molecule and also an ion with ‘g’ 

vapor molecules bound can undergo a dissociation reaction to emit a vapor molecule from its 

surface.  The balance between these two reactions is noted as: 

𝑛𝑔−1 +  𝑛𝑣  ⇌ 𝑛𝑔  

where 𝑛𝑔 is the number concentration (#/m
3
) of ions with g vapor molecules bound, 𝑛𝑣 is the 

number concentration of vapor molecules. 

The forward reaction rate for this reaction is calculated as: 

𝑅𝑓 =  𝑘𝑓,𝑔−1(1 − 𝜃𝑓,𝑔−1)𝑛𝑣𝑛𝑔−1      (S1a) 

where 𝜃𝑓,𝑔−1 is the binding coefficient expressed as: 

𝜃𝑓,𝑔−1 =  
(𝑔−1)

𝑔𝑚𝑎𝑥 
        (S1b) 

𝑘𝑓,𝑔−1 is the forward rate constant expressed as: 

𝑘𝑓,𝑔−1 =  𝑐𝑣̅,𝑔−1𝜋(𝑟𝑔−1 + 𝑟𝑣)
2

𝜂[𝜓𝐷,𝑔−1]      (S1c) 

where 𝜂[𝜓𝐷,𝑔] is dimensionless enhancement factor for the collision of an ion with g vapor 

molecules bound and a vapor molecule, as described in the main text, rg is the effective radius of 

the ion with g vapor molecules bound, and 𝑟𝑣 is the radius of a vapor molecule.  𝑐𝑣̅,𝑔 is the mean 

thermal speed of the reduced mass of a vapor dopant molecule and the ion with g vapor 

molecules bound calculated as: 

𝑐𝑣̅,𝑔 =  √
8𝑘𝐵𝑇

𝜋𝜇𝑔,𝑣
         (S1d) 

where kBT is the thermal energy and 𝜇𝑔,𝑣 is the reduced mass of the vapor dopant and ion with g 

vapor molecules bound.  Similarly, the backward reaction where one vapor molecule dissociates 

from an ion with g vapor molecules bound can be expressed as: 

𝑅𝑏 =  𝑘𝑏,𝑔𝜃𝑏,𝑔𝑛𝑣,𝑠𝑢𝑟𝑓𝑛𝑔       (S2a) 

where 𝜃𝑏,𝑔 is the binding coefficient expressed as: 



𝜃𝑏,𝑔 =  
𝑔

𝑔𝑚𝑎𝑥 
         (S2b) 

𝑘𝑏,𝑔 is the backward rate constant expressed as: 

𝑘𝑏,𝑔 =  𝑐𝑣̅,𝑔𝜋(𝑟𝑔 + 𝑟𝑣)
2
        (S2c) 

𝑛𝑣,𝑠𝑢𝑟𝑓 is the vapor molecule concentration at the surface of the ion. This can be expressed in 

terms of an effective saturation ratio defined as: 

𝑆𝑒𝑓𝑓 =
𝑛𝑣

𝑛𝑣,𝑠𝑢𝑟𝑓
         (S3) 

This effective saturation ratio is also described as: 

𝑆𝑒𝑓𝑓 = γ𝑆         (S4) 

wherein,  is the ratio of the saturation vapor pressure of the dopant to the vapor pressure of the 

dopant above binding site on the ion (i.e.  is an inverse activity coefficient) and S is the dopant 

saturation ratio.  At equilibrium, the forward reaction rate is equal to the backward reaction rate, 

so we can equate equations (S1a) & (S2a), which leads to the equation: 

𝑛𝑔

𝑛𝑔−1
=  

𝑘𝑓,𝑔−1(γ𝑆)(1−𝜃𝑓,𝑔−1)

𝑘𝑏,𝑔𝜃𝑏,𝑔
       (S5) 

The probability (Pg) that an ion has g vapor molecules bound at any instant of time can be 

calculated as: 

𝑃𝑔 =
𝑛𝑔

𝑛𝑡𝑜𝑡
         (S6a) 

where ntot is the total number concentration of the ions expressed as: 

𝑛𝑡𝑜𝑡 =  ∑ (𝑛𝑗)
𝑔𝑚𝑎𝑥 
𝑗=0         (S6b) 

Therefore equation (S6a) can be alternately expressed as: 

𝑃𝑔 =

𝑛𝑔

𝑛0

1+∑ (
𝑛𝑗

𝑛0
)

𝑔𝑚𝑎𝑥 
𝑗=1

 
        (S7a) 

The numerator of this equation (
𝑛𝑔

𝑛0
) is further expressed in the form of a multiplicative sum as: 

𝑛𝑔

𝑛0
=  ∏ (

𝑛𝑘

𝑛𝑘−1
)

𝑔
𝑘=1        g≥1 (S7b) 

𝑛𝑔

𝑛0
=  1         g=0 (S7c) 

Thereafter, equation (S5) can be used to rewrite equation (S7b) in terms of the rate constants as: 

𝑛𝑔

𝑛0
=  (γ𝑆)𝑔 ∏ (

𝑘𝑓,𝑘−1(1−𝜃𝑓,𝑘−1)

𝑘𝑏,𝑘𝜃𝑏,𝑘
)

𝑔
𝑘=1      g≥1 (S7d) 



In conclusion the probability (Pg) can be expressed in terms of the effective saturation ratio, the 

rate constants and the binding and dissociation coefficients by utilizing equations (S7a), (S7c) 

and (S7d): 

𝑃0 =
1

1+∑ ((γ𝑆)𝑗 ∏ (
𝑘𝑓,𝑘−1(1−𝜃𝑓,𝑘−1)

𝑘𝑏,𝑘𝜃𝑏,𝑘
)

𝑗
𝑘=1

)
𝑔𝑚𝑎𝑥 
𝑗=1

 
     (S7e) 

 

𝑃𝑔 =
(γ𝑆)𝑔 ∏ (

𝑘𝑓,𝑗−1(1−𝜃𝑓,𝑗−1)

𝑘𝑏,𝑗𝜃𝑏,𝑗
)

𝑔
𝑗=1

1+∑ ((γ𝑆)𝑗 ∏ (
𝑘𝑓,𝑘−1(1−𝜃𝑓,𝑘−1)

𝑘𝑏,𝑘𝜃𝑏,𝑘
)

𝑗
𝑘=1

)
𝑔𝑚𝑎𝑥 
𝑗=1

 
    g≥1 (S7f) 

Now substituting in equations (S7e) & (S7f) for the forward and backward rate constants using 

equations (S1c) & (S2c) and for binding and dissociation coefficients using equations (S1b) and 

(S2b), Pg can be described by the equations: 

𝑃0 =
1

1+∑ ((γ𝑆)𝑗 ∏ (
1−

𝑘−1
𝑔𝑚𝑎𝑥

𝑘
𝑔𝑚𝑎𝑥

)(
𝜇𝑘,𝑣

𝜇𝑘−1,𝑣
)

1/2

 (
𝑟𝑘−1+𝑟𝑣

𝑟𝑘+𝑟𝑣
)

2

𝜂[𝜓𝐷,𝑘−1]
𝑗
𝑘=1

)
𝑔𝑚𝑎𝑥 
𝑗=1

 

  (S8a) 

𝑃𝑔 =

(γ𝑆)𝑔 ∏ ((
1−

𝑗−1
𝑔𝑚𝑎𝑥

𝑗
𝑔𝑚𝑎𝑥

)(
𝜇𝑣,𝑗

𝜇𝑣,𝑗−1
)

1/2

 (
𝑟𝑗−1+𝑟𝑣

𝑟𝑗+𝑟𝑣
)

2

𝜂[𝜓𝐷,𝑗−1])
𝑔
𝑗=1

1+∑ ((γ𝑆)𝑗 ∏ (
1−

𝑘−1
𝑔𝑚𝑎𝑥

𝑘
𝑔𝑚𝑎𝑥

)(
𝜇𝑘,𝑣

𝜇𝑘−1,𝑣
)

1/2

 (
𝑟𝑘−1+𝑟𝑣

𝑟𝑘+𝑟𝑣
)

2

𝜂[𝜓𝐷,𝑘−1]
𝑗
𝑘=1

)
𝑔𝑚𝑎𝑥 
𝑗=1

 

 g≥1 (S8b) 

 

 

 

 

 

 

 

 

 

 

 

 

 



Derivation of probability (Pg) for Model III 

In model III the classical nucleation theory approach is used to predict the uptake of dopant 

molecules on the surface of ions and vapor molecules can bind continuously regardless of the 

site on surface of the ion. The association and dissociation reaction can be expressed in this case 

as: 

𝑛𝑔−1 +  𝑛𝑣  ⇌ 𝑛𝑔  

The forward reaction rate for this reaction is calculated as: 

𝑅𝑓 =  𝑘𝑓,𝑔−1𝑛𝑣𝑛𝑔−1        (S9a) 

𝑘𝑓,𝑔−1 is the forward rate constant expressed as: 

𝑘𝑓,𝑔−1 =  𝑐𝑣̅,𝑔−1𝜋(𝑟𝑔−1 + 𝑟𝑣)
2

𝜂[𝜓𝐷,𝑔−1]      (S9b) 

Similarly, the backward reaction can be expressed as: 

𝑅𝑏 =  𝑘𝑏,𝑔𝑛𝑣,𝑠𝑢𝑟𝑓𝑛𝑔        (S10a) 

𝑘𝑏,𝑔is the backward rate constant expressed as: 

𝑘𝑏,𝑔 =  𝑐𝑣̅,𝑔𝜋(𝑟𝑔 + 𝑟𝑣)
2
        (S10b) 

𝑛𝑣,𝑠𝑢𝑟𝑓 is the vapor molecule concentration at the surface of the ion which can be expressed as: 

𝑛𝑣,𝑠𝑢𝑟𝑓 = 𝑛𝑠𝑎𝑡𝑒𝑥𝑝 (−
∆𝐸𝑔

𝑘𝐵𝑇
)       (S10c) 

where 𝑛𝑠𝑎𝑡 is the number concentration of vapor molecules at saturation and ∆𝐸𝑔 is the change in 

enthalpy of an ion upon uptake of a vapor molecule (g-1 to g molecules bound): 

∆𝐸𝑘 = −𝜎𝛿𝐴𝑘 −
(𝑧𝑒)2

8𝜋𝜀0
(1 −

1

𝜀𝑟
) 𝛿 (

1

𝑟𝑘
)     (S10d) 

The equation (S10d) integrates the combined influences of Kelvin and Thomson effects in model 

III as described in the main text.  At equilibrium, the forward reaction rate is equal to the 

backward reaction rate, so we can equate equations S9a and S10a which leads to the equation: 

𝑛𝑔

𝑛𝑔−1
=  

𝑘𝑓,𝑔−1 𝑆

𝑘𝑏,𝑔
𝑒𝑥𝑝 (

∆𝐸𝑔

𝑘𝐵𝑇
)       (S11) 

Following a similar approach as model II and using equations (S7a), (S7b) and (S7c) with 

equation (S11), Pg can be expressed in this case by the equations: 

𝑃0 =
1

1+∑ ((𝑆)𝑗 ∏ (
𝑘𝑓,𝑘−1

𝑘𝑏,𝑘
𝑒𝑥𝑝(

∆𝐸𝑘
𝑘𝐵𝑇

))
𝑗
𝑘=1 )∞ 

𝑗=1  

      (S12a) 



𝑃𝑔 =

(𝑆)𝑔 ∏ (
𝑘𝑓,𝑗−1

𝑘𝑏,𝑗
𝑒𝑥𝑝(

∆𝐸𝑗

𝑘𝐵𝑇
))

𝑔
𝑗=1

1+∑ ((𝑆)𝑗 ∏ (
𝑘𝑓,𝑘−1

𝑘𝑏,𝑘
𝑒𝑥𝑝(

∆𝐸𝑘
𝑘𝐵𝑇

))
𝑗
𝑘=1 )∞ 

𝑗=1  

     g≥1 (S12b) 

It should be noted that unlike model II, there is no limiting value for g in model III and the vapor 

sorption continues as g→∞.  Further substituting for the forward and backward rate constants 

using equations (S9b) and (S10b) in equations (S12a) and (S12b), Pg can be described by the 

equations: 

𝑃0 =
1

1+∑ (𝑆)𝑗 ∏ (𝑒𝑥𝑝(
∆𝐸𝑘
𝑘𝐵𝑇

)(
𝜇𝑘,𝑣

𝜇𝑘−1,𝑣
)

1/2

 (
𝑟𝑘−1+𝑟𝑣

𝑟𝑘+𝑟𝑣
)

2

𝜂[𝜓𝐷,𝑘−1])
𝑗
𝑘=1

∞
𝑗=1

   (S13a) 

𝑃𝑔 =

(𝑆)𝑔 ∏ (𝑒𝑥𝑝(
∆𝐸𝑗

𝑘𝐵𝑇
)(

𝜇𝑗,𝑣

𝜇𝑗−1,𝑣
)

1/2

 (
𝑟𝑗−1+𝑟𝑣

𝑟𝑗+𝑟𝑣
)

2

𝜂[𝜓𝐷,𝑗−1])
𝑔
𝑗=1

1+∑ (𝑆)𝑗 ∏ (𝑒𝑥𝑝(
∆𝐸𝑘
𝑘𝐵𝑇

)(
𝜇𝑘,𝑣

𝜇𝑘−1,𝑣
)

1/2

(
𝑟𝑘−1+𝑟𝑣

𝑟𝑘+𝑟𝑣
)

2

𝜂[𝜓𝐷,𝑘−1])
𝑗
𝑘=1

∞
𝑗=1

  g ≥1 (S13b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Model III Comparison to Peptide Measurements 

 

 

Figure S1.  A comparison of experimental measurements of the ratio (Ki/KS) for five peptide 

ions to model III predictions. 

 



 

 

Variable dictionary 
 

Variables: 

A  surface area of an ion 

𝑐̅  mean thermal speed 

E  enthalpy of an ion 

e  unit electron charge 

f  friction factor 

g  number of vapor molecules bound 

gmax  number of available sites in an ion for vapor uptake 

K  electrical mobility 

kB  Boltzmann constant 

kf  forward rate constant 

kb  backward rate constant 

L  collision cross section enhancement factor for the ion induced dipole potential 

n  number concentration 

Pg  probability that an ion has g vapor molecules bound 

Rf  forward reaction rate 

Rb  backward reaction rate 

rb  radius of bath gas molecule 

rg  radius of ion with g vapor molecules bound 

rv  radius of vapor molecule 

S  saturation ratio 

Seff  effective saturation ratio 

T  temperature 

z  ion charge state 

  polarizability of bath gas molecules 

  permittivity of free space 

r  dielectric constant of vapor dopant 

  ratio of the saturation vapor pressure to the vapor pressure of the dopant 

  dimensionless enhancement factor for the ion-dipole interaction 

  reduced mass 

D  dipole potential 

f  binding coefficient 

b  dissociation coefficient 

  density 

  surface tension of vapor dopant 

  collision cross section of a ion 

  momentum scattering factor 

D  ion dipole potential energy to thermal energy ratio 

pol  polarization to thermal energy ratio 

 



Subscripts: 

0  bath gas molecule and bare ion 

0,0  bare ion immersed in pure bath gas 

0,g  bath gas molecule and ion with g vapor molecules bound 

0,v  bare ion immersed in vapor dopant as a bath gas 

b,0  pure bath gas 

b,s  bath gas with vapor dopant saturation ratio S 

g  ion with g vapor molecules bound 

g,0  ion with g vapor molecules bound in pure bath gas 

g,v  ion with g vapor molecules bound immersed in vapor dopant as a bath gas 

i  initial 

j  summation index for vapor molecules 

k  summation index for vapor molecules 

s  at saturation ratio S 

sat  at saturated conditions of vapor dopant 

surf  at surface of the ion 

tot  total 

v  vapor molecule and bare ion 

v,g  vapor molecule and ion with g vapor molecules bound 

 


