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Abstract 

Charge and momentum transfer processes between aerosol particles and gas 

molecules proceed via collisions. There is a need to better understand such collision 

driven phenomena in order to predict particle dynamics and growth processes. This 

dissertation consists of two research projects focusing on charge and momentum transfer 

processes for aerosol particles in the sub 20 nm size range. The research on particle 

charging was aimed at bridging the gap between diffusion charging theory (traditionally 

used in aerosol physics) and chemical ionization, both of which are collision based 

reactions. In diffusion charging theory, the occurrence of a back charging reaction is 

neglected, i.e. once an ion collides with a particle, charge is transferred to the particle, 

and the charged particle does not lose charge on colliding with uncharged vapor 

molecules. However, in chemical ionization, charge transfer can occur in both directions 

- from charge-donating ion to vapor molecule and back from charged vapor molecule to 

the original charge-donating species. We examined the occurrence and the rate of this 

back charging reaction using a combination of experimental methods (electrospray 

ionization- mass spectrometry) and collision kinetics models. Studies conducted with 

charged amino acid clusters (~0.5 nm in size) and trimethylamine vapor molecules 

illustrated that charge transfer could occur from aerosol cluster ions to neutral vapor 

molecules upon collision.  

 The second set of studies conducted involved ion mobility measurements of 

protein ions generated via electrospray ionization (ESI) with charge reduction from both, 
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non-denaturing and denaturing ESI solutions. A critical examination of the ESI process 

on gas-phase protein structure was carried out. Mobility diameters (dp) and collision cross 

sections (Ω) were inferred from the mobility spectra. An effective gas molecule diameter 

of 0.3 nm was accounted for in these calculations. While calculating collision cross 

sections, a non unity momentum scattering coefficient (ξ = 1.36) was considered to 

account for diffuse collisions between gas molecules and protein ions. The effective 

density of protein ions electrosprayed from non-denaturing solution was 0.96 g cm
-3

 

while that from denaturing was 0.98 g cm
-3

.  
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Chapter 1: Introduction  

1.1. Background 

Knowledge of aerosol transport phenomena is of significant importance in 

measurement, manipulation and prediction of dynamics of gas-phase particles. Between 

aerosol particles and gas molecules, transfer of mass, momentum and energy occur via 

collisions. Accurate prediction of these collision rates are necessary to determine the rates 

at which processes such as charging, nucleation, coagulation and agglomeration proceed. 

For instance, particle charging is a collision based reaction in which the colliding partners 

are an ion and a particle [1]. Likewise, nucleation may be described by two competing 

processes – condensation and evaporation. Condensation is a growth process in which 

vapor molecules collide with and attach to the target particles [2]. Coagulation and 

agglomeration are also collision driven processes in which the colliding partners are two 

particles. As in the case of condensation, the two particles coalesce (coagulation) or stick 

(agglomeration) together resulting in the formation of a larger particle.    

The above mentioned processes, each of which is dependent on the dynamics of 

particles, are relevant to a number of disciplines encompassing particle science. Some 

such areas are noted here to highlight the importance of understanding particle dynamics. 

Gas-phase analysis of macromolecules, such as proteins and peptides has received 

widespread attention due to its inherent advantages. Mass and ion mobility spectrometry 

are the most sensitive techniques of analysis available for this purpose [3-23]. Both of 
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them are dependent on similar principles: (1) the entities of interest are charged such that 

they move in a prescribed fashion in an electric field (2) an electric field based separation 

scheme either in vacuum (mass spectrometry) or in a background gas (mobility 

spectrometry) is used to determine the mass or size of the aerosol particles. In addition to 

particle characterization, gaseous species such as volatile organic compounds and vapor 

molecules may also be studied by controlled charging of the target gaseous species [20, 

24-30]. Atmospheric chemistry is another area of active research involving the study of 

new particle formation events [31-40]. Clear understanding of aerosol transport 

properties is also essential for the development of new instruments that can characterize 

nanoparticles with greater accuracy [41-58]. 

Particle transport and mechanisms of mass, momentum and energy transfer 

between particles and their surroundings (background gas) depend on the Knudsen 

number (Kn) which is defined as: 

    
 

     
 

(1) 

 

where λ is the mean free path, dp and dg are the diameters of the particle and gas 

molecules respectively. If Kn → 0 (continuum regime), the fluid surrounding the particle 

behaves as a continuous medium and the fundamental relationships used by engineers 

and physicists for heat, mass and momentum transfer apply. If Kn → ∞ (free molecular 

regime), molecular collision theory (kinetic theory of gases) is used to describe transport 

phenomena. This regime links theories traditionally found in chemistry to aerosol 

science. For all other values of Kn, the flow regime is defined to be in transition between 
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free molecular and continuum regimes. There have been many attempts in developing a 

generalized theory for particle motion in a fluid such that it converges to free molecular 

regime limit when Kn → ∞ and the continuum regime equations when Kn → 0. Although 

an in-depth study of particle transport properties and collision based phenomena in each 

of these regimes is beyond the scope of a Master‘s thesis; the studies presented in this 

dissertation serve as an investigation to improve our understanding of charge and 

momentum transfer processes for aerosol nanoparticles in the free molecular regime.  

1.2. Review 

A brief review of some particle transport properties and physical phenomena are 

summarized below as they provide precedent to the studies described in this thesis: 

 From kinetic theory of gases, the following expression describes the collision rate 

(ZAB) between molecules (in the absence of potential interactions) of two different 

species, say A and B, under the assumption that the collisions are specular: 

    
    

 
    

   

  
  

 

 

(2) 

where nA and nB are the number concentrations of molecules of species A and B 

respectively, k is the Boltzmann constant, T is temperature, PA is the geometric 

collision cross section defined as PA =  *(dA+dB)
2
/4, dA and dB are diameters of A 

and B respectively and  AB is the reduced mass (defined as  AB = mA mB/(mA+mB), 

where mA and mB are the masses of A and B respectively). 
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 Drag force (FD) on a particle arises due to collisions between the particle and the 

background gas. It can be calculated as FD = -f(v-u) where f is the friction factor 

which takes the following forms depending on the flow regime: 

             Kn→0 (Stokes‘ equation) (2a) 

  
      

 
 
     

 
 

Kn→∞ (Epstein‘s equation) (2b) 

  
          

                   
    
    

 
0<Kn<∞ (Stokes-Cunningham 

equation) 

(2c) 

  is the fluid viscosity, v is the particle velocity, u is the fluid velocity, dp is the 

particle diameter, dg is the diameter of the background gas molecules, ngas is the 

number concentration of gas molecules, mgas is the background gas molecular mass, 

is the collision cross section defined as PA*ξ where ξ is the momentum 

scattering coefficient described in more detail subsequently (1.3).  

 Electric mobility (Zp) of a charged particle is defined as follows: 

   
 

 
 

(4) 

q is the number of elementary charges on the particle and f is described by the 

expressions stated above depending on the Kn number regime. As mentioned earlier, 

ion mobility spectrometry helps characterize particles based on their electric mobility. 

It is to be noted that ion mobility can be measured quite easily with an instrument 

such as the differential mobility analyzer; however, the interpretation of the inverted 

mobility diameter still poses certain difficulties [59].  
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1.3. Overview of Dissertation 

The research carried out by the author is organized into two independent chapters 

in this dissertation. Each chapter is composed of a specific research project and an 

overview of each of these projects with their objectives is outlined below: 

Chapter 2: Collision-Based Ionization: Bridging the Gap between Chemical Ionization 

and Aerosol Particle Diffusion Charging. 

The work presented here was aimed at taking a closer look at the charging process 

for aerosol particles that are only slightly larger (sub 3 nm particles) in size than ions. 

Conventionally, Fuchs‘s steady state diffusion charging theory [1] has been used to 

describe particle charging by aerosol physicists. Central to this theory is the lack of a 

back charging reaction, i.e. once an ion collides with a particle, the charge is transferred 

to the particle, and the charged particle will not lose charge upon collision with 

uncharged vapor molecules. However, it is also known that such back reactions readily 

occur in chemical ionization [60], where ions collide with gas molecules and charge 

transfer occurs. For aerosol clusters that are nanoparticles, typically composed of only a 

few molecules, a similar back reaction may occur, which would have drastic effects on 

cluster diffusion charging kinetics. We have used a combination of mass spectrometry 

based measurements and collision kinetic models to examine the occurrence and size 

dependency of the charging back reaction between clusters and gas molecules. The 

experimental system (described in detail in Chapter 2) consisted of an electrospray 

ionization (ESI) source coupled to a commercial quadrupole time-of-flight mass 

spectrometer (Sciex, Toronto, Canada). 
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Chapter 3: Determination of Gas Phase Protein Ion Densities via Ion Mobility Analysis 

with Charge Reduction. 

Ion mobility analysis has been widely used to study properties of macromolecules 

in the gas-phase. Such studies have the potential to help learn further about structures of 

macromolecules such as proteins in their native state [61]. This chapter deals with ion 

mobility studies conducted with a differential mobility analyzer to determine densities of 

electrosprayed charge reduced protein ions. The influence of ESI solution on gas-phase 

protein structures was analyzed by electrospraying proteins under both non-denaturing 

and denaturing conditions. Careful investigation of the aerosolization process (solution to 

gas-phase transformation) is important to be able to correlate gas-phase and native state 

structures. The mobility spectra were used to infer mobility diameters/collision cross 

sections for each protein ion. The inferred mobility diameters were used to calculate 

protein ion densities assuming the ion to be a compact sphere.  

It is noteworthy that the expression for geometric collision cross section (ΩPA, 

section 2.2) used to determine chemical reaction rate is valid only for specular and elastic 

collisions between entities. The more generalized expression for collision cross section 

(5) accounts for the physics of the momentum transfer process (in the absence of 

potential interactions): 

        (5) 

 

ξ is the momentum scattering coefficient and ξ = 1 for elastic and specular collisions 

while ξ = 1.39 for completely diffuse collisions [3, 23, 62]. ξ has been estimated as 1.36 
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for collisions between air molecules and ions in numerous studies starting from 

Millikan‘s oil drop experiment [63]. The occurrence of diffuse collisions can be 

attributed to molecular scale roughness due to non-spherical geometry of the colliding 

entities. For our studies, ξ was chosen to be 1.36 to take into consideration the physical 

effects of the momentum transfer process (further details can be found in Section 3.4.2). 

Failure to account for ξ could lead to misleading Ω values, which in turn results in an 

under prediction of protein density as was the case in studies conducted by Bacher et 

al.[8] and Kaddis et al.[22].  
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Chapter 2: Collision-Based Ionization: Bridging the 

Gap between Chemical Ionization and Aerosol 

Particle Diffusion Charging 

The material presented in this chapter has been adopted from the following publication: 

Premnath, Vinay, Oberreit, Derek and Hogan Jr., Christopher J. (2011) 'Collision-Based 

Ionization: Bridging the Gap between Chemical Ionization and Aerosol Particle Diffusion 

Charging', Aerosol Science and Technology, 45: 6, 712 — 726, First published on: 19 

February 2011 (iFirst) 
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2.1. Chapter Summary 

In diffusion charging theory, it is assumed that each ion–particle collision leads to 

the transfer of charge from ion to particle, and that charge transfer will not occur upon 

collision between a vapor molecule and a charged particle. However, in chemical 

ionization, charge transfer can occur in two directions—from charge-donating ion to 

vapor molecule and back from charged vapor molecule to the original charge-donating 

species. Both aerosol diffusion charging and chemical ionization are collision-based 

charge transfer processes, and for particles only slightly larger than vapor molecules 

(aerosol clusters), the line between diffusion charging and chemical ionization becomes 

blurred. We examined the charge transfer from aerosol clusters (positively charged amino 

acid clusters) in the ~ 1nm size range to neutral vapor molecules (trimethylamine) at 

atmospheric pressure by using a combined experimental and theoretical approach. It was 

found that for singly charged amino acid cluster ions composed of 1, 2, and 3 amino acid 

molecules, the rate of charge transfer to trimethylamine vapor molecules was clearly 

observable, particularly for clusters composed of 1 and 2 molecules. The charge transfer 

rate for singly charged clusters with 4 or more amino acid molecules was consistently 

close to 0, indicating that the rate of charge transfer from clusters to vapor molecules is 

size dependent. The charge transfer rates also varied with cluster‘s chemical composition. 

Overall, this study demonstrates that small aerosol clusters (~ 0.5 nm) can lose charge 

through collisions with vapor molecules which is typically not considered in diffusion 

charging theory. 
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2.2. Introduction 

A central paradigm in aerosol measurement is the determination of aerosol 

particle size distributions through the measurement and inversion of their mobility 

distributions [41, 64-65].  Proper inversion requires that particles reach a known charge 

distribution, which is often a steady-state charge distribution obtained via diffusion 

charging (particle collisions with ions in which charge is transferred from ion to particle) 

in a bipolar environment [32].  For nanoparticles and submicrometer particles, particle 

charge distributions resulting from diffusion charging processes are typically well 

predicted by Fuchs‘s limiting sphere theory [1, 66-67].  However, in Fuchs‘s theory, the 

charging rate is not calculated explicitly; only the collision rates between aerosol particles 

and ions are determined as functions of particle size (in most case diameter), background 

gas properties (temperature and pressure), net particle charge, ion electrical mobility, and 

ion mass.  It is thus assumed that upon collision, an ion will transfer charge to a particle, 

regardless of the collision frame of reference energy or the orientation of the ion and 

particle during collision.   

Conversely, in traditional chemical ionization [60, 68], ions collide with vapor 

molecules, and the transfer of charge from ion to vapor molecule is highly dependent on 

the collision energy relative to the activation energy for charge transfer, as well as the 

orientation of ion and vapor molecule (steric effects) during collision.  True equilibrium 

(as opposed to steady-state) is achievable on experimentally relevant time scales in 

chemical ionization, as the transfer of charge can also occur from the ionized vapor 

molecule (charge acceptor) back to the original charge donor.  Nonetheless, chemical 
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ionization and diffusion charging are both collision based ionization processes. In 

principle, they are both describable by unified charging theory, i.e., a single equation or 

set of equations. Despite the fact that these two charge exchange processes have been 

hitherto described by differing approaches [1, 60], the only major difference between 

aerosol diffusion charging and chemical ionization lies in the size of the charge acceptor 

(particle or vapor molecule) relative to the donor ion. A governing theory for all collision 

based ionization processes must (1) capture all the features of chemical ionization when 

the charge donor (ion) and charge  acceptor (vapor molecule) are of similar size and (2) 

accurately describe aerosol particle diffusion charging when there is a considerable size 

difference between charge acceptor and charge donor. This requirement further suggests 

that for particles only slightly larger than ions (sub-2-nm diameter particles), the 

dynamics of ion–particle collisions will have features akin to chemical ionization, i.e., 

ions may not transfer charge to small particles during all ion–particle collisions, and 

small charged particles may transfer their charge to colliding vapor molecules when the 

latter are highly basic (for positive charges) or highly acidic (for negative charges). 

As evidenced by a recent special issue of this journal, there is currently 

considerable interest in the measurement of sub-2-nm atmospheric aerosol clusters—

particles composed of a limited number of molecules [31, 49, 69-71]. Unfortunately, the 

potential for both collisions between ions and sub 2 nm aerosol clusters without charge 

transfer and collisions between charged clusters and neutral vapor molecules which lead 

to charge transfer are hitherto unexplored.  The purpose of this study is to examine the 

latter of these two possibilities by observing the transfer of charge from sub 2 nm 
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positively charged amino acid clusters to highly basic trimethylamine vapor molecules in 

the gas phase.  We will refer to this charge transfer reaction as the back reaction, as more 

often an ionized vapor molecule transfers charge to a cluster/particle during diffusion 

charging.  High back reaction rates for charged aerosol clusters and vapor molecules 

would have far-reaching effects on cluster diffusion charging kinetics.  This subsequently 

would influence inversion routines to determine the size distributions of clusters from 

electrical mobility measurements, as well as the predicted rates of ion-induced nucleation 

in the atmosphere [72-73].  In analyzing back reactions, we develop a kinetic relation 

which not only applies to the reactions examined here, but can better describe both 

chemical ionization as well as aerosol particle diffusion charging in the purely free 

molecular limit (both mass and momentum Knudsen numbers are infinitely large) [74-

75].  Amino acids were chosen as the test clusters due to the ease of generating 

protonated amino acid cluster ions via electrospray ionization [76-77].  Trimethylamine 

was chosen as the test vapor because it has an unusually large gas phase basicity (GB = 

908 kJ mol
-1

) [78], thus investigation of back charging reactions with trimethylamine 

allows us to place an approximate upper limit on the size at which back charging is 

significant for positive ions in air.  Furthermore, at present, amine vapors are suspected of 

playing a key role in new particle formation in the atmosphere, and therefore during the 

bipolar charging of freshly nucleated atmospheric aerosol clusters [79], amine vapors are 

possibly present in appreciable concentrations.     

While the back reactions for charged aerosol clusters and neutral vapor molecules 

have not been well characterized, charge transfer reactions in the gas phase have been an 
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active area of research over several decades.  We make note of such studies, as they 

provide precedent for the experiments we performed in this study.  Many of these studies 

focus on evaluating gas-phase basicities (GB) and proton affinities (PA) of molecules, as 

these parameters provide important information on the structure and stability of gas-

phase ions.  Two methods have been widely used to determine relative gas phase 

basicities: (1) the measurement of the equilibrium constant for a reversible proton transfer 

reaction and (2) the kinetic method, which relies on the rates of competitive dissociations 

of mass selected cluster ions [80-82].  Both of these methods involve the production of 

protonated or deprotonated species by techniques such as electrospray ionization  [83], 

matrix assisted laser desorption ionization [84] or traditional chemical ionization [85].  

Studies for these methods have been carried out extensively using systems such as ion 

cyclotron resonance (ICR) [86], Fourier-transform (FT) ICR [87] [88] and quadrupole ion 

trap mass spectrometers [89-90].  Our study also involves the measurement of the rate of 

proton transfer from an electrospray-generated ion to a neutral vapor molecule with the 

charge transfer reaction monitored by a mass spectrometer. However, unlike prior 

studies, the two colliding species are not confined together long enough in a reaction 

chamber for equilibrium to be attained.  We also examine cluster-vapor interactions at 

atmospheric pressure and temperature, as opposed to a low pressure environment where, 

in the presence of electric fields (e.g. inside a quadrupole) collisions between entities are 

often of significantly higher energy.  Furthermore, we examined charge transfer reactions 

for different sized clusters in parallel, as electrospray ionization of amino acids give rise 

to an array of cluster ions of varying size and charge. 
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2.3. Experimental methods 

For experiments, trimethylamine (TMA, C3H9N), ammonium  acetate 

(C2H3O2NH4), water (HPLC grade), ethanol (HPLC grade, C2H6O), and 5 different 

amino acids:  L-leucine (C6H13NO2), L-serine (C3H7NO3), L-asparagine (C4H8N2O3), L-

tyrosine (C9H11NO3) and L-threonine (C4H9NO3, all of Reagent Grade, ≥ 98%) were 

purchased from Sigma Aldrich (St. Louis, MO, USA) and used without any further 

purification.  A schematic of the system in which these chemicals were used is shown in 

Figure 1. The setup includes a neutral vapor molecule source composed of two 

nebulizers, an electrospray ionization (ESI) source to produce cluster ions, and a 

commercial quadrupole – time of flight mass spectrometer (MS, API QSTAR Pulsar, 

Sciex, Toronto, CA).  For neutral vapor (TMA vapor) production, a control solution 

consisting of a 50:50 (by volume) ethanol-water mixture and a TMA solution (42mM 

TMA dissolved in a mixture of 31-35% in ethanol and 65-69% water by volume) were 

each nebulized in separate nebulizers using in-house filtered and dehumidified air.  

Syringe pumps (New Era Pump Systems, Inc, Farmingdale, NY, USA) were used to 

control the liquid flow rates of the TMA and control solutions, such that the total liquid 

flowrate was maintained constant at 10 l/min while the flowrate of the TMA vapor 

source was varied.  The independently atomized vapor streams mixed together before 

being introduced into the reaction chamber via a copper tube of inner diameter 4.37 mm 

with its outlet modified to resemble a nozzle.  The use of a constant total flowrate 

ensured that the relative humidity (RH) of the vapor stream and ethanol vapor 

concentration were approximately constant. The RH calculated based on the operating 
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conditions (T = 300K) was 29.5%, which ensured all atomized droplets completely 

evaporated before exiting the tube [91].   

 

 

 

 

Figure 1.  Schematic of the system used to examine back charging reactions between 

TMA vapor and charged amino acid clusters.  Amino acid clusters were produced by 

electrospray ionization, and TMA vapor was introduced into the gas-phase at varying 

concentration by nebulizing TMA solution. 

 

Within the reaction chamber, electrospray ionization (ESI) was used to produce 

gas phase cluster ions (aerosol particles). ESI solutions were made for each amino acid, 

which consisted of 10 mM ammonium acetate, 1 mM of the amino acid, 10 mM TMA, 

and 50:50 ethanol-water by volume.  TMA was specifically added to ESI solutions to 

mitigate the potential effects of vapor absorption by ESI-generated droplets during the 

evaporation process.  Although the outlet of the copper tube was directed away from the 

ESI source and when the droplets are micrometers in size, the Stefan flow created by 

evaporation drives gaseous species away from the droplets [24, 92], it is difficult to 

guarantee that no vapor uptake occurred. Substantial vapor uptake could influence ion 
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evaporation kinetics, which, in turn, could alter the size and charge distributions of the 

generated cluster ions [58, 93-95].  In these experiments, it was essential that the 

generated amino acid cluster size and charge distributions remained constant and 

independent of the TMA vapor concentration.  The amount of TMA added to ESI 

solutions was much greater than a droplet could possibly absorb even if equilibrium 

conditions were reached (from Henry‘s law).  Therefore, it prevented any adverse affects 

of vapor adsorption and ensured constant cluster generation.  The additional TMA in the 

electrospray solution eventually gave rise to neutral TMA vapor molecules which were 

accounted for in data analysis as described in Results & Discussion section as well as in 

the Supplemental Information.  ESI solutions were dispensed from a 1.46 mm bore 

diameter syringe (Hamilton Company, Reno, Nevada, USA) with the flowrate controlled 

using a Harvard syringe pump.  The ESI capillary needle was positioned facing the MS 

inlet orifice (Figure 1), which served as the ground electrode for the ESI source.  The 

amino acid cluster ions resulting from the ESI process collided with neutral vapor 

molecules in the mixing zone in front of the MS inlet.  A small counterflow of curtain gas 

(clean N2 from an in-house N2 generator) was present at the MS inlet; thus, only charged 

species entered the MS and any charge exchange reactions between the cluster ions and 

TMA vapor ceased once ions entered the MS.   

At varying liquid flowrates of the TMA vapor generating nebulizer, with all other 

system parameters held constant, mass spectra of the amino acid cluster ions were 

measured using the time-of-flight section of the QSTAR Pulsar. MS instrument settings 

were as follows: declustering potential 1 - 0V, focusing potential - 100 V, declustering 
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potential 2 - 10V, and curtain gas– 25. The declustering and the focusing potentials create 

electric fields which serve to increase the transmission of ions through the mass 

spectrometer inlet, resulting in an increase in the measured signal-to-noise.  Nitrogen 

curtain gas prevents non-ionized species from entering the mass spectrometer orifice.  

Prior to setting the declustering and focusing potentials, mass spectra for different values 

of these potentials were obtained to evaluate the tendency of amino acid clusters to 

fragment.  Neither changes in signal intensity nor any shift in cluster ion size distribution 

for a given TMA vapor concentration were observed for a wide range of potentials 

around the chosen values. 

2.4. Results and discussion:   

2.4.1. Mass Spectra: 

 As examples of the data obtained and subsequently analyzed in this work, Figure 

2 shows the mass spectra recorded using Asparagine solution and three different liquid 

flowrates of the TMA syringe pump. The signal intensity in these spectra is a 

monotonically increasing function of the number concentration of the ionic species at a 

particular mass to charge (m/z) ratio, and it is immediately evident that the signal 

intensity of the amino acid cluster ions decreases with increasing TMA liquid flowrate.  

A similar phenomenon is observed for all examined amino acid clusters.  This suggests 

the occurrence of the back charging reaction, wherein neutral TMA molecules ―steal‖ 

charge from the amino acid cluster ions resulting in neutral clusters that do not contribute 

to the MS signal.  The magnitude of the decrease in signal intensities with increasing 
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TMA flowrates is largest for the smaller cluster ions, as compared to the larger ones.  

Using the MS data acquired by varying TMA flowrates for each ESI solution, we are able 

to infer information on the back reaction kinetics between neutral TMA molecules and 

[AA]x[H
+
], [AA]x[Na

+
], [AA]x[K

+
], [AA]x[TMAH

+
], [AA]x[H

+
]2, [AA]x[Na

+
]2, 

[AA]x[K
+
]2 and [AA]x[TMAH

+
]2 cluster ions (where AA denotes an amino acid molecule 

and  x denotes the number of amino acids per cluster).  The analysis performed, which is 

described in the following sections, is limited to examination of singly and doubly 

charged cluster reactions with vapor molecules.  We have chosen to focus on clusters 

with these charge states, as in collision-based ionization of aerosol clusters the collision 

rate of charged clusters and ions of the same polarity is essentially zero due to Coulombic 

repulsion [1], and multiply charged clusters would be extremely rare in the gas-phase. 
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Figure 2: Selected mass spectra obtained when producing charged clusters of Asparagine 

with 3 different TMA vapor concentrations.  The TMA concentration present during data 

collection is proportional to the flowrate of TMA solution, which is noted in the upper 

right corner of each plot. 

(Asp)H+ 

(Asp)2H
+ 
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+ 
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+ 

(Asp)H+ 
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(Asp)4H
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+ 

(Asp)4H
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2.4.2. Reaction Kinetics Model: 

We develop a model to better understand the decrease in signal intensity due to 

charge transfer from cluster to vapor molecule.  The reaction occurring in the mixing 

zone (Figure 1) is represented as: 

[(AA)x(I
+
)y]   + [TMA]          [(AA)x(I

+
)y-1] + [(TMA)(I

+
)] (1) 

 

where AA represents the amino acid contained in the ESI solution, x the number of 

amino acid molecules in the cluster, I the charge carrying species (H
+
, Na

+
, K

+
, or 

TMAH
+
), and y the charge state of the amino acid cluster, which takes the value of 1 or 2 

in our study. While other vapor species are present in the mixing zone (e.g. H2O), they 

were held at near constant concentration during all experiments; thus, the change in 

signal intensity for the observed amino acid cluster ions can be attributed solely to their 

collisions with TMA vapor molecules. Depending on the orientation of the cluster ion 

and the TMA molecule as well as the collision frame-of-reference kinetic energy, a 

collision could lead to the transfer of a single charge from the cluster ion to the TMA 

molecule. Assuming KB and KF to be the backward reaction (the reaction of interest) and 

forward reaction rate constants, respectively, the rate of change of the amino acid cluster 

ion concentration can be found using equation (2) : 

         
    

  
             

                    
                  

(2) 

 

For sufficiently small products of the neutral vapor concentration and residence time in 

the mixing zone (analogous to the ion concentration x residence time product in unipolar 
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charging), the reionization of amino acid clusters by charged TMA molecules can be 

neglected.  This results in the following solution to (2): 

  
        

      
                

             

 

(3) 

where     , a system constant, is the residence time during which the collisions between 

amino acid cluster ions and neutral vapor molecules occur. [(AA)x(I
+
)y]t0

 is the 

concentration of cluster ions in the absence of TMA vapor molecules, and [(AA)x(I
+
)y]tres

 

is the concentration of cluster ions after passing through the mixing zone and into the 

mass spectrometer. The above equation can be re-expressed as: 

  
        

      
 

                

              

 

(4) 

where [TMA]R is the relative (dimensionless) concentration of TMA vapor expressed in 

terms of the liquid flowrate of TMA vapor through the nebulizer divided by the total 

flowrate of nebulized material (10 L min
-1

).  Asys is an undetermined system constant 

which is the product of the residence time in the mixing zone and the change in 

concentration which results from conversion of TMA from the liquid to the vapor phase 

and has SI units of sec/m
3
.  Under the conditions employed the signal in the mass 

spectrometer for each amino acid cluster ion should be directly proportional to 

[(AA)x(I
+
)y]tres

.  Since a small amount of TMA was added to the ESI solution to mitigate 

the effects of TMA vapor absorption by ESI droplets, the signal intensity which would be 

measured in the mass spectrometer corresponding to an amino acid concentration of 
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[(AA)x(I
+
)y]t0

 was determined by extrapolating the signal intensity vs. TMA flowrate 

curve.  Details on this procedure are given in the supplementary information.  With this 

value known, the ratio [(AA)x(I
+
)y]t0

/[(AA)x(I
+
)y]tres

 was calculated and 

ln([(AA)x(I
+
)y]t0

/[(AA)x(I
+
)y]tres

) plotted as a function of the known [TMA]R for each 

experiment (Figures 3-6 for various amino acid clusters with different cations bound).  

The initial slope of these curves gives the value KBAsys.  Although Asys is difficult to 

determine in experiments such as these [96-97], it is a constant for all experiments; thus 

comparison of KBAsys values between clusters of different chemical composition or size 

allows us to examine how the back charging reaction is influenced by cluster properties. 

To further analyze back charging reactions, the backward reaction rate constant of 

(1), KB, may be decomposed as:   

               (5) 

 

where the chemical rate (i.e. probability that charge transfers occurs upon collision)  

coefficient (Kchem) is a product of the steric factor and the activation energy necessary to 

cause charge transfer from cluster ion to neutral vapor; here, we will not uncouple these 

two terms and hence use the more general term (Kchem).  The physical rate constant (i.e. 

collision rate, normally determined in Fuchs theory between a particle and point mass 

ion) (Kphy) is a product of the enhancement factor due to the attractive potential between 

the cluster ion and neutral vapor and the collision frequency determined in the absence of 

these potentials.  The free molecular regime collision frequency (β) between the amino 
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acid cluster ions and the TMA molecules in the absence of cluster-vapor molecule 

potentials was calculated as [98]: 

β          
  

   

  
  

 

(6) 

 

where A and B represent the cluster ion and TMA molecule respectively, RA is the radius 

of the cluster ion and RB is the radius of the TMA molecule, k is Boltzmann‘s constant 

(1.38 x 10
-23

 J K
-1

), T is the temperature (room temperature), and  AB is the reduced mass 

given by 

    
     

     
 

(7) 

  

With mA and mB as the molecular masses of the cluster ion and vapor molecule 

respectively.  Attractive potentials such as the image and van der Waals potentials cause 

an enhancement in the collision rate between charged and uncharged particles [99-102]. 

Marlow (1980a) derived collision rate enhancement expressions accounting for attractive 

interactions (note the potentials considered here are attractive nature) in the free 

molecular, transition and continuum size regimes. The enhancement rate in the free 

molecular size regime is of interest here, E
fm

, and is given as:  

    
 

 
 

 

  

 

  
  

     

  
 

 

 

     
 

 

     

  
        

     
 

 

     

     
       

(8) 
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where x = (RA + RB)/r ; r is the distance between the 2 particle centers and Ø(x) is the 

dimensionless attractive potential between the charged and uncharged particles. We 

account for the combined effect of the image and van der Waals potentials in determining 

the amino acid cluster ion – TMA vapor molecule collision rates (Kphy).  Table 1 lists the 

values of the constants used in our model [103-104]. The radii of the TMA molecule and 

the amino acid cluster were calculated assuming that they are spherical. Explicit 

expressions for the image and van der Waals potentials are given in the supplemental 

information.  Table 2 shows the enhancement values calculated for the various cluster 

ion–TMA molecule collisions. The interparticle potential effects are dominant for smaller 

cluster ions (monomers and dimers) and this furthers the rate of the back reactions. With 

increasing cluster ion size, the enhancement in collision rate decreases, eventually 

leading to the free molecular collision rate predicted in the absence of potential 

interactions.   
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2.4.3. Back Reaction Analysis 

Equation (4) is plotted with ln([(AA)x(I
+
)y]t0

/[(AA)x(I
+
)y]tres

) as the ordinate and 

[TMA]R as the abscissa for various cluster ions examined in this study in Figures 3-6.  

For all clusters where the back reaction was clearly prevalent, 

ln([(AA)x(I
+
)y]t0

/[(AA)x(I
+
)y]tres

) was, as expected, linearly proportional to [TMA]R for 

small values of [TMA]R. Linear regression was therefore performed using the first 

several data points in each graph, with the value of AsysKB equivalent to the slopes of the 

regression lines (lines are drawn in each plot). At sufficiently high TMA vapor 

concentrations, the slopes decrease below AsysKB; at such high concentrations the 

recharging of amino acid clusters by ionized TMA vapor is non-negligible and the 

solution to equation (2) given in equations (3) and (4) is no longer valid. The 

experimentally determined value of AsysKB and the numerically calculated value of Kphy 

were used to extract information on Kchem using equation (5).  Again, however, with the 

undetermined Asys, only relative Kchem values are reported here. Despite this ambiguity, 

the combined experimental-theoretical approach allows us to better understand the size 

and material dependence of charge transfer between cluster ions and neutral vapor 

molecules.   
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Figure 3. Plots used in determination of the relative back reaction rate for protonated 

amino acid monomer, dimer, and trimer ions with TMA vapor molecules.  The labels on 

the abscissa and ordinate are described in the text. 
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Figure 4. Plots used in determination of the relative back reaction rate for sodiated, 

potassiated, and trimethylammoniated amino acid monomer, dimer, and trimer ions with 

TMA vapor molecules.  Negative slopes for the trimethylammoniated clusters indicate 

that TMA vapor molecules can stick to cluster ions upon collisions.  The labels on the 

abscissa and ordinate are described in the text. 
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Figure 5.  Plots used in determination of the relative back reaction rate for doubly 

protonated amino acid cluster ions with TMA vapor molecules.  The labels on the 

abscissa and ordinate are described in the text. 
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Figure 6. Plots used in determination of the relative back reaction rate for doubly 

sodiated, potassiated, and trimethylammoniated asparagine cluster ions with TMA vapor 

molecules.  The labels on the abscissa and ordinate are described in the text. 
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Figures 3-4 and Table 2 provide information on back reaction rates for collisions 

between TMA molecules and singly charged amino acid cluster ions. Small quantities of 

sodium and potassium salts are always present as impurities in commercially available 

amino acid salts as well as in HPLC-grade water. As ESI generated droplets evaporate, 

some of the Na
+
 and K

+
 ions stick to amino acid clusters resulting in sodiated and 

potassiated cluster ions. The presence of positive slopes for the curves in each graph 

clearly indicates that a back charging reaction occurs. In the case of singly protonated 

amino acid monomers, the back reaction rates are highest for asparagine followed by 

tyrosine, threonine, serine and leucine. However, this order is variable with cluster size 

and charge carrying cation. The observations for singly charged (cationic species being 

any of H
+
, Na

+
, K

+
, TMAH

+
) amino acid cluster ions are similar, i.e. the rate constants for 

the monomers and dimers are much higher than that of the higher order clusters, which 

are negligibly small. Comparison of the rate constants for singly charged clusters with the 

same number of amino acid molecules but with different charge-carrying cations 

indicates that the protonated amino acid clusters typically have the highest back reaction 

rates, followed by the sodiated and the potassiated amino acid cluster ions. For 

potassiated serine and tyrosine trimers (Figure 4), the absence of linearity may be 

interpreted as statistical variations about a rate constant value that is very close to zero 

(slope of the graph being horizontal). In the case of the trimethylammoniated species, the 

distinct negative slopes in the graphs can be explained by the fact that rather than mere 

charge transfer, some TMA molecules stick to amino acid clusters upon collision, 

increasing the signal intensity of trimethylammoniated clusters. 



 

 32 

Table 2: Summary of calculated and experimentally determined collision rate parameters 

for amino acid cluster ions with TMA vapor molecules 
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Table 2 (Continued): Summary of calculated and experimentally determined collision 

rate parameters for amino acid cluster ions with TMA vapor molecules 
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Table 2 (Continued): Summary of calculated and experimentally determined collision 

rate parameters for amino acid cluster ions with TMA vapor molecules 
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Table 2 (Continued): Summary of calculated and experimentally determined collision 

rate parameters for amino acid cluster ions with TMA vapor molecules 
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The mass spectra recorded were also used to extract information on the back 

reaction rates for doubly charged amino acid clusters (Figures 5-6).  We note that the 

signal intensities of the doubly charged cluster ions were substantially lower than the 

singly charged clusters under all conditions.  Therefore, although the back reaction for 

the doubly charged clusters leads to the formation of singly charged clusters, they 

appeared with such low signal intensity (and at larger masses than the singly charged 

clusters of interest), that they did not interfere with singly charged cluster analysis.  

Similarly, triply charged clusters were near-undetectable and did not interfere with 

doubly charged cluster analysis.  However, quite often, a doubly charged cluster and 

singly charged cluster were of the same m/z, and it was necessary to isolate singly 

charged cluster signal from doubly charged cluster signal.  Distinguishing singly and 

doubly charged cluster ion signal intensities was possible by examining the isotopic 

distribution of all measured ions, which is described in detail in the supplementary 

information. 

Similar phenomena to those seen for singly charged clusters are observed for the 

doubly charged clusters wherein decreasing reaction rate constants are observed with 

increasing cluster size.  Dependency of the reaction rate constant on the charge-carrying 

cation is evident as well. In general, the doubly protonated octomers have higher back 

reaction rate constants compared to other doubly charged clusters. Unlike the singly 

protonated clusters, for a particular doubly protonated cluster size, there is a strong 

variation in the reaction rate constant among different amino acids. The doubly 

protonated asparagine octomers have an AKB ~ 57 while their threonine counterparts 



 

 37 

have an AKB ~ 228.37. Similarly, a wide disparity between the highest and the lowest 

back reaction rates were found for the doubly protonated decamers and dodecamers. This 

can be contrasted to the singly protonated amino acid clusters where the differences in 

AKB values were less than 100 for all cases. 

Table 2 provides values of AsysKchem calculated for the various TMA-cluster ion 

reactions using (5). AsysKchem decreases with increasing cluster size for all examined 

amino acid cluster-charge carrying cation combinations, implying that the influence of 

the coupled product of the steric factor and activation energy on the collision rate is less 

for larger clusters.  Somewhat surprisingly, quite often AsysKchem for dimer cluster ions is 

higher than that of monomer ions, indicating that the back reaction rate is the highest for 

amino acid dimers.  Although Kphy also decreases with increasing cluster size, the 

reduction of AsysKchem is more drastic, leading to a net reduction in the reaction rate 

constant. For singly protonated species, AsysKchem decreases by several orders of 

magnitude (note, some data for tetramer and pentamers ion not shown, as there was no 

decrease in signal intensity observed for these clusters upon interaction with TMA vapor) 

for clusters greater than a size of ~ 0.5 nm, indicating that above this size, the back 

reaction rate is negligibly small.  As TMA vapor molecules are extremely basic in the 

gas-phase (although we note that this does not necessarily ensure that back charging 

reactions with TMA vapor molecules would be faster than reactions with other vapor 

molecules), this size can be considered as an approximate threshold value below which 

back reactions need to be considered for positively charged cluster ions.  We thus 

conclude that the rate of charge transfer from only the smallest cluster ions (with sizes 
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close to that of the vapor molecules themselves) to vapor molecules is no longer 

negligible. Above this critical size, however, it is simply sufficient to calculate the 

forward reaction rate to determine aerosol particle charging rates. In the purely free 

molecule regime, the model described here (equation 2 generalized for any cluster-vapor 

combination), in which the charge transfer rate constants is decomposed to Kchem and 

Kphys, effectively describes charge transfer processes in both the diffusion charging (large 

particle size, Kchem0) and chemical ionization (Kchem > 0) regimes.  

 We must strongly emphasize that the reported critical size of ~0.5 nm is an 

estimate based on the data taken for amino acid clusters with charge removal via 

collisions with TMA vapor molecules.  The chemicals chosen for analysis here were 

simply chosen for ease of use and merely to examine whether back charging occurs with 

a vapor of high gas-phase basicity.  The considerable variation in back charging rate for 

different amino acid clusters suggests that there is a strong material dependency to this 

process.  Therefore, to determine if a back reaction will occur between a particular 

charged particle and vapor molecule (for example atmospheric aerosol clusters), 

controlled studies such as the one described here need to be undertaken.  Furthermore, 

with our available data, it appears that the rate of the back reaction decreases as a smooth 

function of size; thus, any definition of a critical size is somewhat qualitative. Finally, 

while the assessment of the back reaction rate performed here allows us to better 

understand the dynamics of aerosol cluster charging, a complete model of cluster 

charging needs to take into account the probability of ionization of an aerosol cluster by a 
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vapor ion (Kchem for the forward reaction) and further examination of aerosol cluster 

charging dynamics is necessary. 

2.5. Conclusions 

The occurrence and the size dependency of back charging reaction rates in 

collisions between cluster ions and gas molecules were determined for the first time.  The 

procedure developed can be used to estimate a critical particle size below which back 

reaction rates have a considerable effect on charging kinetics for collision-based reactions 

between neutral vapor molecules and charged aerosol particles. In this study, 

measurement of back reaction rates for collisions between charged amino acid clusters 

([(AA)x(I)y
+
], x denotes the cluster size and y = 1 or 2 in our study) and uncharged TMA 

molecules was carried out. The model was developed to describe this process, in which 

the enhancement in the collision rate due to the presence of attractive potentials such as 

image and van der Waals potentials between charged clusters and uncharged TMA 

molecules were accounted for. The coupled product of this enhancement factor and the 

collision frequency, Kphy, along with the measured relative rate constants,  KBAsys, helped 

extract qualitative information on the chemical rate coefficient, Kchem (where Kchem = 

Steric factor x Activation Energy). 

Based on this study, we draw the following conclusions: 

1. Back reactions can occur during collision based reactions between TMA molecules 

(neutral molecules) and both singly and doubly charged amino acid cluster ions 

(charged particles). 
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2. The rate constants for these back charging reactions are dependent on the amino acid 

cluster size and the material of the cationic species charging the amino acid cluster.  

The reaction rates are surprisingly found to be highest for amino acid dimers. 

3. In the case of both singly and doubly charged amino acid clusters, the back reaction 

rate constants are higher for the smaller amino acid clusters compared to the larger 

ones. With increasing cluster size, the rate of the back charging reaction drops, 

indicating the back reaction is energetically unfavorable. For a particular cluster size, 

the singly protonated cluster had the highest back reaction rate constants but sodiated 

and potassiated clusters can also lose charge to vapor molecules.  Likewise, even in 

the case of doubly charged clusters, the doubly protonated ones had the highest back 

charging rate constants. 

4. An approximate critical size for collisions between TMA molecules and singly 

protonated amino acid clusters is ~ 0.5 nm, implying that back charging reaction rates 

need to be accounted for when studying collision kinetics for cluster sizes below 0.5 

nm. 

5. While a size dependency of the back charging rate was to be expected given the 

success of the limiting sphere theory alone in describing nanoparticle charging in the 

gas-phase, our work here does little to elucidate the underlying reason for which the 

Kchem for the back reaction decreases with size.  A plausible explanation is that the 

electrostatic capacity of a particle is linearly proportional to its radius, and thus can 

more easily retain excess charge.  This would also explain the occurrence of the back 
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reaction for larger doubly charged clusters, which also decreases with increasing size.  

At present, however, this is only speculation.  

2.6. Acknowledgements 

This work was partially supported by National Science Foundation award CHE-

1011810. 

2.7. Supplementary information  

List of information available in Appendix A: 

− Notes on the technique used to infer amino acid cluster ion signal intensity at zero 

TMA concentration. 

− The functional forms used for the van der Waals and image potentials in calculations. 

− Notes on using isotopic distributions to distinguish between singly and doubly 

charged cluster ions in mass spectra. 

 

 

 

 

 



 

 42 

Chapter 3: Determination of Gas Phase Protein Ion 

Densities via Ion Mobility Analysis with Charge 

Reduction 

The results from this chapter are being prepared for submission to Physical Chemistry 

Chemical Physics with the following details: 

Title: Determination of Gas Phase Protein Ion Densities via Ion Mobility Analysis with 

Charge Reduction 

Authors:  Anne Maier
2
, Vinay Premnath

1
, Abhimanyu Ghosh

1
, Michel Attoui

3
, Wladek 

W. Szymanski
2
, Christopher J. Hogan Jr.

1*
 

1
Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN, 

USA 

2
Faculty of Physics, University of Vienna, Vienna, Austria 

3
Faculty of Physics, University Paris-Créteil Val de Marne East, Paris, France 

*Corresponding Author 

 



 

 43 

3.1. Chapter Summary 

Mobilities of gas-phase protein ions ranging in molecular mass from 14.3 kDa to 

66.3 kDa were measured using a ½ mini differential mobility analyzer. Electrospray 

ionization (ESI) with charge reduction was used to aerosolize proteins from both non-

denaturing and denaturing solutions. This allowed a closer examination of the effects of 

ESI process on the structure of gas-phase protein ions. Mobility spectra indicated the 

presence of singly and doubly charged single and multi-protein ions (composed of 1 to 4 

proteins). Mobilities were converted to mobility diameters accounting for an effective gas 

molecule diameter in Stokes-Millikan‘s equation with correction for non-continuum 

effects. Collision cross sections were also calculated incorporating a value of 1.36 for the 

momentum scattering coefficient (ξ). ξ = 1 only in the case of completely elastic and 

specular gas molecule-ion collisions with smooth surfaces. Diffuse collisions arise due to 

non-spherical geometry of particles in the molecular scale. With the inferred mobility 

diameters, and the assumption of spherical geometry, a density of 0.98 g cm
-3

 for proteins 

in denaturing solution and a density of 0.96 g cm
-3

 for proteins in non-denaturing solution 

were determined. These values are in good agreement with gas-phase protein density of 

0.949 g cm
-3

 reported in recent tandem DMA-MS measurements without charge 

reduction [23]. 
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3.2. Introduction 

Gas phase ion mobility spectrometry (IMS) of large protein ions produced by 

electrospray ionization (ESI) is a potential route for structural characterization of proteins 

and protein complexes [61].  A number of recent studies [3, 105-108] display the ability 

of IMS to distinguish large (> 50 kDa) ions of identical mass but different gas-phase 

structure from one another.  To correlate gas-phase measurements with protein structure 

in solution or preferably, with their native state structure, it is essential that during the 

transition from solution to gas phase, the structure of proteins is minimally perturbed.  

Early studies [109-111] of biomolecular ion generation via non-denaturing ESI clearly 

demonstrate that non-covalent bonds in proteins are preserved during the electrospray 

process, permitting analysis of intact protein complexes. Similarly, many mobility 

measurements of protein ions [112-113] introduced into the gas-phase with both 

denaturing and non-denaturing ESI suggest that the gas-phase structures and solution 

phase structures are not dissimilar.   

  Although non-covalent bonds typically remain intact in proteins during ESI-based 

introduction into the gas-phase, there are a number of possible reasons that protein 

structure could be altered during ESI which are hitherto unexamined.  First, as suggested 

by Breuker and McLafferty [114], the removal of solvent (water) may promote collapse 

of protein structures in the gas-phase. Second, the ESI process, even under non-

denaturing conditions, leads to a significant level of excess charge on the protein surface 

[95, 115-117]. Such high charge levels may lead to Coulombic stretching [118-120], in 

which case the gas phase structure need not resemble the structure in solution. Finally, 
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many IMS schemes function at reduced pressure, and prior to analysis, they require that 

ions pass through several high voltage gates and high pressure drop orifices [121]. These 

types of ion introduction schemes may give rise to structural modification in protein ions. 

  To better utilize IMS measurements in the analysis of proteins, a better 

understanding of the influence of the ESI process on protein structure is necessary.  At 

present, the influence of solvent loss, Coulombic effects, and IMS inlet effects have not 

been decoupled from one another, and without detailed studies of these effects, the 

comparison of gas-phase ion structures to solution phase ions will remain questionable.  

The purpose of this study is to examine charge reduced protein ions [122-125] (1-3 net 

charges per protein ion) produced via ESI under both non-denaturing and denaturing 

conditions with an atmospheric pressure, low electric field strength IMS instrument (a 

differential mobility analyzer, DMA [126]). The use of charge reduction and atmospheric 

measurements mitigates the possible influences that Coulombic stresses and high energy 

gas molecule collisions may have on the structure of gas phase protein ions, leaving only 

the influence of the solution to gas-phase transition, i.e. the influence of the 

aerosolization process on protein structure. While charge reduction ESI-DMA 

measurements are reported numerously in literature [8, 22, 127], the collision cross 

sections/mobility diameters of protein ions examined in these has recently been brought 

into question [23].  This study was conducted using a distinctly different DMA from prior 

work but with a similar charge reduction ionization source, and hence, allows for a more 

critical examination of these prior measurements.  From mobility measurements, we infer 

the gas-phase protein density (based on the mobility diameter [62] of the protein ions, 
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described subsequently), a metric which can be directly compared to protein densities in 

solution. We compare densities inferred from our measurements to earlier studies, and in 

doing so we show most prior density calculations based on the collision cross section of 

the protein ion lead to a drastic (~36%) underestimation of the density of gas phase 

protein ions.  We also compare the mobilities and inferred densities of protein ions 

electrosprayed under denaturing conditions to those electrosprayed under non-denaturing 

conditions of the same charge state. 

3.3. Materials and Methods 

3.3.1. Protein solutions 

The following chemicals were purchased from Sigma Aldrich (St. Louis, MO, 

USA) and used for all experiments conducted: bovine heart cytochrome c (C2037), 

equine heart myoglobin (M1882), chicken egg white lysozyme (L6876), bovine serum 

albumin (A9647), chicken egg white albumin (A5253), water (HPLC grade), ammonium 

acetate, methanol (HPLC grade) and formic acid. 20 mM aqueous ammonium acetate 

buffer was prepared for use as a non-denaturing protein solvent [8]. Each protein was 

dissolved in this buffer and purified in an Eppendorf (5418) centrifuge using Nanosep 3K 

Omega centrifuge vials (Pall Co.). On purification, individual protein stock solutions of 

10 – 50 mg/mL of the buffer were prepared. Formic acid buffer containing 1% formic 

acid by volume in a mixture of 50% methanol and 50% water by volume was made for 

use as a denaturing solvent. From the stock solutions, further dilutions were carried out 

using ammonium acetate and formic acid buffers to produce non-denatured and 
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denatured protein solutions respectively. For ion mobility measurements, the protein 

solution concentrations were 1-370  M, and for mass spectrometry studies, the 

concentrations were 50-370  M. 

3.3.2. Ion Mobility Measurements 

A schematic of the experimental system used is shown in Figure 1. ESI was 

performed in positive mode using a commercial electrospray source (model 3480, TSI, 

St. Paul, MN, USA).  A fused silica capillary (ID 40  m and OD 360  m) with a tapered 

end was used for electrospraying each protein solution. A backing pressure of 3.4 psi was 

applied to drive the electrospray solution through the capillary and the electrospray was 

operated in a stable cone jet mode [128] with an operating voltage between 1.8 – 2.6 kV.  

Filtered carbon dioxide was introduced at a flowrate of 0.4 lpm near the capillary tip to 

prevent corona discharge. Additionally, dehumidified and filtered air at a flowrate of 12-

15 lpm was introduced to improve transmission of ions out of the electrospray source 

chamber.  Following ESI, the highly charged drops (~150 nm in original diameter) exited 

the ESI chamber and entered a second chamber, which contained a Po-210 radioactive 

source.  The Po-210 source produced a high concentration of positive and negative ions 

(in roughly equal concentrations), which rapidly collided with drops, bringing them to a 

steady-state charge distribution described by Fuchs [1]. At this steady state, most drops 

are uncharged, with few drops having +/- one excess surface charge and an even smaller 

fraction having +/- two excess charges.  The removal of charge from drops prior to their 

complete evaporation has several consequences: (1) Coulombic fissions are hindered as 

drops do not reach the Rayleigh limit during the evaporation process. Therefore, in order 
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to produce isolated protein ions in the gas-phase, only one protein may be present in each 

initial drop [129]. Furthermore, as the number of proteins per droplet is roughly Poisson 

distributed [130], the formation of some non-specific multi-protein ions [23] is 

unavoidable with charge neutralization. (2) Upon solvent evaporation, the remaining 

protein and multi-protein ions do not have their structure altered due to Coulombic 

stresses; rather, structural modifications are solely due to the removal of solvent. (3)  As 

low protein concentrations in ESI solutions must be used to observe isolated gas-phase 

protein ions and most proteins do not exit as ions in the gas-phase but rather as neutral 

aerosol particles, the gas-phase protein ion concentration is substantially below what is 

commonly used in protein ESI-MS measurements. 

 

Figure 1. Schematic of the experimental setup used to measure the mobility distribution 

of denatured and non-denatured proteins. Protein ions were produced using electrospray 

ionization following which their charge state was reduced using a Po-210 radioactive 

source.  Ion mobility based classification of the charge reduced ions was carried out using 

a ½ mini DMA. An electrometer and a condensation particle counter were used to detect 

aerosol particles exiting the DMA.  
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Following the evaporation of solvent, low charge state protein ions were directed 

into the differential mobility analyzer, which was a recently commercialized ½-mini 

DMA (NanoEngineering Corp., FL, USA). The operation of DMAs [55, 57, 131], and 

specifically their operation for the measurement of charge-reduced ions such as those 

examined here is described in greater detail elsewhere [8-9, 11-12, 22, 132-133].  Briefly, 

DMAs act as ion mobility filters, such that under a given set of operating conditions 

(DMA geometry, sheath flowrate, and voltage difference between electrodes) only ions 

of a prescribed mobility are transmitted through a DMA.  Therefore, by stepping through 

a series of voltage differences between the DMA electrodes and measuring ion 

concentrations at the DMA outlet, ion mobility spectra can be determined.  Here, the ½ 

mini DMA was operated with its long bullet installed in closed loop mode with a sheath 

air flowrate of several hundred liters per minute.  While the ½ mini DMA is capable of a 

resolving power closer to 40 (with the short bullet installed), by examination with 

monodisperse mobility standards [134] it was found that the conditions employed here 

for the examination of protein ions (used to minimize electrostatic losses) gave rise to a 

resolving power closer to 20.  In spite of these operating conditions, this resolving power 

was still considerably higher than what has been used previously in the examination of 

protein ions (~10) [8].   

Ion mobility distributions for each electrosprayed protein solution were recorded 

by stepping the voltage between electrodes in the DMA from 0 to 5 kV (in steps of 10 V).  

With this voltage difference employed, electric fields were sufficiently low that the 

measured mobilities were clearly low field mobilities [135], and that no ion heating 
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occurred (temperature increase < 1 K [136]) during DMA measurement.  To establish the 

voltage difference, a negative voltage was applied to the DMA outlet electrode while the 

upper electrode was grounded. While this ensured safe operation of the DMA, ions 

exiting the DMA were at a lower potential, and had to reach ground potential prior to 

measurement. This was accomplished by use of a leaky dielectric tube, through which 

ions were transmitted upon exiting the DMA and prior to entering the detector. Two 

detectors were utilized for these studies:  a home built Faraday cage electrometer which 

measured the current of ions directly, and a condensation particle counter [137] (CPC 

3025, TSI, St. Paul, MN, USA), in which the heterogeneous condensation of micrometer 

sized butanol drops onto ions allowed for detection of ions larger than ~2.5 nm (in 

diameter). Both detectors were operated in parallel during measurements, enabling direct 

comparison between the two. 

Because of difficulties in measuring the sheath flowrate in the DMA, calibration 

was necessary to establish a mobility scale. As the DMA is a linear mobility 

spectrometer, only measurement of a single mobility standard was necessary.  For 

calibration, a home-made ESI source similar to the one used by Ude and Fernandez de la 

Mora [134] was used to electrospray a solution of 5 mM tetra-dodecyl ammonium 

bromide (TDDAB) in chromatography grade methanol. The DMA voltage (Vstd.) at 

which [Tetra-dodecyl ammonium]
+
 ions were transmitted was recorded and its known 

mobility [134] in air (Zstd.) of 0.713 cm
2
 V

-1
 s

-1
 at 20 ºC (the laboratory temperature)  was 

used to determine the mobilities (Z) of all measured ions using equation (1): 
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DMA

std.std.

V

V Z
Z   

(1) 

3.3.3. Electrospray Ionization-Mass Spectrometry (ESI-MS) 

ESI-MS studies using a commercial quadrupole – time-of-flight mass 

spectrometer (API QSTAR Pulsar, Sciex, Toronto, Canada) were also conducted to 

examine protein ions electrosprayed under non-denaturing conditions.  For these 

measurements, the home-made electrospray source mentioned in the previous section was 

used.  The capillary tip was positioned close to the inlet orifice (~1 mm) of the MS to 

maximize transmission of protein ions into MS inlet. Each protein solution was 

electrosprayed using a capillary of ID 40  m (OD 360  m).  Samples were driven 

through the capillary with a backing pressure of 3 psi.  A voltage of 1.8 – 2.2 kV was 

applied between the electrospray solution and the MS inlet plate to produce a stable 

electrospray cone jet that was visually verified with a digital microscope, as well as by 

checking the constancy of the electrospray back current. Nitrogen curtain gas was used to 

prevent entry of non-charged particles into the MS inlet orifice. The QSTAR Pulsar 

instruments settings used for all experiments were as follows: Focusing potential FP 100, 

Collision gas (CAD) 3, Ion Release Delay (IRD) 11, Ion Release Width (IRW) 10, Ion 

source gas 1 (GS1) 20, Ion source gas (GS2) 0. The declustering potentials, DP and DP2 

were kept at 0 V for each electrosprayed protein solution to examine protein ions without 

perturbing them by high energy gas molecule collisions in the MS inlet. 
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3.4. Results and Discussion 

3.4.1. Mobility Measurements 

 Mobility spectra (with the mobility represented as the inverse mobility) for all 

measured protein ions produced with non-denaturing ESI and denaturing ESI are shown 

in Figures 2 and 3, respectively.  Spectra measured with the electrometer and the CPC are 

overlaid with one another. In each of the electrometer determined mobility spectra, a high 

intensity peak in the inverse mobility of 0.5 – 1.0 V*s cm
-2

 range is prominent, which is 

not detectable by the CPC.  This signal is that of positive ions produced by the Po-210 

radioactive source, which have mobilities ranging from the polarization limit in air (close 

to 2.2 cm
2
 V*s) [135], down to half of the polarization limit.  These ions do not give rise 

to heterogeneous condensation of butanol, and hence, were not detected by the CPC.  The 

remaining detected signal counts can be attributed to single and multi-protein ions which 

are primarily singly or doubly charged, and are composed of 1-4 proteins.  As in prior 

IMS studies [8, 12, 22] of charge-reduced protein ions, by varying the protein 

concentration in ESI suspensions and noting that the formation of non-specific multi-

protein ions (such as those observed here) in charge reduction ESI follows Poisson 

statistics [129-130, 138-139]; singly charged monomer, dimer, and higher order 

multimeric ions can be identified in the mobility spectra.  Similarly, by noting that the 

mobility of a doubly charged ion composed of a given number of proteins is roughly 

twice the mobility of its singly charged counterpart, doubly charged ions can also be 

identified.  All identifiable ions in mobility spectra are labeled in Figures 2 and 3. 
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Figure 2. Mobility spectra of protein ions produced via electrospray ionization under 

non-denaturing conditions. 
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Figure 3. Mobility spectra of protein ions produced via electrospray ionization under 

strongly denaturing conditions. 
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Prominent in Figures 2 and 3 are the extremely broad FWHM (full width at half 

maximum) for all measured protein peaks, ranging from 17-32% for those electrosprayed 

under non-denaturing conditions, and from 8-24% for those electrosprayed from a 

strongly denaturing solution.  Even with the modest instrument resolving powers 

employed, these FWHM are much higher than the capabilities of the ½ mini DMA, and 

appear to vary greatly between proteins and are dependent on ESI solution conditions.  

Higher FWHM  than instrument limits, similar to those found in this study, have also 

been observed in earlier studies of charge reduced protein ions with an identical ESI 

source by Kaufman et al [12]. It was speculated that these higher FWHM were either due 

to machining defects in the DMA used (thereby reducing its resolving power), or 

differential amounts of residual solute/solvent adducts bound to protein ions during 

mobility measurement. This study utilized a DMA under drastically different operating 

conditions but the same electrospray source, which, combined with the observations of 

Kaufman et al [12] suggests that the charge reduced ionization process leads to 

significant and variable level of adduction on protein ions.  Due to the suppression of 

Coulombic effects with a charge reduction ESI, additional adduct formation is a 

possibility as any non-volatile solute within the same drop as a protein would eventually 

non-specifically bind with the protein in the absence of Coulombic fissions [140].  To 

examine the possible presence of adducts, ESI-MS with non-denaturing solutions was 

performed without charge reduction but at the same electrospray flowrate and with the 

same solution as used in DMA measurements. These spectra were measured using 

minimal declustering potentials in the MS in an effort to preserve adducts in the mass 
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spectrometer. Mass spectra for cytochrome C, lysozyme, and myoglobin are shown in 

Figure 4. Surprisingly, with the minimal declustering conditions employed, only a few 

adducts are visible (primarily sodium adducts). This level of adduction and the sharp 

mass peaks observed suggest that if the broad FWHM in mobility spectra are caused by 

variable levels of protein ion adduction, then these adducts must be easily removed as 

ions pass through the low pressure interface at the mass spectrometer, or that the level of 

adduction is significantly reduced by Coulombic fissions.  One possibility is residual 

solvent (water) bound to proteins during atmospheric pressure IMS measurements, which 

evaporates prior to analysis at low pressure. In this case, the FWHM would be 

determined not by instrument limitations (nor by the polydispersity of the electrospray 

drops [138], which was the same for all examined protein ions), but by each protein‘s 

ability to retain solvent in the gas phase and the protein ion to protein ion variation in the 

amount of residual water. A second possibility is a range of similar but unresolvable 

conformations of the gas-phase protein ion.  As with differential residual water, this 

would lead to apparent FWHM that vary on a protein by protein basis.  Although further 

studies are necessary to evaluate the effects of charge reduction on protein structure and 

degree of hydration, it is evident that protein ions electrosprayed from non-denaturing 

solutions have broader FWHM than those electrosprayed under denaturing conditions. 

This suggests the presence of structural differences between the two ion types. 
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Figure 4.  Mass spectra of selected proteins electrosprayed under non-denaturing 

conditions without charge reduction. 
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3.4.2. Protein Ion Density 

Mobility measurements can be used to infer a relative size of each protein ion. 

Most often, in IMS studies of biomolecules (high mass ions) a collisions cross section 

() is evaluated from mobility using the equation [135]: 

   
   

      
 

 

     

 
(2) 

 

where Zp is the protein ion mobility, z is the number of excess charges on the protein ion, 

e is the unit charge on an electron, ngas is the number density of the background gas 

molecules, kT is the thermal energy, and mg is the background gas molecular mass. In the 

absence of potential interactions,  can be decomposed into two components: (1) a size 

component, i.e. the orientationally averaged projected area of the structure formed by the 

ion and gas molecule during collision, and (2) a momentum scattering coefficient [3, 23, 

62], equal to unity for single, specular collisions between gas molecules and the ion 

and approaching 1.39 for completely diffuse gas molecule-ion collisions [141].  With this 

approximation,  can be calculated as: 

  
 

 
        

  
(3) 

       

where dp is the protein ion ―mobility diameter‖, and dg is the effective gas molecule 

diameter (0.3 nm for air, as found by Fernandez de la Mora and coworkers [62, 142].  

The value of  has been measured indirectly numerously [143-147] in a number of gases 
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to be 1.36, dating back to the work of Millikan [63]. Recently, numerous measurements 

by Ku and Fernandez de la Mora [142] as well as Larriba et al [62] show that  =1.36 

holds valid in air for ions substantially smaller than the protein ions examined here.  We 

therefore infer both  and dp from mobility measurements here. Before doing so, we note 

that equation (2) applies rigorously only in the free molecular drag limit. To correct for 

non-continuum effects on protein mobilities measured at atmospheric pressure we apply 

the Stokes-Millikan equation, given as:  

     

  
 

       
                   

       
 

  

          
 

(4) 

 

where  is the mean free path of the gas (66.5 nm for air at atmospheric pressure and 

room temperature) and  is the air dynamic viscosity (1.82 x 10
-5

 Pa*s).  Instead of 

applying equation (2), we apply equation (4) to infer dp from Zp and subsequently, use 

equation (3) to determine  from dp.  Diameter values and corresponding collision cross 

sections inferred with this approach are listed in Tables 1a & 1b for each protein ion 

analyzed.  As each protein peak examined was anomalously broad, we also report upper 

and lower limits on the protein diameter, taken at the point of 50% maximum intensity on 

the sides of each peak.   
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Table 1a.  Summary of protein ion collision cross sections, peak diameters, the upper and 

lower estimates on protein diameters from mobility spectra, and the full width half 

maximum (FWHM) of each peak in mobility spectra.  Mobility measurements were 

conducted using non-denaturing ESI protein solutions. 

**BSA- Bovine Serum Albumin. 
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Table 1b.  Summary of protein ion collision cross sections, peak diameters, the upper 

and lower estimates on protein diameters from mobility spectra, and the full width half 

maximum (FWHM) of each peak in mobility spectra. Mobility measurements were 

conducted using denaturing ESI protein solutions. 

**BSA- Bovine Serum Albumin. 
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An advantage to estimating dp from mobility measurement is that unlike , it is 

relatively insensitive to the background gas properties (considering hard sphere 

potentials); thus, it permits further calculation of gas-phase protein ion properties 

(density) which can be compared to those measured for proteins in solution.  Fernandez 

de la Mora and coworkers have shown for a number of materials, including polymers 

[148-149], ionic liquids [62, 142], metals [150], and organic salts, that the gas-phase 

density is in excellent agreement with the bulk density for ions in the 2-10 nm diameter 

range, when calculated from mobility measurement with dp inference. Striking about 

these results is that these ions, while dense, are not necessarily spherical, yet the analysis 

approach yields unambiguously the bulk density of each ion. We therefore believe the 

same analysis approach will yield the solution phase density of protein ions.  Conversely, 

in several prior studies [151-152], gas phase density calculation has been performed 

equating  with the projected area of the ion, which would only apply in the limit of  = 

1. As  is undoubtedly larger than this for realistic ions, equating  with the projected 

area leads to drastic underestimation in the true density of gas phase ions.  Figure 5 

shows the mass of the examined protein ions as of a function of their lower limit, upper 

limit, and peak diameters for ESI under non-denaturing conditions, with corresponding 

data shown in Figure 6 for ESI with denaturing solution.  The mass-diameter plots from 

mobility measurements display a power law relationship with a scaling exponent close to 

1/3, as expected for compact structures of similar density.  The average densities inferred 

for all proteins, considering all single and multi-protein ions as well as all charge states, 

are shown in Table 2, for ESI under both non-denaturing and denaturing conditions.  
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Figure 5. Mass-mobility diameter plot for singly charged protein monomers 

electrosprayed under non-denaturing ESI conditions with charge reduction 

 

 

Figure 6. Mass-mobility diameter plot for singly charged protein monomers 

electrosprayed under denaturing ESI conditions with charge reduction 
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Table 2. Summary of protein ion densities (in g cm
-3

), based on the upper limit of their 

diameters, the lower limit of their diameters, and the diameters from peak in mobility 

spectra.  **BSA- Bovine Serum Albumin. 

 

 
 

An effective average density of all protein ions produced from non-denaturing 

and denaturing ESI is 0.96 g cm
-3

 and 0.98 g cm
-3

 respectively. These densities are in 

excellent agreement with those inferred from recent DMA-MS measurements made with 

non-denatured protein solutions where density calculation was made in a similar manner 

(average density reported: 0.95 g cm
-3

) [23]. Likewise, the findings reported here are in 

agreement with the predictions of Bush et al [151] who studied protein ion densities with 

a drift tube mobility spectrometer in the presence of both helium (density reported: 0.86 g 

cm
-3

) and nitrogen (density reported: 0.93 g cm
-3

) gases. The non-denaturing ESI protein 

ion density obtained in the present study is slightly higher than that determined by 

Kaufman and co-workers (density reported: 0.893 g cm
-3

) [12]. However, the values 

measured here differ significantly from that reported by Bacher et. al [8] and Kaddis et. 

al. [22] who both reported anomalously low effective protein ion density values of 0.6 g 

cm
-3

 and 0.68 g cm
-3

. 
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Almost all earlier mobility measurements of protein ions from strongly denaturing 

ESI [19, 153] note that the ions produced are highly charged and that the ions adopt 

stretched conformations. However, with the removal of charge prior to drop evaporation, 

we find that these proteins ions are similar, and slightly higher in density than protein 

ions from non-denaturing solutions.  Similar to the findings of Zhao et al [154], these 

high densities suggest that in the absence of charge, protein ion undergo collapse in the 

gas-phase to compact structures. As Coulombic stretching may occur for any highly 

charged, deformable ion, based on the finding of collapsed structures at low charge state, 

it should be noted that comparison between mobility inferred collision cross sections or 

diameters must be made for ions of similar and ideally, identical charge state.  

3.5. Conclusions 

Charge reduced protein ions generated via electrospray ionization under both non-

denaturing and denaturing conditions were studied using a recently commercialized ½ 

mini differential mobility analyzer functioning under atmospheric pressure conditions. 

The solvent conditions helped examine the influence of the electrospray process on 

protein structure as it is transformed from solution to gas-phase. Based on an analysis of 

the mobility measurements conducted, the following conclusions were drawn: 

1. Proteins electrosprayed from non-denaturing solutions exhibited a broader FWHM in 

their mobility spectra compared to their counterparts electrosprayed under denaturing 

conditions. ESI-MS experiments with proteins electrosprayed under non-denaturing 

solutions without charge reduction revealed minimal adduction. Although the effects 

of charge reduction on protein structure and degree of hydration cannot be determined 
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with certainty from these studies, the observations made here imply that there are 

differences in gas-phase structure between the two types of protein ions.  

2. Mobility diameter (dp) of each protein ion was inferred using the mobility spectra 

accounting for the effective diameter (dg) of the gas molecule in Stokes-Millikan‘s 

equation. dp was used to calculate the collision cross section accounting for the fact 

that the momentum scattering coefficient (ξ) approaches 1.36 for diffuse collision of 

ions with air molecules. Earlier studies involving charge reduced ESI-DMA 

measurements of protein ions inferred gas-phase densities assuming that ξ = 1, which 

is valid only for elastic and specular collisions between gas molecules and ions.  

3. Using dp of all single and multi-protein ions as well as charge states, average gas-

phase densities of all protein ions were inferred assuming a compact sphere model. 

The average density of all protein ions from strongly denaturing ESI (density ~0.98 g 

cm
-3

) was slightly higher compared to protein ions from non-denaturing solutions 

(~0.96 g cm
-3-

).  

4. The average density of ~0.96 g cm
-3

 for protein ions from non-denaturing ESI is 

significantly higher than values reported from earlier ESI-DMA studies (~0.6 g cm
-3

), 

but are in good agreement with recent DMA-MS measurements of non-charge 

reduced protein ions (Hogan & Fernandez de la Mora, 2011) as well as measurements 

made in nitrogen and helium with a drift tube mobility spectrometer (Bush et al., 

2010). 
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Chapter 4: Conclusions and Future Directions 

There is a need to better understand aerosol transport in the free molecular, 

transition and continuum regimes. This will play a pivotal role in the measurement of 

properties of aerosol particles as well as in the prediction of the rates of particle growth 

processes which are essentially collision based phenomena. This dissertation involved 

studies dealing with charge and momentum transfer processes for gas-phase 

nanoparticles.  

Chapter 2 dealt with a combined experimental and analytical approach to study 

charging of aerosol nanoparticles. A unified perspective of the particle charging process 

combining the elements of chemical ionization as perceived by chemists and that of 

particle diffusion charging theory used by particle physicists was developed. Some of the 

important results obtained from this study are: 

1. Charged aerosol clusters can lose their charge upon collision with a neutral gas 

molecule. The rate of this ‗back‘ reaction is a function of both, the size of the cluster 

ion and the cationic species charging the aerosol cluster.  

2. The findings reported here are based on reactions between trimethylamine gas 

molecules (neutral vapor molecules) and amino acid cluster ions (charged cluster 

ions). The back reaction rates were higher for the smaller amino acid clusters ions 

(for both, singly and doubly charged clusters) compared to the larger ones.  

3. The experimental method and kinetic model outlined in this study may be used to 

determine the critical particle size below which back reaction rates have a 

considerable effect on charging kinetics for other collision based reactions between 
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gas molecules and charged aerosol particles. Fuchs diffusion charging theory may be 

used to calculate collision rates for particles larger than this critical size. 

Based on the research described in Chapter 2, the following issues may be investigated in 

future: 

1. The work described here doesn‘t help isolate individual components of the chemical 

rate coefficient (Kchem = Steric effects x activation energy), i.e. the steric factor and 

the activation energy. Further research is necessary to determine their individual 

effects.  

2. The research conducted here enables a qualitative understanding of the probability of 

occurrence of the back reaction (vapor molecule discharging an aerosol cluster ion). 

Likewise, examination of the probability of ionization of an aerosol cluster by a vapor 

ion (i.e. Kchem for the forward reaction) is necessary to develop a comprehensive 

model of cluster charging kinetics. Further, such a model should be able to predict 

collision rates between entities for the entire range of Knudsen numbers (i.e. Kn → 0 

to Kn → ∞).  

3. Inversion of electrical mobility distribution obtained using a differential mobility 

analyzer is typically carried out based on the assumption that Fuchs‘ steady state 

charge distribution is reached during the particle charging process. With growing 

interest in nanoparticles in the sub 5 nm size range, an inversion routine accounting 

for the back reaction rate needs to be developed. 

In Chapter 3, detailed description of ion mobility studies conducted to determine 

the gas-phase densities of protein ions were provided. Electric mobility distributions of 
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charge reduced protein ions generated via electrospray ionization were measured using a 

recently commercialized ½ mini differential mobility analyzer. Protein ions were 

electrosprayed from both non-denaturing and denaturing solutions and this allowed a 

critical analysis of the influence of solvent in the formation of gas-phase protein 

structures at the end of the aerosolization process. Some of the important findings are as 

follows: 

1. Mobility diameters and collision cross sections were inferred from the mobility 

spectra. For mobility diameter calculations, an effective gas molecule diameter (dg = 

0.3 nm) was accounted for. While determining collision cross sections, the 

orientationally averaged projected area was factored by the momentum scattering 

coefficient (ξ = 1.36 as suggested by Millikan‘s oil drop experiment) whose value is 

often incorrectly assumed to be unity. ξ = 1 only for specular and elastic collision 

between gas molecule and ion, and in the real scenario, diffuse collisions occur due to 

non-spherical geometry of the colliding entities in the molecular scale. Accounting 

for the presence of diffuse collisions by using ξ = 1.36 acts as bridge between the 

physics of the momentum transfer process with the collision theory of chemical 

reaction rates.  

2. A difference in FWHM values was observed in mobility spectra obtained with 

proteins electrosprayed from non-denaturing from that of denaturing solutions. This 

suggests that the solvent used for the ESI process does influence the final gas-phase 

structure of the protein ion. 
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3. The average effective density of all protein ions from strongly denaturing ESI was 

0.98 g cm
-3

 while that from non-denaturing solution was 0.96 g cm
-3

. 

Ion mobility spectrometry of gas-phase macromolecules produced by ESI with charge 

reduction is a powerful analytical technique to characterize proteins and other 

macromolecules of interest. In the experiments reported here, charge reduction of the ESI 

droplets were carried out to mitigate the effects of coulombic stretching on protein 

structure. However, further research is necessary to clearly determine the effects of 

charge reduction on the degree of hydration of protein ion and subsequently, on its final 

gas-phase structure. Understanding these effects is important to correlate gas-phase 

measurements with native state structure. 
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Appendix A: (Supplementary material for Chapter 2) 

The material present in Appendix A was adopted from supplementary information 

available for the following citation: 

Premnath, Vinay, Oberreit, Derek and Hogan Jr., Christopher J. (2011) 'Collision-Based 

Ionization: Bridging the Gap between Chemical Ionization and Aerosol Particle Diffusion 

Charging', Aerosol Science and Technology, 45: 6, 712 — 726, First published on: 19 

February 2011 (iFirst) 
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1. Zero TMA Vapor Amino Acid Cluster Ion Concentrations: 

In order to determine the signal intensity which would have been measured in the 

mass spectrometer corresponding to an amino acid concentration in the complete absence 

of TMA vapor ([(AA)x(I
+
)y]t0

), an extrapolation technique was employed. The procedure 

used is explained using a sample data set (Table 1) that was measured during experiments 

conducted with an asparagine ESI solution. Column 1 contains values of the relative 

concentration of TMA vapor (the ratio of the liquid flowrate of TMA vapor through the 

nebulizer to the total flowrate of nebulized material (10 L min
-1

). The second column 

was calculated as the logarithmic ratio of the signal intensity measured before introducing 

TMA vapor via the copper tube ([(AA)x(I
+
)y]tx

)   to that observed on addition of TMA 

vapor ([(AA)x(I
+
)y]tres

)  

Table S1.  Sample data used in determining zero TMA vapor amino acid cluster ion 

concentrations. 

[TMA]R 
Ln([(AA)x(I

+
)y]tx

/[(AA)x(I
+
)y]tres

) 

0 0 

0.0016667 0.066207 

0.0030667 0.141325 

0.0044667 0.186025 

0.0058667 0.270184 

0.0072667 0.340176 
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A line of best fit (Figure 1S), made using the lowest TMA concentration data points, was 

plotted for the above data set and it‘s y intercept (i.e. when [TMA]R = 0) was used to 

determine the value of [(AA)x(I
+
)y]t0

.  

 

Figure S1.  Plot used in determination of zero TMA vapor amino acid cluster ion 

concentration. 

2. Expressions for Image and van der Waals Potentials: 

Expressions for potentials used in this work are taken from the analysis performed 

by Huang et al [155].  The nonretarded Hamaker formula for van der Waals potential 

may be expressed as: 
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Where H is the dimensionless Hamaker constant (normalized by kT where k is the 

Boltzmann constant and T is temperature), s = RA/(RA+RB) and x= (RA+RB)/r. RA is the 
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radius of the charged particle (amino acid cluster ion in our case), RB is the radius of the 

uncharged particle (TMA vapor molecule) and r is the distance between the charged and 

uncharged particles. An expression for the dimensionless image potential between the 

charged and uncharged particle is given as: 
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In the above equations, a = pz1(1-s), b = p
2
s(1-s), c = (1-s)

2
, e = s

2
 + (1-s)

2
 = d + c. z1 is 

the number of charges on the particle of radius RA and p = (k-1)/(k+1) where k is the 

dielectric constant of the uncharged particle. 
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3. Distinguishing Doubly Charged Ions from Singly Charged Ions in Mass Spectra: 

In the mass spectra obtained for amino acid cluster ions, there is a possibility for 

doubly and singly charged ions to have the same m/z value. For example, the doubly 

protonated octomer and the singly protonated tetramer will have the same m/z value and 

the signal that is observed at that m/z will be a sum of their individual intensities. A 

procedure to decouple the individual signal intensities is explained using an example 

involving asparagine clusters. The molecular formula for an asparagine molecule is 

C4H8N2O3, hence a doubly charged octomer can be represented by (C32H64N16O24)(H
+
)2.  

For the case in which 9.5 ul/min of control solution and 0.5 ul/min of TMA solution was 

introduced to the reaction chamber, the intensities of the signal peaks recorded at m/z of 

529.02 and 529.51 was 2748 and 300 respectively. The presence of a 0.5 difference in 

m/z value between consecutive peaks is indicative of the presence of singly and doubly 

charged ions in the primary peak. In this case, the signal observed at 529.02 is a sum of 

the signal intensities corresponding to (Asp)4(H
+
) and (Asp)8(H

+
)2 ions while the signal at 

529.51 can be attributed to an isotope of (Asp)8(H
+
)2.  The isotopic distribution for a 

compound may be calculated using a polynomial approach that is outlined in Gross 

2004[156]. For (Asp)8(H
+
)2, the most abundant isotope‘s mass is ~ 1058 g/mole (100% 

isotopic abundance) while the next most abundant isotope has a molar mass of ~ 1059 

g/mole (isotopic abundance of 42.2% normalized with respect to the most abundant 

isotope). The signal observed at m/z = 529.5 is that of the second most abundant isotope 

and this can be used to extract the contribution of the most abundant isotope to the signal 

at m/z = 529.02. 
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Intensity of singly charged ions at 529.02 = (Total signal intensity at 529.02) –  

(100 x (Intensity at 529.51))/(% abundance of 

(Asp)8(H
+
)2) 

Intensity of singly charged ions at 529.02 = 2748 – (100 x 300)/42.2 

             = 2037.09  

The method outlined above was used for all other cases where singly and doubly charged 

ions were identified at a particular m/z value.  
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