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Characterizing the interactions of solvent molecules with ions is fundamental in 

understanding the thermodynamics of solution chemistry. These interactions are difficult to 

observe directly in solution because the number of solvent molecules far exceed that of ions. This 

lend the gas phase to be the ideal medium in the study ion-solvent interactions on a molecular 

level. Ionized polycyclic aromatic hydrocarbon (PAH) molecules can readily form hydrogen bonds 

with neutral solvent molecules in aqueous and interstellar medium. Previous research has been 

done for stepwise solvation of small molecules such as benzene+, pyridine, and phenylacetylene. 

The similarity in these results show that these organic ions can be considered prototypical model 
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systems for aromatic ion-neutral solvent interactions. The goal of this dissertation is to demonstrate 

that naphthalene can act as a prototypical model of PAH ions for ion-solvent interactions. 

Two types of experiments are considered throughout this dissertation using ion mobility 

mass spectrometry: (1) ion-neutral equilibrium thermochemistry and (2) mobility measurements. 

For thermochemistry experiments, the naphthalene radical cation was injected into the drift cell 

containing helium and/or neutral solvent vapor and the enthalpy and entropy changes were 

measured by varying the drift cell temperature and measuring the equilibrium constants. The 

results of these studies showed that small polar molecules bind to naphthalene with similar energy 

based on the measured by the enthalpy changes. Unsaturated aliphatic molecules behave similarly, 

but with much lower binding energy. Aromatic ions tend to bind to the naphthalene with lower 

binding energy than that observed with the benzene ion. The results for small polar molecules were 

compared to similar studies using the phenyl cation. The second series of experiments required the 

coexpansion of the naphthalene and benzene or pyridine. Injecting theses dimers into the drift cell 

allowed the measurement of reduced mobility on the dimers at a series of temperatures. These 

were used to calculate the average collision cross section and thus give insight in to the structure 

of these aromatic dimers. Structures were determined by comparing these results to those predicted 

by DFT calculations. 
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Chapter 1: Introduction and Overview 

The characterization of the interactions between ions and solvent molecules is key to 

understanding the thermodynamics of solution chemistry. The results of ion-equilibria 

measurements in solution are in the form of acid-base dissociation constants, stability constants of 

ion-ligand complexes, and other variables that are key information to chemists.1,2 Direct 

observation of the interactions between an individual ion and a solvent molecule is difficult or 

impossible since the number of solvent molecules far outnumber that of ions in solution. Therefore, 

the gas phase lends itself to be the ideal medium to study these systems on a molecular level 

through the direct observation of the interactions between a central ion and the first and second 

solvation layers.3-5 Gas phase ion equilibrium measurements were first introduced in the 1960s by 

P. Kebarle and his associates and have expanded rapidly becoming critical sources of 

thermochemical information for ions.3,4,6-13 When investigating an ion’s structure, energetics, or 

reactivity with a solvent or third body molecule in the gas phase, mass spectrometry has been 

shown to be one of the most useful and accurate techniques available.14 These methods are aided 

by studying the properties of the clusters that are formed with neutral molecules around a central 

ion. 

Clusters are assemblies of atoms and molecules that are sometimes attached to ions and 

have properties that lie between gas and bulk condensed phases.15,16 This would mean that the 

study of cluster ions offers a way to bridge the gap between the gas phase and condensed phase 

through the understanding and quantifying solvent effects within a cluster.14,17 The solvation 

factors of ion clusters have been analyzed using gas phase data.3,4,18 Since the amount of solvent 

molecules present can be readily controlled in the gas phase, the dependence of the solvent on the 

physical and chemical of an ion can be easily followed through the stepwise solvation of the ion. 
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To aid in the study of clusters formed from van der Waals interactions, metals, or fullerenes, 

supersonic molecular beams are used.1,19-23 In the gas phase, these beams are formed via supersonic 

adiabatic expansion and allow molecular level studies that are used to model macroscopic 

interactions.6,23-25 Cold clusters formed in the gas phase help to identify various low energy 

configurations of solute/ion-(solvent)n systems including hydrogen bonding complexes where the 

lowest energy isomer maximizes the hydrogen bonding interactions.23,26,27 

Early methods for measuring the thermochemical data of ion-molecule clustering reactions 

involved the use of pulsed high-pressure mass spectrometry (PHPMS).3 An ion mobility drift cell 

setup, commonly called “ion mobility mass spectrometry” (IMMS), is more desirable than these 

high pressure techniques because the ions are generated outside of the drift cell and are completely 

thermalized before entering the drift cell.3,4,28,29 Determination of different structural isomers is 

also possible when using drift time ion mobility spectroscopy because the collision cross sections 

are different despite having the same mass-to-charge ratio (m/z ratio).21 The resolution of such 

techniques has allowed for separation of isomers where the arrival times and  collision cross 

sections have a difference of less than 1%.30 Ion mobility is also used to analyze a variety of 

chemical species including explosives, drugs, and chemical warfare agents in ambient 

conditions.31,32 Ion mobility instruments have become widespread, portable, and fully automated 

for commercial use in public spaces like security gates in airports.33 

The collisions that occur with a third body or buffer gas also allow IMMS to probe the 

molecular interactions and energy transfer reactions that occur within the drift cell.29,34 One of the 

most popular studies using this technique involves investigating ion-molecule interactions since 

the solvent effect would not be present in the gas phase.3,4,7,35 This is achieved by mass-selecting 

the ion of interest based on its m/z ratio using a mass filter and injecting the selected ion into a 



 

 3 

neutral gas within the drift cell. After exiting the cell, the resulting products are determined with a 

second mass filter. This makes it possible to measure the thermochemistry of ion-molecule 

reactions through the observation of successive equilibrium steps. In addition to the 

thermodynamics of these ion-molecule reactions, the kinetics can be determined if the reactions 

are irreversible or fast enough to occurs within the time the ions spend in the drift cell (also called 

the “drift time”) through the determination of rate constants.7,17 

Polycyclic aromatic hydrocarbon (PAH) molecules are of interest because they are 

considered the most abundant free interstellar organic molecules.36,37 PAHs and PANHs 

(polycyclic aromatic nitrogen containing hydrocarbons) have been detected in interstellar medium 

and are believed to be the reason for unidentified IR bands bands and are intermediated in soot 

formation processes.38-40 Solar nebulae are diverse in nature and are thus suitable for rich organic 

chemistry that can result in the formation of PAH molecules.41-43  Protoplanetary  disks (PPDs) are 

a diverse environment where variations in temperature, density, ionization rate, and UV/X-ray 

intensities allow the formation of simple molecules to occur in the gas phase and complex organic 

materials to form on the surface of dust grains.42-45 In space environments such as interstellar media 

and solar nebulae, PAH molecules are assumed to typically be in ionized states  because of their 

low ionization energies and high proton affinities.44,46-51 The ionized PAH molecules are in turn 

reactive in condensation and cluster formation processes where increasingly more complex organic 

molecules and aggregates are formed. This occurs when interstellar molecules such as water, 

methanol, hydrogen cyanide, and acetonitrile cluster with PAH ions to form of large hydrogen-

bonded networks around or on the surface of the PAH. This makes the PAH ion act as a nucleation 

center for the formation of organic-doped icy grains. These doped icy grains when exposed to 
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interstellar UV radiation can go on to form complex organics such as the components necessary 

for membrane formation.52-57  

Naphthalene (C10H8) is the simplest polycyclic aromatic hydrocarbon (PAH) and the 

solvation and thermochemistry with interstellar molecules are of interest. Understanding these 

interactions allow for extrapolation to larger PAH molecules. The electronic transitions of 

naphthalene radical cation have been assigned to new diffuse interstellar band (DIBs) based on 

complementary experimental measurements. This discovery has been the impetus for several 

experimental and theoretical studies of structures, spectroscopy and reactions of the ion. 58-63 

The understanding of hydrogen bonding interactions with ionized aromatic molecules is 

vital in both aqueous solvents and astrochemical environments.35,64 These interactions are seen in 

many biological, chemical, and astrochemical processes including the conformation and folding 

of proteins, base pair stacking in DNA, drug design, macromolecular assemblies, molecular 

recognition, clathrate hydrate formation, and the formation of complex organics and ices in 

interstellar space.53,64-68 A special type of hydrogen bonding interactions called “ionic hydrogen 

bonds” (IHBs) involves hydrogen bonding between radical ions or protonated molecules with 

neutral polar molecules such as water, methanol, hydrogen cyanide, and acetonitrile.5,67 IHBs are 

typically stronger than conventional hydrogen bonds in neutral systems with bond strengths up to 

35 kcal mol-1, which is about a third the strength of typical covalent bonds.64 Unconventional 

carbon-based IHBs are formed when the hydrogen donors are ionized hydrocarbons containing 

CH groups and the hydrogen acceptors are electron lone pairs on heteroatoms such as O and N or 

π electrons in olefin double bonds and aromatic systems.64 Carbon based CHδ+⋯O IHBs are seen 

in the hydration of benzene (C6H6
•+), cyclic C3H3

+, cyclobutadiene (C4H4
•+), phenylacetylene 

(C8H6
•+), and naphthalene (C10H8

•+).9,10,28,35,56,69 Organic ions can also interact with water to form 
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stronger conventional hydrogen bonds, where an example of this is found in the protonated 

C5H5N•+(H2O) complex where the NHδ+⋯O hydrogen bond that is formed stabilizes the resulting 

distonic structure.8 The results of theses studies act as prototypical models for hydrophobic 

hydration in the condensed phase.70 When discussing the formation of simple alcohols in space, 

the hydration of C2H2
+ can serve as the prototypical model.71 

In addition to water, other polar molecules containing lone pairs of electrons including 

methanol, hydrogen cyanide, and acetonitrile can participate in hydrogen bonding interactions with 

the CHδ+ hydrogen atoms of the ring of ionized aromatics.  Hydrogen cyanide (HCN) is useful for 

the observations of non-covalent interactions because it is highly polar with a dipole moment of 

2.98 D and can serve as a hydrogen bond donor and as a lone-pair hydrogen acceptor in hydrogen 

bonds.2,64 Terrestrially, HCN is of particular interest because of its role in atmospheric chemistry 

due to biomass burning, but it is also a major molecule present in interstellar medium and solar 

nebulae.72-74 In space, HCN can be produced from reactions of ammonia and methane and 

polymers of this molecule are observed in comets, planets, moons, and circumstellar 

envelopes.75,76 HCN is believed to be the source of nitrogen in the formation of nitrogen-containing 

PANHs. These PANH molecules are the starting points for biologically significant molecules like 

DNA, RNA, and proteins in space. By studying reactions involving HCN, insights to the origins 

of life can be better understood.75-78 

To supplement the experimental data, molecular computational techniques aid in 

understanding the structures of the resulting products of ion-neutral interactions.79-82 Advances in 

computational techniques and advanced ab-initio and DFT electronic calculations have become 

essential tools in explaining experimental results.83,84 These calculations are time-independent and 

in addition to structures, reaction enthalpies and binding energies can be calculated for the 
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hydrogen bonded complexes.23,85 Solvent-solvent interactions and the impact of the solvent on the 

activation energy barriers can also be calculated.7,11,86 

This dissertation is divided into three major sections: (1) introduction and overview, (2) 

studies of the association of various unsaturated molecules with the naphthalene radical cation, 

and (3) comparison of the observed naphthalene radical cation/neutral molecule interactions to 

interactions of similar neutral molecules with the phenyl cation. The first section includes Chapters 

1-3 which includes general overview (Chapter 1) and introduces the experimental setup used 

(Chapter 2) and measurements obtained (Chapter 3) throughout the remainder of this dissertation. 

The   second section includes the experimental and theoretical work of the association of various 

unsaturated molecules with the naphthalene radical cation. Chapter 4 covers interactions of a 

variety of polar molecules including: water, methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 

2-butanol, HCN, and acetonitrile.  The experimental thermochemical data for unsaturated aliphatic 

molecules (acetylene, ethylene, propylene, and isobutene) are discussed in Chapter 5. The final 

chapter involving the naphthalene radical cation (Chapter 6) shows the structures and binding 

energies of the naphthalene radical cation with the monocyclic aromatic compounds benzene and 

pyridine. The third and final section of this dissertation uses the results discussed in Chapter 4 and 

compares the interactions of other  aromatic ions with small polar molecules. The interactions of 

water, methanol, HCN, and acetonitrile with the phenyl cation are discussed in Chapter 7 these 

results are compared to similar systems with the naphthalene radical cation discussed in Chapter 

4.



 

 7 

Chapter 2: Experimental Setup 

2.1. Experimental System Overview 

All experiments were conducted using the Virginia Commonwealth University quadrupole 

mass-selected ion mobility quadrupole mass spectrometer (QMS-IM-QMS). This system consists 

of four stainless steel chambers with breakdowns of components shown in Figure 1 and a 

simplified diagram is shown in Figure 2.87 The breakdown of these chambers are: expansion, 

ionization, reaction, and detection chambers respectively.  

 

Figure 1. Schematic diagram of the VCU QMS-IM-QMS system. The labels above are: (1) pulsed 
nozzle, (2) 3 mm skimmer cone, (3) electron-impact ionizer, (4) quadrupole mass filter, (5) ion 
transport lens stack 1 (Einzel lenses 1, 2, and 3), (6) steering lenses (also act as the ion gate), (7) 
drift cell, (8) baratron line, (9) ion transport lens stack 2 (Einzel lenses 4, 5, and 6), (10) quadrupole 
mass filter, (11) detector housing (contains electron multiplier). 
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Figure 2. General diagram for the experimental setup of the VCU QMS-IM-QMS system.87  
 

The first chamber is the expansion chamber where neutral clusters are formed via 

supersonic adiabatic expansion. The contents of the chamber include a Parker Series 9 pulse valve 

(28 VDC) containing a VESPEL poppet and mounted on a stainless steel tube. The pulse valve is 

fitted with a No. 20 driver body which has a 0.5 mm orifice. In addition, the chamber contains a 3 

mm aluminum canonical skimmer cone which allows differential pumping and vacuum isolation 

from the second chamber. 

 The second chamber is the ionization chamber and contains an Extrel electron impact 

ionizer assembly (1 in stainless steel, part No. 812447) and co-axial quadrupole mass filter (Extrel, 

part No. 813685). The chamber is isolated from the third chamber through differential pumping 

using a mass filter isolation kit (part No. 814338). 

 The third chamber is the reaction chamber and contains the drift cell (Extrel, part No. 

814336) with two lenses attached to the drift cell body (Lenses A and B) and one on the drift cell 

end cap (Lens C). The ion beam is focused into the drift cell using a series of transport and focusing 

lenses (Einzel Lenses 1-3, Extrel, part No. 814312) with a set of steering lenses that guide the 
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beam into the drift cell. A second stack of transport and focusing lenses (Einzel Lenses 4-6, Extrel, 

part No. 814312) is found after the drift cell guiding the beam into the forth chamber. 

  The forth chamber is the detection chamber and houses a second electron impact ionizer 

assembly (Extrel, part No. 812447) and quadrupole (Extrel 400 with mass filter). These 

components are attached to a multiplier isolation kit (Extrel, part No. 814275) containing an off-

axis collision dynode and electron multiplier (DeTech Inc., part No. J208-AB). 

Further details of the VCU QMS-IM-QMS system will be explained in detail in subsequent 

sections. 

2.2. Vacuum System 

Vacuum for each chamber of the system is obtained via a diffusion pump that is backed by 

a mechanical pump. The pressure of each chamber is measured individually by separate Bayard-

Alpert Pyrex iridium ion gauges (Scientific Instrument Services, G75P) with each connected to a 

vacuum gauge controller (Granville-Phillips, Model 307). 

The first chamber is the expansion chamber where neutral clusters are formed via 

supersonic adiabatic expansion. Vacuum for the chamber is achieved using a Varian VHS-6 

diffusion pump filled with 250 mL of Dow Corning 705 oil and has a pumping speed of 2400 L 

sec-1 (in air and He). This pump is backed by an Edwards E2M28 mechanical pump filled with 

mechanical pump fluid 19. This mechanical pump has a pumping speed of 9.2 L sec-1. When the 

nozzle is not pulsing, the pressure in the chamber is typically 10-7 to 10-6 Torr. Under typical 

operation, the chamber pressure is roughly 10-5 to 10-4 Torr. 

 The second chamber is the ionization and selection chamber where neutral clusters are 

ionized and selected based on its m/z ratio. An Edwards DiffStak 160/700M diffusion pump filled 

with 250 mL of Santovac 7 oil with a pumping speed of 700 L sec-1 (using N2 as a standard) is 
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used for vacuum. Backing is achieved by an Edwards E2M40 two-stage mechanical pump filled 

with roughly 4 L of Edwards Ultragrade 70 oil with a pumping speed of 10.2 L sec-1. Typical 

background pressure is 10-8 to 10-7 Torr while during the experiment, the pressures are typically 

10-6 to 10-5 Torr.  

 The third chamber is the reaction chamber with vacuum achieved using an Edwards 

DiffStak 250/2000M diffusion pumped filled with 500 mL of Santovac 7 oil. The pumping speed 

of the diffusion pump is 200 L sec-1 (using N2 as a standard). This pump is subsequently backed 

by and Edwards E1M40 one-stage mechanical pump filled with 4 L of Edwards Ultragrade 70 oil 

with a pumping speed of 10.2 L sec-1 (or 9.17 L sec-1). The background pressure is typically 10-7 

to 10-6 Torr while the pressure during experiments is typically 10-5 Torr. 

 The forth chamber, also called the detection chamber, uses an Edwards DiffStak 160/700M 

diffusion pump filled with 250 mL of Santovac 7 oil with a pumping speed of 700 L sec-1 (using 

N2 as a standard) for vacuum. The diffusion pump is backed by the same Edwards E2M40 two-

stage mechanical pump that is used for the second chamber. The typical background pressure is 

10-8 to 10-7 Torr and 10-7 Torr during an experiment. 

2.3. Cluster Formation 

Clusters are composed of assemblies of atoms, molecules, and sometimes ions that range 

in size from two or three component units to several thousand. These units are held together by 

weak forces compared to a chemical bond and are considered van der Waals-like. These forces are 

largely dispersion forces, but can also include electrostatic forces, hydrogen bonding, and metal-

metal bonding. Clusters therefore have properties that are somewhere between bulk gas and 

condensed phases.15 With these unique properties, clusters have come to be categorized as a fifth 

state of matter.88 
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In general, intermolecular forces within a cluster are a combination of cohesive forces that 

order the units of the cluster and repulsive forces (also called thermal forces) that cause disorder 

within the cluster. Under normal experimental parameters, clusters are formed via supersonic 

adiabatic expansion where the expanding gas condenses due to the low temperatures of the vacuum 

chamber. Here the thermal forces are very small and the cohesive forces are dominant, making 

these conditions ideal for cluster formation.15  

Experimentally, the neutral clusters of interest are seeded in an inert carrier gas (usually 

helium or argon) and pulsed into a low pressure chamber. This seeding is achieved by mixing the 

neutral sample gas with the inert gas or by passing the inert gas over the vapor of the solid or liquid 

sample. The pressure of the carrier gas during experiments is set between 1-8 atm creating a high 

pressure region prior to expansion. A Parker series 9 pulse valve operated at 10 to 100 Hz pulses 

of 200-400 µs duration fitted with a 0.5 mm orifice is used to expand the gas mixture into the 

chamber maintained between 10-7 to 10-4 Torr (note 760 Torr ≈ 1 atm ≈ 15 PSI). 

Once the mixture undergoes expansion at the nozzle, the thermal energy of the high 

pressure source is converted into directed velocity (u) of the cluster beam. This process can be 

shown in a thermodynamic expression (Equation 2.1): 

𝐶"𝑇$ = 𝐶"𝑇& +
𝑚𝑢*

2  (2.1) 

 
where Cp is the heat capacity of the expanding gas, T0 is the source temperature, T1 is the 

temperature of the beam, m is the molecular weight of the expanding gas, and u is the velocity of 

the this gas.89  

The temperature of the beam, T1, must be lower than the source temperature, T0, because 

the kinetic energy term (mu2) is positive. This temperature change can be quantified using Equation 

2.2:  
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𝑇& − 𝑇$ = 𝑇&
𝑃&
𝑃$

./0
.
− 1  (2.2) 

  

𝛾 =
𝐶"
𝐶3

 (2.3) 

 
where P1 is the cluster beam pressure, P0 is the source pressure, and γ is the heat capacity ratio 

(Equation 2.3). This cooling allows clustering via condensation of the sample molecule where the 

beam temperature (T1) can get as low as 30 K.90 

The size of the clusters that are formed via supersonic adiabatic expansion can be predicted 

using the Hagena parameter (Γ*) which is defined using Equation 2.4: 

Γ∗ = 𝑘
7

89:;
$.=>

𝑇$*.?
𝑃$ (2.4) 

 
where k is a bond formation parameter that measures the intermolecular bond strength,  d is the 

nozzle diameter (0.5  mm in the discussed experiments), and α is half of the expansion angle (note 

that in supersonic expansion α < 45° and α = 45° for sonic expansion).91,92 P0 and T0 are defined 

previously, but the P0 is in mbar. When Γ* > 100-300, clustering will begin and the overall size of 

the cluster is proportional to Γ*2.0-2.5.92 

 The molecular beam produced via supersonic adiabatic expansion consists of clusters of 

various sizes with larger clusters in the centerline due to the migration of lighter atoms radially 

away from the middle of the beam axis.93 This beam is collimated into a unidirectional molecular 

cluster beam using a 3 mm skimmer cone. This skimmer cone also acts as a conductance limiter 

allowing differential pumping in the source and ionization chambers. 

 If only a monomer ion is desired, a second method of introducing the sample into the drift 

cell is used. Here the seeded gas is not pulsed into the source chamber, but instead allowed to flow 

continuously using a process called “continuous flow.” Here the sample flows through a 0.1 mm 
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nozzle body with no driver or poppet inside the coil. The pressure of the chamber can not be 

controlled by pulse duration and therefore is controlled using a needle valve to ensure that the 

pressure in the source chamber does not exceed 10-4. This beam still employs the 3 mm skimmer 

cone to allow differential pumping between the source and ionization chambers.   

2.4. Quadrupole Mass Selector – Ion Mobility – Quadrupole Mass Selector 

2.4.1. Ion Generation – Electron Impact Ionization 

The neutral ion beam generated in the first chamber is ionized in the second chamber by 

an axial electron-impact ionizer (Extrel, part No. 812447). The tungsten filament of the ionizer 

assembly is heated to 1870-2970 K using an emission current of 0.05 to 5.0 mA which allows for 

the thermionic emission of electrons that are accelerated into the ion region using an electrostatic 

field.94,95 Ionization occurs in this ion region basket (also known as the ionizing volume shown 

Figure 3) when the ions collide with the neutral clusters. The electron energy of the filament is set 

to 50-80 eV, which is enough to ionize the organic clusters studied by abstracting an electron from 

an atomic or molecular orbital of the neutral cluster as shown in Equation 2.5.94,96,97  

AB +	𝑒D ⟶ ABF + 2𝑒D (2.5) 
 
At high electron energies, fragmentation of the parent ion can occur. If a fragment ion is of interest, 

then higher electron energies are used to mass-select the fragment ion. Once the ions are generated, 

they are accelerated into the quadrupole by a series of ion optics. 
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Figure 3. Schematic drawing of the ion region basket surrounded by the tungsten filament 
illustrating the region where ionization occurs. 
 

2.4.2. Quadrupole Mass-Filter 

The ions of interest that are generated by the electron impact ionizer are mass selected 

using a quadrupole mass filter (Extrel, part No. 813685) based on their mass-to-charge ratio (m/z). 

The quadrupole used consists of four stainless steel rods (3/8” diameter and 7.88” length) with 

circular cross sections where opposite pairs are connected electrically. The effective mass range 

of the quadrupole used is 10-4000 amu. The quadrupole has pre- and post-filters attached to the 

beginning and end of each main rod. The pre- and post-filters are used to increase the abundance 

of the detectable ions by collimating the beam.98,99 

The quadrupole can be set to two specific modes during operation, mass-selecting (RF-DC 

or resolved) mode, and RF-only (integral) mode. In mass-selecting mode only an ion of a specific 

m/z will be transmitted through the quadrupole while ions of other m/z are deflected and is the 

preferred mode to use.100 Whereas in RF-only mode, the mass-selection function is “looser” than 

in mass-selection mode; a preference for ions of a selected m/z ratio exists, but ions of a similar 

m/z ratio or fragments also leave the quadrupole. RF-only mode is used when there is a low signal 
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or when the only ion transmitted through the quadrupole is the desired parent ion with no 

fragmentation. To effect an ion’s path, the electric field of the rods fluctuates in strength and 

frequency (880 kHz is the average frequency used) of the uniform RF and DC applied voltages. 

98,99,101 The fluctuating electric fields cause the ions to oscillate in a stable trajectory along the z-

axis of the quadrupole thus allowing for discrimination based on m/z.100 

The resolution of a quadrupole is determined by the number of oscillations (n) ions 

traveling through the mass filter undergo. The two main factors for changing n are the length of 

the quadrupole and the time that the ions spend in the quadrupole. Since the length of the 

quadrupole is fixed, time is the variable changed by adjusting the velocity of the ions as they enter 

the mass filter. This velocity is dependent on the energy of the ion.102 If the ions enter the 

quadrupole at high energies, then low resolution leading to poor peak shape are observed. A 

moderate ion energy level of 10-30 eV is used during experimentation to allow for sufficient 

resolution. 

The ionizer, ionizer ion optics, and quadrupole voltages are supplied by ABB Extrel power 

supply setup. This setup includes a QMS DC Power supple (Model 813370), Merlin QMS 

Controller (3500 series), and a 150-QC quadrupole power supply (model J304). The Merlin QMS 

Controller and Merlin Software (version 2.4.0) allow remote control of the applied voltages. 

2.4.3. Drift Cell and Focusing Ion Optics 

As ions exit the quadrupole, they enter the third chamber and travel through a set of three 

Einzel lenses and are guided into the pinhole orifice of the drift cell by horizontal and vertical 

steering lenses. Each set of steering lenses are composed of two half circle nickel plates. For each 

set, one plate is connected to an individual high-voltage power supply (Agilent, E3612A) and is 

considered the “steering plate.” The second plate for each set is biased with Einzel lens 3 and 
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connected to a high-voltage power supply set to 240 V (Bertan Associates, Model 205A-05R). 

Theses plate guide the ions into the drift cell by changing the voltage of unbiased steering lens 

relative to the biased lens. This allows the ion path to be adjusted in both the vertical and horizontal 

directions. 

A second function of the steering lenses is to act as an ion gate. Here the steering lenses 

“chop” the ion beam into 10-100 µs packets for time-dependent studies. The gating pulse is 

triggered by a pulse generator (DEI, PVX-4140) connected to the power supply of the unbiased 

vertical steering lens providing +240 V. Since the biased lens is kept at -240 V, the gate is 

effectively closed when the +240 V is applied to the unbiased lens and is opened again when the 

voltage is no longer applied. 

The drift cell in the VCU QMS-IM-QMS system was designed by Paul Kemper with the 

schematic shown in Figure 4.90,103 The drift cell is composed of two main units: the cell body and 

the endcap. Both units are made of oxygen free high conductivity copper alloy (Alloy 10100 

PFHC, melting point 1360 K). The outside dimensions of the cell body are 3.5” × 3.5” × 2.14” and 

the endcap outside dimensions are: 3.5” × 3.5” × 0.40”. The inside of the drift cell is a cylindrical 

tube (1.84” length and 2.0” diameter). The diameter of the last 0.28” of this tube increases in 

diameter to 2.35” where a ceramic ring (2.34” outer diameter, 1.97” inner diameter, 0.40” 

thickness) is placed to electrically isolate the cell body and endcap units. 

The entrance plate of the drift cell is made of stainless steel and is attached inside the drift 

cell body and kept in position by a copper retainer that has an orifice of 0.254 mm. Just before the 

drift cell entrance are two entrance lenses that are separated by ceramic spacers (Lenses A and B). 

Both lenses help to focus the ion beam into the drift cell. Lens A is a tapered lens that collimates 
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ions into the entrance orifice of the drift cell entrance plate. Each lens is isolated and connected to 

a separate high voltage power supply. 

 

Figure 4. Side view cross section of the drift cell used in the VCU QMS-IM-QMS system with 
the following components (all units in inches): (1) Endcap, (2) Reaction Cell Body, (3) Entrance 
Lens (Lens B), Tapered Entrance Lens (Lens A), (5) Entrance Orifice (0.25 mm), (6) Drift Rings 
(inside of drift cell body), (7) Exit Orifice (0.25 mm), (8) Tapered Exit Lens (Lens C), (9) Cell 
Body Liquid Nitrogen Inlet, (10) Baratron Connection, (11) Drift Cell, (12) Endcap Liquid 
Nitrogen Inlet. 
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The endcap consists of a stainless steel exit plate held in position by a copper retainer with 

a 0.254 mm orifice (the same as the entrance plate). After the drift cell exit plate, ions travel 

through a tapered exit lens (Lens C) that is powered by an independent high voltage power supply 

(Agilent E3612A). On the interior side of the endcap (the side that attaches to the drift cell body) 

five stainless steel drift rings are mounted using six ceramic rods. These rings when mounted are 

found inside the cylindrical chamber of the drift cell body and have the dimensions: 1.40” outer 

diameter, 0.60” inner diameter, and 0.128” thickness. A schematic of this setup is shown in Figure 

5. 

 

Figure 5. Breakdown of the drift cell endcap and components mounted on each side including: 
tapered exit lens (Lens C), copper drift rings, ceramic spacers, and liquid nitrogen inlet and outlet. 
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The drift cell can be temperature controlled by either heating or cooling mechanisms 

depending on desired study with a temperature range of -196 to 500 ºC (77-773 K). Liquid nitrogen 

is used to cool the cell to its minimum of -196 ºC (77 K), the temperature of the liquid nitrogen. 

The flow of the liquid nitrogen is controlled by two separate temperature controllers (Omega, type 

CNi3233), one for the body and one for the endcap, coupled to On/Off solenoid valves. Heating is 

achieved using tantalum wires that are weaved four times in and out of ceramic tubes placed 

throughout the drift cell and connected in series. There are ten ceramic tubes in total: eight found 

in the body and two in the endcap. DC voltage applied to the tantalum is used to heat the cell and 

is generated from AC voltage converted using separate isolation transformers and rectifiers. DC 

voltage is used over AC voltage because the ceramic tubes become conductive when heated to 

higher temperatures which runs the risk of interfering with the voltage that is applied to the drift 

cell entrance and exit. The heating temperature is controlled using separate controllers for the body 

and endcap (Omega, type CN3251). The controllers used for both heating and cooling keep the 

temperatures within ±1 ºC of the set point. The temperatures of the cell body and endcap are 

monitored using two sets of thermocouple wires (each set consisting of two wires) connected to a 

temperature readout (Omega, DP4642). 

Neutral reagent and/or inert buffer gases used for experiments enter the drift cell through 

a flexible stainless steel tube with ceramic breakers to ensure that the tube is isolated from the drift 

cell voltage. The pressure and flow rate are controlled using mass flow controllers (MKS 1479A) 

or a needle metering valve (Swagelok, SS-22RS4 with 0.25 in outer diameter). Each gas that is fed 

into the drift cell is controlled with a separate controller or valve and is mixed prior to entering the 

line inside of the vacuum chamber. The pressure inside the drift cell is measured using capacitance 

manometer (MKS Baratron type 626) that is connected to the cell body using a stainless steel tube 
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with ceramic breakers similar to the tube used for reagent gases and monitored 2 channel digital 

readout (MKS, PR4000) with an accuracy of ±1 mTorr. 

The reagent vapor/gas and inert buffer gas (usually helium) within the drift cell create a 

high pressure region within the vacuum system and thus the gas/vapor mixture flows out of the 

drift cell through the entrance and exit apertures. Ion injected into the drift cell undergo collisions 

with the gas exiting the drift cell entrance aperture resulting in complete thermalization of the ions 

as they enter the drift cell.71,87,104,105 The maximum pressure of the gas in the drift cell is dependent 

on the drift cell entrance and exit aperture and the pumping speed of the diffusion pump attached 

to the chamber. With 4 Torr of He gas in the cell, the lowest obtainable pressure is roughly 4.5 × 

10-5 Torr using the current setup of the system. This is the upper limit to avoid arcing of the drift 

cell with other ion optics in the chamber. 

Ions that exit the drift cell are focused and guided into the forth chamber by a second stack 

of three Einzel Lenses. It is important to note that the ions that leave the drift cell are both product 

ions as well as unreacted ions. The drift cell entrance and exit as well as the first and second Einzel 

Lens stacks voltages are supplied by ABB Extrel power supply setup. This setup includes a QMS 

DC Power supple (Model 813370), Merlin QMS Controller (3500 series), and a 150-QC 

quadrupole power supply (model J304). The Merlin QMS Controller and Merlin Software (version 

2.4.0) allow remote control of the applied voltages. 

2.4.4. Detection of Ions - Electron Multiplier Detector 

The ions entering the forth chamber are analyzed using a second quadrupole mass-filter in 

either a fixed-ion mode or scan mode. The fixed-ion mode is used to scan an individual reactant 

or product ion and obtain its arrival time distribution (ATD). An ATD is a function of the time that 

an ion takes to be detected after injection into the drift cell. The intensity of the ion is the integration 
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of the area under the ATD.71,106 In scan mode the intensity of all ions are monitored after they exit 

the drift cell. Scan mode is what is used to obtain full mass spectra during experimentation while 

fixed-ion mode is used for thermochemical and structural determination experiments (discussed in 

Chapter 3). 

Ions are detected by an electron multiplier detector with a conversion dynode (De-Tech, 

402A-H) which is coupled to the second quadrupole. Cations produced throughout the experiment 

and scanned by the second quadrupole strike the surface of the conversion dynode, which has a 

high negative voltage of -5 kV, causing the generation of electrons. These electrons are accelerated 

down the multiplier tube due to the potential difference between the dynode and multiplier tube 

where a less negative voltage is applied. The voltage applied to the multiplier tube is dependent 

on the abundance of the signal and the age of the multiplier. As electrons strike the surface of the 

multiplier tube, more electrons are ejected and cascaded down the tube. The current signal 

generated is then amplified using a counting pre-amplifier (MTS-100). Since the signal is a multi-

electron process and noise is a single electron process, the signal-to-noise ratio (S/N) is increased 

using an adjustable discriminator on the pre-amplifier. The resulting signal is then processed and 

displayed using Merlin software (Extrel, version 2.4.0). 

The second quadrupole as well as the dynode and multiplier voltages are supplied by ABB 

Extrel power supply setup. This setup includes a QMS DC Power supple, Merlin QMS Controller, 

and a 150-QC quadrupole power supply. The Merlin QMS Controller and Merlin Software 

(version 2.4.0) allow remote control of the applied voltages. 

2.4.5. Ion Energy and Injection Energy 

The energy of an ion generated by electron impact ionization (relative to ground) within a 

quadrupole mass filter is defined as the voltage applied to the ion region lens of the axial electron 
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impact ionizer on the first quadrupole mass filter in the second chamber (where the ions are 

generated).94 The entire housing of the quadrupole mass filter is floated to a fixed voltage and this 

voltage is added to the ion region. This makes the effective ion energy the sum of the ion region 

lens and quadrupole floating voltages. Floating the quadrupole allows higher ion energies to be 

effectively handled by the quadrupole mass filter. 

Since the resolution of the quadrupole is dependent on the residence time of the ions in the 

quadrupole which is decreased with higher ion energies (discussed previously), a DC voltage is 

applied to quadrupole mass filter to adjust the residence time of the ion in the quadrupole mass 

filter. This voltage is called the “pole bias” and aids in adjusting the resolution of the quadrupole 

mass filter. The axial kinetic energy of an ion in a quadrupole mass filter is therefore the difference 

between the overall ion energy and the pole bias as shown in equation 2.6: 

𝐼𝐸 = 𝐼𝑅 + 𝐹𝑄 − 𝑃𝐵 (2.6) 
 
where IE is the ion energy within a quadrupole mass filter, IR is the ion region voltage, FQ is the 

floating quadrupole voltage, and PB is the pole bias voltage. For most experiments, the ion energy 

is set between 10-30 eV. 

 A separate important ion energy parameter to consider during experimentation is the 

injection energy of an ion as it enters the drift cell. This energy is effectively the kinetic energy of 

the ion as it enters the drift cell. The injection energy (also referred to as the laboratory frame) is 

defined as the difference between the ion energy and the drift cell entrance. The injection energy 

should only be slightly higher than the energy that is required for the ions to enter the drift cell 

against the drift cell gas outflow. If the injection energy is too low, the ions are not able to enter 

the drift cell leading to low signal intensity. If the injection energy is too high, two possible effects 

arise. The first is that the ions enter too deeply into the drift cell before they are fully thermalized 
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causing inaccurate drift residence making results from time dependent studies unusable. The 

second effect of high injection energy is the fragmentation of the parent ion. This will cause poor 

signal intensity of the products and reactants of the desired reaction process. The fragments may 

also undergo secondary reactions causing the collection thermochemical and kinetic information 

difficult. As the ions exit the drift cell, they are said to be reacted and have roughly the same kinetic 

energy as the drift cell exit.  
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Chapter 3: Experimental Measurements 

The following sections of this chapter outlines in detail the experimental measurements that are 

used throughout the rest of the dissertation.  

3.1. Thermochemistry Measurements 

The use of ion mobility mass spectrometry (IMMS) has been shown as an effective way to 

perform thermochemical measurement experiments.107 This is achieved by mass selecting an ion 

of interest using the first quadrupole in the second chamber and injecting this selected ion into the 

drift cell in 30-50 µs pulses. When the ion enters the drift cell, equilibrium between the injected 

ion and the product cluster is achieved because to the high number of collisions that occur between 

the injected ion and the drift cell outflow gas. The number of collisions that occurs is typically 

higher than 104. Low electric field (the difference between the drift cell entrance and the drift cell 

exit lenses) is used to ensure that there is minimal collisional heating and the ions involved in the 

reaction have enough time to reach equilibrium.13 Since equilibrium is achieved, the 

concentrations of the reactant and product clusters ions are measured by collecting the arrival time 

distributions (ATDs) for each ion or by taking the relative peak intensities from mass spectra. 

The thermochemical experiments performed throughout this dissertation follow the same 

general ion-neutral reaction as shown in Equation 3.1: 

𝐴F 𝐵 ND& + 𝐵 ⇌ 𝐴F 𝐵 N  (3.1) 
 
where A+ is the injected ion, B is the reactant or solvent molecule that is found in the drift cell, and 

n = 0, 1, 2, 3, …; these terms will be used for the following discussion. Equilibrium for this reaction 

is said to occur when three conditions are met. The first condition is that there is a constant ratio 

of the product and reactant ion intensities when changing the electric field of the drift cell at 



 

 25 

constant temperature and pressure. The second condition is product and reactant ions have equal 

residence times as obtained from their ATDs. The third condition is that the equilibrium constant 

is independent of the pressure of the neutral reactant in the drift cell. The equilibrium constant, 

Keq, is measured as follows (Equation 3.2): 

𝐾QR =
𝐼 ST∙VW
𝐼 ST∙VWD&

×
760
𝑃V

 (3.2) 

 
where 𝐼 ST∙VW  and  𝐼 ST∙VWD&  are the integrated intensities of the product and reactant ions 

respectively as obtained by the ATDs and PB is the pressure of the neutral gas/vapor filling the 

drift cell in Torr.108 

 Using the following well-defined concepts of thermodynamics29: 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆° (3.3) 
  

∆𝐺° = −𝑅𝑇 ln𝐾QR (3.4) 
 
and rearranging Equations 3.3 and 3.4 to Equation 3.5 (linearized van’t Hoff equation): 

−𝑅 ln𝐾QR =
∆𝐻°
𝑇 − ∆𝑆° (3.5) 

 
a van’t Hoff plot is obtained by plotting –R ln Keq as a function of 1000/T using the temperature of 

the drift cell and the Keq obtained previously. This plot is a linear function whose slope is the 

enthalpy change (ΔH°) with units of kcal mol-1 and intercept is the entropy change (ΔS°) of the 

ion-neutral reaction in units of cal mol-1 K-1 when R = 1.987 cal mol-1 K-1.  

3.2. Mobility Measurements and Structure Determination 

Ion mobility mass spectrometry (IMMS) is a well-established analytical technique that is 

used to analyze a wide variety of compounds in ambient conditions including explosives, drugs, 

and chemical warfare agents.21,31-33,109 IMMS is considered gas phase ion chromatography by 

measuring the drift the drift time of an ion in an inert buffer gas (typically He, N2, or Ar) under the 
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influence of a weak uniform electric field. Using drift time, the collision cross-section (Ω) of the 

ion can be directly measured. Since the motion of the ion is dependent on electric field, the 

geometric shape of the ion can be directly measured.17,89,110-115 By differentiating the geometric 

shapes of an ion, separate isomers of the same structure as well as conformers of the same m/z can 

be experimentally measured.19 Ion mobility spectrometry is therefore the only way to directly 

measure an ion’s collision cross section. 

3.2.1.Mobility Measurements 

Ion mobility experiments measure the mobility value of the ion, which is a measure of how 

rapidly the ion travels through a buffer gas under a weak electric field. For all experiments, the ion 

studied is mass-selected by the first quadrupole mass-filter in the second chamber, focused by the 

first stack of Einzel Lenses, and injected into the drift cell at an injection energy just above the 

energy necessary to introduce the ions into the drift cell against the outflow of buffer gas from the 

drift cell. This outflow of gas is where the ions are thermalized prior to entering the drift cell 

entrance. Inside the drift cell, the ions are accelerated through the electric field along the electric 

field axis and since the drift cell contains a homogeneous pressure of buffer gas, the ions are 

decelerated due to the frictional force with the buffer gas. 34,89,110,115 Throughout all experiments, 

He is used as the buffer gas since it allows for theoretical tools to be used for molecular structure.116 

The frictional force of the buffer gas causes the ions to stay in the drift cell for a longer time. If the 

ions remain in the drift cell for enough time, the electric field of the entire drift cell is considered 

uniform. When this condition is met, an equilibrium state is reached and the ions move with a 

constant velocity called the “drift velocity.”117  
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The mobility value (K) obtained from experiments is defined as the velocity of the ions as 

they travel through the drift cell buffer gas divided by the electric field across the drift region as 

shown by Equation 3.6: 

𝐾 =
𝑣7
𝐸

 (3.6) 

 
where 𝑣7 is the drift velocity and 𝐸 is the electric field across the drift region. These variables are 

further defined in Equations 3.7 and 3.8 respectively with l as the drift cell length in cm (5 cm for 

the drift cell used), td is the drift time in seconds, and V is the drift cell voltage.110 

𝑣7 =
𝑙
𝑡7

 (3.7) 

  

𝐸 =
𝑉
𝑙  (3.8) 

 
The mobility values are normalized to standard temperature and pressure conditions 

resulting in the reduced mobility (K0) of the ion. By calculating the reduced mobility, the results 

obtained using different cell conditions are comparable. It should be noted that the drift velocity 

is inversely proportional to the number density of the gas in the drift cell (N) so 𝐾 ∝ 𝑁𝐾$. 

Therefore, the reduced mobility is calculated using equation 3.9: 

𝐾$ =
𝑃
𝑃$
𝑇$
𝑇 𝐾 =

𝑃
760

273.15
𝑇 𝐾 (3.9) 

 
where P is the pressure of the buffer gas in Torr, T is the temperature of the drift cell in Kelvin, 

and P0 and T0 are the STP values in Torr and Kelvin respectively.13 

 By combining Equations 3.6 and 3.9 and substituting 𝐸 from Equation 3.8 yields Equation 

3.10: 

𝑡7 =
𝑙* • 𝑇$
𝑇 • 𝑃$

1
𝐾$

𝑃
𝑉 + 𝑡$ (3.10) 
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where t0 is the effective time the ion spends outside the drift cell before reaching the detector.118 

 All mobility measurements are carried out in a low-field limit so that an ion’s drift velocity 

is small compared to the thermal velocity. By doing this, the mobility is independent of the field 

strength. To measure the mobility of an ion, a gated mass-selected ion pulse is injected into the 

drift cell and the arrival time distributions (ATD) are measured over a range of drift cell voltages 

at a fixed pressure and temperature. The reduced mobility is obtained from the slope of a line 

plotting the drift time (td) versus P/V and using Equation 3.10. The drift time is the maximum of 

the collected ATDs. Typically, a corrected drift time and therefore reduced mobility is used for 

subsequent calculations since the collected ATDs have Gaussian-like shape, the distortion 

generated by the drift cell exit is corrected by Equation 3.11: 

𝑡7 corrected = 𝑡rst +
4𝐷
𝑣7*

 (3.11) 

 
where tobs is the observed arrival time collected from the ATD maximum and D is the diffusion 

coefficient.103 The diffusion coefficient is related to the measured mobility under low-field 

conditions by the Einstein equation using Equation 3.12: 

𝐷 = 𝐷w = 𝐷x = 𝐾
𝑘V𝑇
𝑧𝑒  (3.12) 

 
where DL is the longitudinal diffusion coefficient, DT is the transverse diffusion coefficient, kB is 

Boltzmann’s constant, z is the number of charges, and e is the elementary charge (1.60 × 10-19 

Coulombs).118 

 The resolution of an ion mobility instrument is measured using Equation 3.13: 

Resolution =
𝑡
∆𝑡 =

𝑙
∆𝑥 =

𝜋𝑉𝑒
4𝑘V𝑇

 (3.13) 
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where ∆t is the pulse width of the ion packet, e is the charge on the ion, and ∆x is the spread of a 

cloud of identical ions due to diffusion. This spread variable is used to account for the random part 

of motion and is defined by Equation 3.14: 

∆𝑥 =
4𝑘V𝑇𝑙
𝜋𝐸𝑒 =

4𝑘V𝑇𝑙*

𝜋𝑉𝑒  (3.14) 

 
where all variables are previously defined.119 From Equation 3.12 the resolution is enhanced by a 

variety of methods. The pulse width is the generally changed in practice by changing the length of 

the gate for the ion packet. For increased resolution, shorter pulse widths are recommended. Others 

ways that resolution could be increased include using a longer drift tube (although not feasible in 

practice), high drift voltages, or lower drift temperatures.  

 When using high drift voltages to increase the resolution, a higher buffer gas density (N) 

should be used to prevent arcing of the drift cell.120 Higher buffer gas density also ensures that the 

ions are completely thermalized before entering the drift cell and that neutral molecules do not 

enter the drift cell.21 Since the buffer gas density plays a role in the resolution of mobility 

measurements, the field intensity used is generally expressed as E/N and represents the intensity  

drift field expressed in units of Townsend (Td) where 1 Td = 10-17 V•cm2.118 For low field 

conditions to be met, the E/N is generally < 6 Td. If low field conditions are met, the ion drift 

velocity is small compared to the thermal velocity. When this occurs, ion mobility is independent 

of field strength.110 To achieve a low E/N value, the drift cell is typically filled with 2-5 Torr of 

He buffer gas and the ions are injected in narrow pulses of 30-50 µs with the ion gate located just 

prior to the drift cell entrance.10 

 For all ion mobility experiments discussed, there are three assumptions made for low field 

conditions. These have been mentioned previously and are103,118,121: 
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1. The measured mobility is independent of the drift field 

2. The ion drift time is the maximum of a Gaussian-type distribution 

3. Ions injected into the drift cell are thermalized and excess kinetic energy is lost before 

penetrating significantly into the drift cell. 

A discussion of how each of these conditions are met follows. 

 Verifying the first condition requires the calculation of the effective temperature of the ions 

as they drift through the electric field. This is done using Equation 3.15: 

𝑇��� = 𝑇� +
𝑀7𝑣7*

3𝑘V
 (3.15) 

 
where Teff is the effective temperature, Tg is the buffer gas temperature, Mb is the mass of the buffer 

gas, and vd is the drift voltage.118 The effective temperature arrives from two sources: the thermal 

temperature from the buffer gas and the effect of the drift field on temperature. At higher applied 

fields, the effective temperature is only 9% higher than the buffer gas temperature and causes only 

a 2% increase in the measured mobilities.19 

 The second condition is satisfied by comparing the experimental ATD by an ATD 

produced with transport theory under similar experimental conditions. These calculated ATDs are 

simulated as a monoionic species traveling through a cylindrical drift tube. The ion flux (𝜙(t)) of 

the ion as it exits the drift tube through an orifice of area a is calculated using Equation 3.16: 

𝜙 𝑡 =
𝑠𝑎𝑒D;�

4 𝜋𝐷w𝑡
𝑣7 +

𝑙
𝑡 1 − exp −

𝑟$*

4𝐷x𝑡
exp −

𝑙 − 𝑣7𝑡 *

4𝐷w𝑡
 (3.16) 

 
where s is the surface density of the injected ions, α is the reaction frequency, r is the radius of the 

disk of injected ions, and all other variables are previously defined. The reaction frequency is set 

to 0 for an inert buffer gas, but usually accounts for ion loss resulting from reactions with the drift 

gas.87,110 
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 The third condition is met when the depth that the ions travel before being thermalized 

must be known. Using hard sphere theory (further discussion in Section 3.2.3.1) the energy of the 

ion after n collisions is calculated using Equation 3.17: 

𝐸� = 𝐸�𝑀N (3.17) 

 
where Ef is the final energy of the ion of the ion, Ei is the initial energy of the ion (the injection 

energy), and M is the reduced mass. The reduced mass is defined as: 

𝑀 =
𝑀�
* + 𝑀s

*

𝑀� + 𝑀s
* (3.18) 

 
with Mi representing the mass of the injected ion and Mb is the mass of the inert buffer gas. 

Assuming that the injection energy is 13 eV and the collision rate coefficient is 10-9 cm3 s-1 (typical 

number for experiments), the final Ef required for thermalization (when Ef = kBT) is achieved in 

approximately 24 collisions. The time necessary for these collisions to occur is calculated using 

the equation: 

𝑡 =
𝑛

𝑁 • 𝑘 (3.19) 

 
where all variables are previously defined. Using typical experimental parameters of drift cell 

pressure of 3.5 Torr, 298 K drift cell temperature, 24 collisions, and a collision rate coefficient of 

10-9 cm3 s-1 thermalization occurs in 0.2 µs. With a known time of thermalization, the distance that 

the ions travel into the drift cell can be calculated using Equation 3.20: 

𝑑 = 𝑣7 + 𝑣�𝑀
N�x
* 𝑑𝑡

�

$

 (3.20) 

 
where vd is the drift velocity, vi is the initial velocity, and M is calculated using Equation 3.18. 

Continuing with this example, the ions travel less than 0.2% of the drift cell before being 

completely thermalized. 
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3.2.2. Experimental Structure Determination 

The reduced mobilities discussed above are used to directly calculate the collision cross 

section of an ion, which is a measure of the size of an ion and allows for separation of different 

isomers and conformers of the same m/z ratio. 17,89,110-115 The measured reduced mobility (K0) is 

related to the collision cross section (Ω) using the Equation 3.21: 

𝐾$ =
3𝑧𝑒
16𝑁$

2𝜋
𝑘V𝑇

&/* 1
𝜇&/*Ω &,&  (3.21) 

 
where K0 is the reduced mobility, z is the number of elementary charges, e is the elementary 

electron charge (1.60 × 10-19 Coulombs), N0 is the buffer gas number density, kB is Boltzmann’s 

constant, T is the temperature of the drift cell, µ is the reduced mass of the ion, and Ω &,&  is the 

collision cross section (in Å2). From this equation, it is clear that the separation of molecular 

conformers with differences in their collision cross section (their shape or size) are achieved by 

measuring differences in the reduced mobilities of ions as they travel through a buffer gas.1,122 Ions 

with open geometries will have larger collision cross sectional areas and reach the detector at later 

arrival times since these ions will undergo more collisions. On the other hand, an isomer with a 

more compact structure will undergo fewer collisions resulting in shorter arrival times and 

therefore smaller collision cross sectional areas.123,124 

3.2.3. Theoretical Methods of Calculating Mobilities and Collision Integrals 

The experimental reduced mobility and collision cross section values discussed in previous 

sections can be compared to theoretical values with the Mobcal program using structural input 

from density functional theory (DFT) and ab-initio calculations.10,125-127 These theoretical methods 

use various interaction potentials and approximations to simulate collisions of injected ions with 

buffer gas. The interactions and approximations used include: exact hard sphere approximation, 
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projection approximation, and trajectory calculation. All three of these are discussed in detail in 

the following subsections. 

3.2.3.1. Exact Hard Sphere Approximation 

In the exact hard sphere approximation, the ion and helium buffer gas are considered hard 

spheres and the hard sphere potential is used for computation of the collision interactions.128 The 

collision cross section for this approximation is the sum of the van der Waals radii of the colliding 

species, shown in Equation 3.22: 

Ω &,& = 𝜎�� (3.22) 

 
where Ω &,&  is the collision cross section and σHS are the van der Waals radii for a given ion.124 

 These calculations are performed by orienting the ion randomly in a rectangular plane. 

Hard sphere radii are then drawn around each atom of the ion in the plane. Random points are then 

selected within this plane and a collision occurs if the point is within the sum of an ion atom’s hard 

sphere radius and the hard sphere radius of a He buffer gas atom. More points are randomly 

selected as well as different orientations and the average collision cross sections for different 

orientations are calculated.124 

 The exact hard sphere approximation is useful for convex structures and gives temperature 

independent collision cross sections since temperature conditions are not considered in 

calculations.124 However, this method ignores multiple scattering collisions and any long-range 

interactions between the polyatomic ion and buffer gas ions. The approximation also does not 

consider the temperature-dependence of a collision cross section of an ion. In addition, collision 

cross sections for concave structures are not well approximated using the exact hard sphere 

approximation.124,128  
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3.2.3.2.Projection Approximation 

The projection approximation has similarities to the hard sphere exact approximation, but 

instead of using the hard sphere potential it relies on the 12, 6, 4-interaction potential (Lennard-

Jones + ion induced dipole potential). Unlike the exact hard sphere approximation, long-range 

interactions are considered as is the temperature-dependence on the collision cross section.128 

These considerations are observed when calculating the collision cross section at low temperatures 

where higher collision cross sections were estimated. This was attributed to the long-range 

attractive interactions of the the individual atoms of an ion and the buffer gas atoms.  

Projection approximation uses the interaction potential equation: 

𝑉 𝑅 =
𝑛𝜀

𝑛 3 + 𝛾 − 12 1 + 𝛾
12
𝑛 1 + 𝛾

𝑟
𝑅

N
− 4𝛾

𝑟
𝑅

�
− 3 1 − 𝛾

𝑟
𝑅

�
 (3.23) 

 
where V(R) is the potential energy, n the exponent that describes the ion-neutral repulsion (n = 12 

when using Lennard-Jones Potentials), ε is the depth of the potential well, r is the position of the 

potential well, γ is the ratio of the relative contributions of the R-6 and R-4 terms, and R is the 

distance between a specific atom in a polyatomic ion and a helium atom.128 The value of R is 

obtained using tabulated collision integrals of atom-atom collisions and the equation: 

𝑅�r��. =
Ω 𝑇 &,&

𝜋

&
*
 (3.24) 

 
where Ω(T)(1,1) is the tabulated collision integrals of atom-atom collisions. At larger R values 

asymptotic behavior is observed.128 

The potential energy, V(r), can be simplified using the sum of of the Vn,6(R) and V4(R) 

terms (Equation 3.25) where Vn,6(R) and V4(R) are defined in Equations 3.26 and 3.27 respectively. 

𝑉 𝑟 = 𝑉N,� 𝑅 + 𝑉� 𝑅  (3.25) 
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𝑉N,� 𝑅 =
𝑛𝜀��
𝑛 − 6

6
𝑛
𝑟��
𝑅

N
−

𝑟��
𝑅

�
= 𝜀��

𝑟��
𝑅

&*
− 2

𝑟��
𝑅

�
	for	𝑛 = 12 (3.26) 

  

𝑉� 𝑅 = −
𝑞*𝛼
2𝑅� (3.27) 

 
The values for εLJ and rLJ are determined by taking the experimental collision integrals and best 

fitting them leading to a more accurate description of the system under investigation. The variable 

α is the reaction frequency that accounts for the loss of ions as a result of reactions with the drift 

gas and q is the charge on a particular atom.128 

3.2.3.3. Trajectory Calculation 

Trajectory calculations use a potential composed of 12, 6-Lennard-Jones and long-range 

(ion induced dipole) potentials.125 The collision cross section measured by this method is 

calculated by averaging the function of the scattering angle over the impact parameter. This means 

that the function is an average of the momentum transfer cross section over the relative velocity 

between the ion and neutral atom. Of the three methods discussed, this is the most computationally 

extensive, but it yields results that are the most reliable when compared to experimental values. 

This is especially true in multiple scattering cases and when long-range attractive interactions are 

significant.125 

3.3. Theoretical Calculations 

To support the experimental results of thermochemical and mobility experiments 

previously discussed, density functional theory (DFT) and ab-initio calculations using the 

Gaussian 03 and Gaussian 09 packages are used to calculate the lowest energy structures of the 

various ion-neutral reactions discussed in subsequent chapters.129,130For DFT calculations, the 

Becke three-parameter, Lee-Yang-Parr (B3LYP), Minnesota  11 (M11), and the meta hybrid M06-

2X levels of theory are used.79,80,131 In these calculations, the 6-311++G** or cc-pVTZ basis sets 
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are used for geometry optimizations and energy calculations with all electrons included. 

Vibrational analysis was also used to verify the lack of any imaginary frequencies and to check for 

any transition states.86 Frequency calculations at a given level of theory were performed on an 

optimized geometry to obtain the zero point vibrational energy (ZPVE), the energy of a molecule 

at absolute zero. This allows all binding energies calculated to be corrected for this energy. 

Corrections for the basis-set superposition error (BSSE), when the basis set of two or more atoms 

within a structure overlap, were corrected using the counterpoise method of the Gaussian 

software.129,130The total spin, <s2>, for all calculations was 0.75-0.77 which allows for a lack of 

spin contamination for open shell ions.81,83 
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Chapter 4: Stepwise Solvation of the Naphthalene Radical Cation 
by Small Polar Molecules 

4.1. Introduction 

Ionic hydrogen bonding (IHB) interactions occur between a hydrogen donor, usually 

radical ions or protonated molecules, and a hydrogen acceptor, examples include neutral polar 

molecules such as water, methanol, ammonia, hydrogen cyanide, and acetonitrile. The bond 

strengths of IHBs are higher than typical hydrogen bonds with bond energies reaching up to 35 

kcal mol-1, roughly a third the energy of a traditional covalent bond.5 IHBs are important in many 

fields including radiation chemistry, electrochemistry, self-assembly in supramolecular chemistry, 

and ion induced nucleation.5,66,132,133 IHBs also have roles in biological systems including peptides, 

protein folding, proton transport, enzyme active centers, and molecular recognition.7,133 Ionized 

polycyclic aromatic hydrocarbons (PAH) molecules can form IHBs when subjected to ionizing 

UV radiation.53,55,60,68 

Unconventional carbon-based IHBs form when ionized hydrocarbons contain CH groups 

that act as the hydrogen donor and the hydrogen acceptors are the electron lone pairs on 

heteroatoms of the neutral molecule such as O or N, π electrons in olefin double bonds, and 

aromatic conjugated systems.64 Such an unconventional carbon-based CHδ+⋯O IHB is observed in 

the hydration of several ionized including benzene (C6H6
•+), cyclic C3H3

+, cyclobutadiene 

(C4H4
•+),  and phenylacetylene (C8H6

•+).9,10,28,35,69 Stronger conventional hydrogen bonds can also 

occur when nitrogen-containing organic ions interact with water where NH+⋯O hydrogen bonds 

form as seen in protonated pyridine or protonated pyrimidine.5,8,134  

Other unconventional IHBs can form besides those involving oxygen as the neutral 

molecule. Polar molecules containing lone pairs of electrons such as hydrogen cyanide and 
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acetonitrile can form CHδ+⋯N IHBs. Hydrogen cyanide (HCN) can serve as both a hydrogen donor 

and a lone pair acceptor and thus form linear hydrogen bonded chains where the PAH radical ion 

attaches to “externally solvate” the ion. Acetonitrile on the other hand cannot form these linear 

chains and thus CH3CN molecules bind to multiple CHδ+ sites of the PAH radical cation and 

“internally solvates” the ion. 

Previous studies have shown that polycyclic aromatic hydrocarbon (PAH) radical cations 

have unusual stability in amorphous water ices up to 120 K, but there are no laboratory studies 

investigating the gas phase interactions of PAH radical ions with simple molecules. 54,55 In this 

chapter, the first studies of the IHB interactions between the naphthalene radical cation and the 

astrophysically relevant molecules water, methanol, hydrogen cyanide, and acetonitrile in the gas 

phase using the mass-selected ion mobility (IMMS) technique are presented. 56,57,74 

Thermochemical ion-neutral equilibrium measurements where conducted at different temperatures 

to yield the enthalpy and entropy changes of the stepwise solvation of the naphthalene radical 

cation with these neutral molecules. The nature of these interactions was investigated using density 

functional theory (DFT) calculations of the low energy structures of the C10H8
•+(H2O)n, 

C10H8
•+(CH3OH)n, C10H8

•+(HCN)n, and C10H8
•+(CH3CN)n for n = 1-6 clusters to give the binding 

energy. To investigate the hydrogen bonding character of the IHB formed between the oxygen of 

the neutral molecule, alcohols with longer aliphatic chains were investigated. The specific alcohols 

include: ethanol, 1-propanol, 2-propanol, 1-butanol, and 2-butanol. For the C10H8
•+(ROH)n (R = 

Et, 1-Pr, 2-Pr, 1-Bu, and 2-Bu) studies, the structures and binding energies of n = 1-3 clusters were 

calculated. 

The results indicate that the naphthalene radical cation is “externally-solvated” by water, 

methanol, and hydrogen cyanide. In these cases, the naphthalene radical cation is attached to a 
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chain of water, methanol, or hydrogen cyanide. In the cases of acetonitrile and the other alcohols 

with 2, 3, and 4 carbons, the neutral molecule interacts directly with the naphthalene radical cation 

to form “internally solvated” structures. For the methanol studies, proton transfer products such as 

(C10H7
•)H+(CH3OH)n can be produced at low temperatures. Such products could lead to the 

formation of a reactive naphthalene radical (C10H7
•) on the surface of ice grains of methanol in 

interstellar medium. 

Overall this series of studies aims to establish an understanding of hydrogen bonding 

interactions between naphthalene radical cations within clusters of polar molecules relevant to 

astrophysical environments on a molecule level. The computational results provide insights into 

the factors that determine the energetics and structures of the naphthalene radical cation with small 

polar molecules as a model system for the solvation of PAH ions within clusters of these neutral 

molecules. 

4.2. Experimental Section 

All experiments were performed with the VCU mass-selected ion mobility mass 

spectrometer with details of the system outlined in Chapter 2. During experiments, 50-80 psi (≈ 

2500-3600 Torr) ultra-high purity helium (AirGas) seeded with 0.74-3.76 Torr naphthalene vapor 

generated from heating solid naphthalene (Aldrich, ≥ 99 %) stored in a sealed stainless steel/glass 

bubbler to 50-70 ºC was pulsed through a supersonic nozzle (500 µm) into a source vacuum 

chamber maintained at a background pressure of 10-7 Torr. Following this supersonic expansion, 

the naphthalene radical cation (C10H8
•+) was generated by electron impact ionization using and 

electron energy of 60-70 eV which is enough to ionize any organic ions of interest. The C10H8
•+ 

ions were mass-selected by a quadrupole mass-filter before being injected into a drift cell (in 25-

50 µs pulses) containing helium (AirGas, Research Grade) or a mixture of helium and the neutral 
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reagent vapor: H2O (deionized), D2O (Sigma-Aldrich, 99.9 % D atoms), methanol (CH3OH, 

Fisher, laboratory grade), ethanol (EtOH, Fisher), 1-proapnol (1-PrOH, Sigma-Aldrich, anhydrous 

99.7 %), 2-propanol (2-PrOH, Fisher, ACS reagent grade), 1-butanol (1-BuOH, Sigma-Aldrich, 

anhydrous 99.8 %), 2-butanol (2-BuOH, Sigma-Aldrich, anhydrous 99.5%), hydrogen cyanide 

(HCN, preparation discussed later), or acetonitrile (CH3CN, Sigma-Aldrich, ≥ 99.9 %). Flow 

controllers (MKS #1479A) were used to maintain a constant pressure inside the drift cell within 

±1 mTorr. The temperature of the drift cell was controlled to ±1 K using four temperature 

controllers. To cool the drift cell, liquid nitrogen was used by flowing it through solenoid valves. 

The reaction products that exit the drift cell were identified by scanning a second quadrupole mass-

filter located after the drift cell and arrival time distributions (ATDs) were collected by monitoring 

the intensity of each ion as a function of time. The injection energies used in experiments (10-14 

eV, laboratory frame) are only slightly higher that the minimum energies required to introduce the 

ions against the neutral reactant/He vapor mixture outflow at the drift cell entrance orifice. Most 

ion thermalization occurred outside of the drift cell by collisions with the gas mixture molecules 

escaping the drift cell entrance orifice. 

The HCN gas used for experiments was prepared by sealing 5-8 g of NaCN (Sigma-

Aldrich, 97 %) in a 500 mL stainless steel/glass bubbler. The solid was then pumped using an 

Edwards 30 mechanical pump (E2M, 250 V, 33.0 m3 hr-1 pumping speed) to 20 Torr monitored 

by a Baratron pressure gauge (MKS-626A13TBD). Approximately 2.5-4 mL of pure sulfuric acid 

(H2SO4, Sigma-Aldrich, 99.999%) was added to the bubbler via a stainless steel tube extension on 

the bubbler fitted with valves on each side to ensure vacuum of the NaCN. The sulfuric acid was 

then “dropped” into the bubbler where it reacted with the NaCN immediately producing HCN gas. 
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The equilibrium reaction that all experiments followed throughout this series of studies in 

this chapter is represented by Equation 4.1: 

C&$H=•F B ND& + B ⇌ C&$H=•F B N (4.1) 
 
where B is the neutral molecule: H2O, CH3OH, EtOH, 1-PrOH, 2-PrOH, 1-BuOH, 2-BuOH, HCN, 

or CH3CN respectively. This reaction is said to be in equilibrium when: (1) the ATDs of the 

product and reactant ions have equal arrival times and (2) there is a constant ratio of the integrated 

intensities of product and reactant ion over a range of drift cell field voltage thus changing the 

residence time of the ions at a constant temperature and pressure. Once equilibrium is established, 

the equilibrium constant, Keq, is measured using the equation: 

𝐾QR =
C&$H=•F B N

C&$H=•F B ND& B
=

𝐼 ¢0£¤¥•T ¦ W

𝐼 ¢0£¤¥•T ¦ W/0
𝑃¦

 (4.2) 

 
where 𝐼 ¢0£¤¥•T ¦ W

 and 𝐼 ¢0£¤¥•T ¦ W/0
 are the integrated intensities of the ATDs of the reactant 

and product ions or the intensity of the ion peak on a mass spectrum and PB is the partial pressure 

of the neutral vapor in atmospheres inside the drift cell. The equilibrium constant is measured at 

different temperatures to form a van’t Hoff plot (using the van’t Hoff equation as shown in 

Equation 3.5) where the ∆Hº and ∆Sº values are obtained from the slope and intercept respectively. 

All data was repeated at least three times with average values used in discussion. 

4.3. Theoretical Calculations 

Density functional theory calculations of the lowest energy structures for the various 

structural isomers of the cluster ions were performed using the Gaussian 03 and Gaussian 09 

program suite.129,130 The (C10H8
•+)(H2O)n and (C10H8

•+)(CH3OH)n for n = 1-6 and the 

(C10H8
•+)(ROH)n for R=Et, 1-Pr, 2-Pr, 1-Bu, and 2-Bu and n = 1-3 were performed at the 

B3LYP/6-311++G** level of theory using the Gaussian 03 program suite.129 Calculations of the 
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(C10H8
•+)(H2O) and (C10H8

•+)(CH3OH) complexes were also carried out at he M06-2X/6-

311++G(d,p) level using the Gaussian 09 program suite for comparison with the B3LYP 

method.130 Calculations for the cluster ions (C10H8
•+(HCN)n and (C10H8

•+)(CH3CN)n for n = 1-2 

were performed using the M06-2X and ω97XD methods within the 6-311++G** basis set of the 

Gaussian 09 program suite.79,80,130,135-137 For the larger clusters of C10H8
•+(HCN)n and 

C10H8
•+(CH3CN)n for n = 3-6, B3LYP/6-311++G** calculations were performed using the 

Gaussian 09 program suite.130 Vibrational frequency calculations were also performed for all the 

optimized geometries at the same level of theory in order to obtain zero point vibrational energy 

(ZPVE) and to verify the absence of imaginary frequencies.130 For all calculations the binding 

energy (∆E) was calculated at 0 K and was calculated using the equation: 

∆𝐸 ¢0£¤¥•T ¦ W
= 𝐸 ¢0£¤¥•T ¦ W/0

+ 𝐸 ¦ − 𝐸 ¢0£¤¥•T ¦ W
 (4.3) 

 
where 𝐸 ¢0£¤¥•T ¦ W/0

, 𝐸 ¦ , 𝐸 ¢0£¤¥•T ¦ W
 and are the  total electronic energies of the lowest 

energy isomers of the reactant ion, neutral molecule represented by B, and the product of the 

reaction shown in equation 4.1. Corrections to the basis set superposition error (BSSE) were only 

made for the C10H8
•+(H2O) and C10H8

•+(CH3OH) complexes because the corrections were small 

(0.5-0.7 kcal/mol) 

4.4. Results and Discussion 

This discussion divides the results into five systems with each section containing the results 

for the interactions of the naphthalene radical cation with a neutral polar molecule or class of 

neutral molecules. These sections are: (1) water; (2) methanol; (3) 2, 3, and 4 carbon alcohols 

(EtOH, 1-PrOH, 2-PrOH, 1-BuOH, and 2-BuOH); (4) hydrogen cyanide; and (5) acetonitrile. A 

comparison of these interactions in general follows the results. 
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4.4.1. Study of the Energies and Structures of the Stepwise Hydration of the 
Naphthalene Radical Cation 

4.4.1.1. Mass Spectra and Thermochemical Results for the Hydration of Naphthalene•+ 

The mass spectra obtained following the injection of mass-selected naphthalene radical 

cations (C10H8
•+, Naph+) into the drift cell containing He or a mixture of water vapor (H2O, W) 

and He are shown in Figure 6. A reference mass spectrum of C10H8
•+ injected into the drift cell 

containing only He (Figure 6a) shows that only the naphthalene radical cation is present at m/z = 

128. In the presence of 0.60 Torr H2O vapor (W) mixed with He in the drift cell at 298 K (Figure 

6b), the first association product C10H8
•+(H2O) (m/z = 146) is present along with small intensities 

corresponding to the clusters C10H8
•+(H2O)n for n = 2-4 (m/z = 164, 182, and 200 respectively) and 

protonated water clusters H+(H2O)n for n = 6-11 (m/z = 109, 127, 145, 163, 181, and 199 

respectively). Upon further cooling of the drift cell, the intensity of the C10H8
•+(H2O) cluster 

increases and at 249 K (Figure 6d), small peaks corresponding to C10H8
•+(H2O)n clusters for n = 

2-6 (m/z = 164, 182, 200, 218, and 236 respectively) are detected. In addition, protonated water 

clusters, H+(H2O)n for n = 7-13 (m/z = 127, 145, 163, 181, 199, 217, and 235 respectively), are 

present when cooling the drift cell. The presence of very small ion intensities of the protonated 

water clusters is most likely due to the injection energies of the injected naphthalene radical 

cations, which could induce the ionization of water inside the drift cell followed by proton transfer 

to for m the observed protonated water clusters. 



 

 44 

 
Figure 6. Mass spectra obtained resulting from the injection of the mass-selected naphthalene 
radical cation (C10H8

•+, Naph+) into He gas (a) or He/water (H2O, W) vapor mixture (b-d) at 
different pressures (Torr) and temperatures (K) as indicated. 
 
 



 

 45 

The association reactions of water (H2O and D2O) with the naphthalene radical cation are 

represented by Equations 4.4 and 4.5: 

C&$H=•F H*O ND& + H*O ⇌ C&$H=•F H*O N (4.4) 
  

C&$H=•F D*O ND& + D*O ⇌ C&$H=•F D*O N (4.5) 
 
The equilibrium constants are measured for Equations 4.4 and 4.5 using Equation 4.2 by obtaining 

the peak intensities of the naphthalene radical cation (C10H8
•+) and the first association product 

(C10H8
•+(W) for W = H2O or D2O), and the pressure of the water. By taking the equilibrium 

constants at different temperatures, a van’t Hoff plot for the formation of the C10H8
•+(W) (for W = 

H2O or D2O) cluster using Equation 3.5 is produced as shown in Figure 7. The resulting -∆Hº and 

-∆Sº values for C10H8
•+(H2O) are obtained from the slope and intercept of the van’t Hoff plot 

respectively are 7.8 ± 1 kcal mol-1 and 19.5 ± 2 cal mol-1 K-1 (Figure 7a). The -∆Hº and -∆Sº values 

are obtained for C10H8
•+(D2O) in the same manner (Figure 7b) and resulted in the values 8.0 ± 1 

kcal mol-1 and 19.9 ± 2 cal mol-1 K-1 for the -∆Hº and -∆Sº respectively. The results using D2O are 

the same as those obtained for H2O showing that the isotope effect is smaller than the experimental 

accuracy of ± 1 kcal mol-1. The thermochemistry results for the naphthalene radical cation are very 

similar to that of benzene suggesting a similar mechanism of binding.9 
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Figure 7. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with water where H2O is shown in (a) and D2O 
shown in (b). The resulting -∆Hº and -∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The 
error for the measurements are ± 1 kcal mol-1 for -∆Hº and ±2 cal mol-1 K-1 for -∆Sº. 
 

4.4.1.2. Calculated Structures and Binding Energies for Naphthalene•+(H2O)n Clusters 

The calculated structures and binding energies (∆E) and enthalpies (-∆H calc) of the four 

lowest energy isomers for the C10H8
•+(H2O) cluster at the B3LYP/6-311++G** level are shown in 

Figure 8a. These calculations as well as subsequent calculations in this chapter were performed by 

Dr. Isaac Kwame Attah. The lowest energy isomers have bifurcated structures with the water 

bonding to two CHδ+ hydrogens as shown in Figure 8a(i) and a(ii) via an ionic hydrogen bonding 

(IHB). This bifurcated structure is similar to what is observed for the hydrated benzene radical 

cation.9,138 The other two structures shown have a single IHB, Figure 8a(iii), and an ion-dipole 

structure, Figure 8a(iv), with the water molecule above the plane of the naphthalene radical cation. 

The structures with IHBs, Figure 8a(i-iii), have significantly larger binding energies than 

the ion-dipole structure, Figure 8a(iv). The results indicate that the structure of the C10H8
•+(H2O) 

complex is most likely the bifurcated structures seen in Figure 8a(i) and a(ii) with calculated 
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binding energies of 7.7 and 6.8 kcal mol-1 and calculated enthalpies of 7.8 and 6.7 kacl mol-1 

respectively. These values are in agreement with the experimentally determined value of 7.8 ± 1 

kcal mol-1. These structures are interesting because the structures with two IHBs of 2.3 Å for Figure 

8a(ii) and 2.4 Å and 2.6 Å for Figure 8a(ii) between the two CHδ+ centers of the naphthalene cation 

and the oxygen atom of the water molecule have slightly higher binding energies than the structure 

with the shorter 2.1 Å IHB. All three IHB structures, Figure 8a(i)-(iii), have similar energies and 

with the possibility of small entropy contributions suggests that all three may be present in the 

experimental measurements. 

The biding energy of the lowest energy isomer of the C10H8
•+(H2O) complex was also 

calculated using the M06-2X method. This calculation results in a binding energy higher in value 

than that calculated by B3LYP (9.3 kcal mol-1 vs 7.7 kcal mol-1 respectively, Table 1). This 

calculated result is also higher than the experimental value of 7.8 ± 1 kcal mol-1. When considering 

the experimental uncertainty of ± 1 kcal mol-1, the two calculated values appear similar, but the 

B3LYP correctly predicts the binding energy.56 This is unlike most cases where weak van der 

Waals (vdW) interactions are predicted since the M06-2X method is more accurate than the 

B3LYP method in those structure.65,79,108 

Table 1. Experimental thermochemistry (∆Hº and ∆Sº)a for the formation of C10H8
•+(H2O) and 

C10H8
•+(D2O) clusters and the calculated binding energies (∆E, corrected ZPVE) and enthalpies (-

∆H calc) at the B3LYP/6-311++G** (∆E and -∆H calc) and M06-2X/6-311++G** (∆E only) 
levels of C10H8

•+(H2O)n for n = 1-6. 
Cluster -∆Hº -∆Sº ∆E (B3LYP) ∆E (M06-2X) -∆H (Calc) 

C10H8
•+(H2O) 7.8 19.5 7.7 (7.1)b 9.3 7.8 

C10H8
•+(D2O) 8.0 19.9 - - - 

C10H8
•+(H2O)2 - - 8.4 - 8.6 

C10H8
•+(H2O)3 - - 7.8 - 8.2 

C10H8
•+(H2O)4 - - 7.6 - 7.9 

C10H8
•+(H2O)5 - - 7.4 - 7.7 

C10H8
•+(H2O)6 - - 7.0 - 7.5 

a Units, estimated error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
b Corrected for BSSE 
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Figure 8. DFT structures and binding energies (∆E, kcal mol-1, calculated using Equation 4.3) of: 
(a) the four lowest energy isomers of the C10H8

•+(H2O) cluster obtained at the B3LYP/6-311++G** 
level and (b) the lowest energy structures of the C10H8

•+(H2O)n clusters for n = 1-6 obtained at 
B3LYP/6-311++G** level. 
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The structure of a second water adding to the naphthalene radical cation to form the 

C10H8
•+(H2O)2 complex forms an “externally solvated” structure (shown in Figure 8b(ii)) where 

the two water molecules hydrogen bond to each other forming a dimer with the naphthalene radical 

cation is external to this dimer. The calculated binding energy of this isomer is 8.4 kcal mol-1 and 

the calculated enthalpy is 8.6 kcal mol-1. For the “internally solvated” structure, both water 

molecules are bonded to the naphthalene radical cation making the ion “inside” the solvent (water 

in this case). When compared to “internally solvated” structures (Figure 9b-d), the calculated 

binding energy of the “externally solvated” isomer is higher by 1.2, 2.1, and 2.6 kcal mol-1 with 

similar difference observed with the calculated enthalpies. 

 
Figure 9. DFT structures and binding energies (∆E, kcal mol-1, calculated using Equation 4.3) for 
(a) the lowest energy “externally solvated” isomer of the C10H8

•+(H2O)2 cluster and (b-d) higher 
energy “internally solvated” isomers with corresponding binding energies. 
 

The calculated lowest energy isomer of the third addition of water to the naphthalene 

radical cation to form the C10H8
•+(H2O)3 cluster, shown in Figure 8b(iii), shows the third water 

adding to the hydrogen bonded chain of water molecules to continue to “externally solvate” the 

naphthalene radical cation. The calculated binding energy is 7.8 kcal mol-1 and the calculated 

enthalpy is slightly higher at 8.2 kcal mol-1. Other higher energy isomers are shown in Figure 10b-

d. A second “externally solvated” structure is calculated with a bifurcated structure where a central 

water molecule is bonded to two CH groups of the naphthalene radical cation and the other two 

water molecules are bound to separate hydrogen atoms of the the central water. This structure, 
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shown in Figure 10c, has a calculated binding energy and enthalpy of 6.7 kcal mol-1. Two 

additional structures are calculated with the naphthalene radical cation being both “internally” and 

“externally solvated.” These structures, shown in Figure 10b and d, have binding energies and 

enthalpies of 6.9 and 6.0 kcal mol-1 respectively. Here two water molecules “internally solvating” 

the naphthalene radical cation and a third “externally solvation” the cation via hydrogen bonding 

to one of the water molecules. 

 
Figure 10. DFT structures and binding energies (∆E, kcal mol-1, calculated using Equation 4.3) 
for (a) the lowest energy “externally solvated” isomer of the C10H8

•+(H2O)3 cluster and (b-d) higher 
energy isomers with corresponding binding energies. 
 

The calculated lowest energy isomer for the C10H8
•+(H2O)4 cluster, shown in Figure 8b(iv), 

has a calculated binding energy of 7.6 kcal mol-1 and calculated enthalpy of 7.9 kcal mol-1. This 

structure  consists of a hydrogen-bonded chain of four water molecules attached to the naphthalene 

radical cation by two IHB from the oxygen atom of the first water in the chain to two CHδ+ groups 

of the naphthalene radical cation. This “external solvation” pattern continues for higher energy 

isomers (Figure 11c and d), but with different arrangements of the water molecules within the 

hydrogen bonded tetramer. These isomers where calculated to have calculated binding energies 

and enthalpies of 6.3 and 6.2 kcal mol-1 respectively. A third higher energy isomer was calculated 

to have a mixed “internal” and external solvation” structure, shown in Figure 11b, and has a 

binding energy of 6.8 kcal mol-1 and calculated enthalpy of 6.7 kcal mol-1.   
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Figure 11. DFT structures and binding energies (∆E, kcal mol-1, calculated using Equation 4.3) 
for (a) the lowest energy isomer of the C10H8

•+(H2O)5 cluster and (b-d) higher energy isomers with 
corresponding binding energies. 
 

The pattern of “external solvation” continues for the calculated lowest energy isomers for 

C10H8
•+(H2O)5 and C10H8

•+(H2O)6 clusters. The structures for the lowest energy isomers of these 

clusters are shown in Figure 8b(v) and (vi) and have calculated binding energies of 7.4 and 7.0 

kcal mol-1 and calculated enthalpies of 7.7 and 7.5 kcal mol-1 respectively. Higher energy isomers 

for both C10H8
•+(H2O)5 and C10H8

•+(H2O)6 clusters are shown in Figure 12 and Figure 13 

respectively. In both cases, no cyclic structures among the water molecules are formed. Favorable 

structures appear to be those with extended hydrogen bonded chains where subsequent water 

additions have constant binding energies for C10H8
•+(H2O)n clusters and little change from 8 kcal 

mol-1 for n = 1-4 to 7 kcal mol-1 for n = 5 and 6.69 This type of binding is similar to the binding 

energy of non-cyclic chain IHB clusters to the energy of a neutral water-water hydrogen bond of 

5 kcal mol-1 after 4-6 solvent molecules because the ionic interaction decreases as the number of 

solvent molecules increases.64,69 

Hydrated clusters of protonated molecules (such as H3O+) have different bonding behavior 

that that of a neutral water chain. Here the first four binding energies usually decrease significantly 

before reaching the vaporization of bulk water (10 kcal mol-1). This convergence involves the 

formation of two neutral water-water hydrogen bonds in three-dimensional structures.64 Since the 

energy change in the stepwise hydration of both C6H6
•+(H2O)n and C10H8

•+(H2O)n is relatively 
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constant in binding energy compared to protonated species, the notion of non-cyclic water 

structures is supported. 

 
Figure 12. DFT structures and binding energies (∆E, kcal mol-1, calculated using Equation 4.3) 
for (a) the lowest energy isomer of the C10H8

•+(H2O)5 cluster and (b-d) higher energy isomers with 
corresponding binding energies. 
 

 
Figure 13. DFT structures and binding energies (∆E, kcal mol-1, calculated using Equation 4.3) 
for (a) the lowest energy isomer of the C10H8

•+(H2O)6 cluster and (b-d) higher energy isomers with 
corresponding binding energies. 
 

Although cyclic water structures are not seen in C6H6
•+(H2O)n clusters, for clusters n ≤ 4 

the structures tend to be “internally solvated” compared to the “externally solvated” C10H8
•+(H2O)n 

clusters. This means that conventional hydrogen bonding in water is more favorable than the 

unconventional IHB between the CHδ+ sites of the naphthalene radical cation. This “external 

solvation” for naphthalene (and by extrapolation larger PAH molecules) suggests that the large 

organic molecule remains accessible on the surface of water nanodroplets. This has implications 

in regard to the reactivity of large PAH ions in interstellar medium since the ion can interact with 

incoming small molecules under UV irradiation. These interactions can lead to the formation of 

complex organics on the surface of these icy grains.56 
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4.4.2. Study of the Energies and Structures of the Stepwise Solvation of Naphthalene•+ 
with Methanol 

4.4.2.1. Mass Spectra and Thermochemical Results for Naphthalene•+(CH3OH)n Clusters 

The mass spectra obtained following the injection of mass-selected naphthalene radical 

cation (C10H8
•+, Naph+) into the drift cell containing He or a mixture of methanol (CH3OH, M) and 

He are shown in Figure 14. A reference mass spectrum of C10H8
•+ into the drift cell containing 

only He (Figure 14a) shows that only the naphthalene radical cation is present at m/z = 128 at 298 

K. In the presence of 0.51 Torr of methanol vapor (M) mixed with He in the drift cell at 299 K 

(Figure 14b), the protonated methanol cluster H+(CH3OH)5 is present (m/z = 161), but no 

association products of methanol to the naphthalene radical cation are observed. The first 

association product, C10H8
•+(CH3OH) (m/z = 160), is present when the drift cell is cooled to 279K 

(Figure 14c) along with protonated methanol clusters H+(CH3OH)n for n = 5 and 6 (m/z = 161 and 

193). When the drift cell is cooled to 249 K (Figure 14e), the C10H8
•+(CH3OH)n for n = 1 and 2 

(m/z = 160 and 192) and protonated methanol clusters H+(CH3OH)n for n = 5-7 (m/z = 161, 193, 

and 225 respectively) are observed. At lower temperatures (below 240 K), the intensities of the 

peaks associated with naphthalene, C10H8
•+ and C10H8

•+(CH3OH)n for n = 1, 2, decrease and 

eventually disappear at 238 K. At this point, only protonated methanol clusters H+(CH3OH)n for 

n= 5-9 (m/z = 161, 193, 225, 257, and 289) are observed along with small intensities of the 

C10H8
•+(CH3OH)n for n = 3-5 as shown in Figure 14f. 

The injection energies of the naphthalene cations to induce ionization and proton transfer 

does not explain the simultaneous disappearance of the naphthalene-containing ions and the 

appearance of the protonated methanol clusters H+(CH3OH)n for n ≥ 5 at temperatures less than 

240 K. This type of result suggests that the larger C10H8
•+(CH3OH)n clusters for n ≥ 5 undergo 

intracluster dissociative proton transfer (DPT) reactions to produce the large H+(CH3OH) clusters  
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Figure 14. Mass spectra obtained resulting from the injection of the mass-selected naphthalene 
radical cation (C10H8

•+, Naph+) into He gas (a) or He/methanol (M) vapor mixture (b-f) at different 
pressures (Torr) and temperatures (K) as indicated. 
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for n = 5-9 and the naphthalene radical (C10H7
•) based on the mass spectrum shown in Figure 14f.56 

This type of reaction is observed in the hydration of benzene in the clusters C6H6
•+(H2O)n for n ≥ 

4.69 The higher proton affinity (PA) of the naphthalene radical (C10H7
•, 234 kcal mol-1)139 

compared to the phenyl radical (C6H5
•, 212 kcal mol-1)69 and the higher PA of methanol (182 kcal 

mol-1)2,140 compared to water (167 kcal mol-1)2,140 make the PT reaction within the 

C10H8
•+(CH3OH)n clusters exothermic at n = 5. Detailed explanation for this interaction is found 

in Section 4.4.2.3. 

The association reaction of methanol to the naphthalene radical cation is represented by 

Equation 4.6: 

C&$H=•F CH?OH ND& + CH?OH ⇌ C&$H=•F CH?OH N (4.6) 
 
The equilibrium constants are measured for this reaction using Equation 4.2 by obtaining the peak 

intensities of the naphthalene radical cation (C10H8
•+) and the association products, 

C10H8
•+(CH3OH)n for n = 1 and 2, and the pressure of the methanol in the drift cell. By taking the 

equilibrium constants at different temperatures, a van’t Hoff plot for the formation of 

C10H8
•+(CH3OH)n cluster of n = 1 and 2 using Equation 3.5 is produced as shown in Figure 15. 

The resulting -∆Hº and -∆Sº values for Equation 4.6 are obtained from the slope and intercept of 

the van’t Hoff plot respectively are 8.3 ± 1 kcal mol-1 and 19.7 ± 2 cal mol-1 K-1 for the 

C10H8
•+(CH3OH) product and 8.6 ± 1 kcal mol-1 and 23.1 ± 2 cal mol-1 K-1 for the C10H8

•+(CH3OH)2 

product. These results are similar to those found with water suggesting the formation of a chain 

like structures are possible for C10H8
•+(CH3OH)n for n ≤ 5.56 
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Figure 15. van't Hoff plots of the temperature dependence of the equilibrium constants for the 
association reaction of the naphthalene radical cation with methanol for the first and second 
solvation steps. The resulting -∆Hº and -∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. 
The error for the measurements are ± 1 kcal mol-1 for -∆Hº and ±2 cal mol-1 K-1 for -∆Sº. 

4.4.2.2. Calculated Structures and Binding Energies for Naphthalene•+(CH3OH)n Clusters 

To support the experimental thermochemistry results, the calculated lowest energy 

structures for the C10H8
•+(CH3OH)n for n = 1-6 using B3LYP/6-311++G** are shown in Figure 

16. The M06-2X method was also used and just as what is observed with water (see Section 

4.4.1.2), the results slightly over estimate the interaction between the naphthalene radical cation 

and methanol when compared to the experimental results. These calculations were performed by 

Dr. Isaac Kwame Attah. For the C10H8
•+(CH3OH) cluster (structure (i) in Figure 16), the calculated 

binding energy using the B3LYP method is 8.4 kcal mol-1 and 9.9 kcal mol-1 for the M06-2X 

compared to the experimental -∆Hº value of 8.3 ± 1 kcal mol-1 and the calculated -∆H of 7.9 kcal 
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mol-1. This difference is due to the experimental -∆Hº value being an ensemble of multiple isomers 

versus the calculated structure of a single isomer. 

 
Figure 16. DFT structures and binding energies (∆E, kcal mol-1, calculated using Equation 4.3) of 
the lowest energy isomers of the lowest energy isomers of the C10H8

•+(CH3OH)n clusters (N+•Mn) 
for n = 1-6 obtained at the B3LYP/6-311++G** level. 
 

Structures of C10H8
•+(CH3OH)n clusters for n = 2-6 are shown in Figure 16(ii)-(vi) and are 

similar to what is observed in the calculations for the hydrated naphthalene radical cation. The 

pattern of “external solvation” structures with hydrogen bonding chain are the lowest energy 

structures. The binding energies, ∆E, and calculated -∆H for the stepwise solvation of the 

naphthalene radical cation by methanol remains relatively constant at 8 ± 1 kcal mol-1. A summary 
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of the individual binding energies along with comparisons to experimental values when available 

are summarized in Table 2. The hydrogen-bonded methanol chain that is attached to the 

naphthalene radical cation shown in Figure 16 (iv), (v), and (vi) is relevant to the deprotonation of 

the naphthalene radical cation by a methanol sub-cluster. This become exothermic in 

C10H8
•+(CH3OH)n cluster for n ≥ 5 as discussed in 4.4.2.3. 

Table 2. Experimental thermochemistry (∆Hº and ∆Sº)a of the formation of C10H8
•+(CH3OH)n 

clusters for n = 1-2 and the calculated binding energies (∆E, corrected ZPVE) at the B3LYP/6-
311++G** (∆E and ∆H) and M06-2X/6-311++G** levels  (∆E only) for C10H8

•+(CH3OH)n 
cluster for n = 1-6 . 

Cluster -∆Hº -∆Sº ∆E (B3LYP) ∆E (M06-2X) -∆H (Calc) 
C10H8

•+(CH3OH) 8.3 19.7 8.4 (7.8)b 9.9 7.9 
C10H8

•+(CH3OH)2 8.6 23.1 9.0 - 8.7 
C10H8

•+(CH3OH)3 - - 8.4 - 8.3 
C10H8

•+(CH3OH)4 - - 8.1 - 7.8 
C10H8

•+(CH3OH)5 - - 7.8 - 7.5 
C10H8

•+(CH3OH)6 - - 9.6 - 9.5 
a Units, estimated error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
b Corrected for BSSE 
 

Figure 17 shows calculated structures of higher energy where a chain of three, four, or five 

methanol molecules are attached to one side of the naphthalene radical cation and the remaining 

methanol molecule forms a second bifurcated IHB on the opposite site of the cation. This is similar 

to the C10H8
•+(H2O)n clusters for n = 4-6. 
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Figure 17. DFT Structures and binding energies (ΔE, kcal mol-1, calculated using Equation 4.3) 
for higher energy isomers of the C10H8

+•(CH3OH)n clusters for n = 2-6 obtained at the B3LYP/6-
311++G** level. 

4.4.2.3. Deprotonation of Naphthalene•+ by Methanol Clusters 

As mentioned in previous sections, the mass spectra of C10H8
•+(CH3OH)n clusters at low 

temperatures suggest that larger clusters can undergo intracluster dissociative proton transfer 

(DPT) reactions to produce the protonated methanol clusters H+(CH3OH)n for n ≥ 5 that are 

observed in Figure 14f. This series of intracluster DPT reactions can occur within the 
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C10H8
•+(CH3OH)n clusters if the proton transfer of the naphthalene radical cation to the methanol 

subcluster is exothermic. The energy from this proton transfer must also be sufficient enough to 

dissociate the now C10H7
• ⋯ H+(CH3OH)n cluster. The cluster size (n) of the C10H8

•+(CH3OH)n at 

which the proton transfer becomes exothermic can be determined by comparing the proton affinity 

(PA) of the naphthyl radical (C10H7
•) and the methanol subcluster (CH3OH)n for n = 2-6. The 

calculated PA for C10H7
• is 234.5 kcal mol-1 and the calculated PA for methanol clusters (CH3OH)n 

for n = 2-6 are 211, 224, 231, 234, and 237 kcal mol-1 respectively.139,140 These results show that 

the PT from C10H8
•+ to the (CH3OH)n subcluster becomes thermoneutral at n = 5 and exothermic 

at n > 5. This type of interaction is not observed in C10H8
•+(H2O)n clusters because at n = 6 the PA 

for the (H2O)6 cluster is 217 kcal mol-1 making the intracluster DPT endothermic.140 

The mass spectrum at 238 K (Figure 14f) supports these theoretical results where the signal 

for the naphthalene-containing ions  disappears and only protonated methanol clusters 

H+(CH3OH)n for n ≥ 5 are present. This indicates that at low temperatures, methanol molecules 

will cluster with the naphthalene radical cation to form C10H8
•+(CH3OH)n clusters and then the 

equilibrium shifts when n ≥ 5. Here DPT occurs within the C10H8
•+(CH3OH)n cluster to generate 

naphthyl radical (C10H7
•) and protonated methanol clusters H+(CH3OH)n of n ≥ 5.56 

To investigate the structures of this intracluster DPT process, the structures of the clusters 

formed by the association of the naphthyl radical (C10H7
•) with protonated methanol clusters 

(H+(CH3OH)n for n = 4-6) were calculated. Figure 18 shows the lowest energy structures and 

corresponding binding energies of the C10H7
•⋯(CH3OH)4-6 clusters. As the size of the cluster 

increases from n = 4 to n = 6, the binding energy of the protonated methanol cluster to the naphthyl 

radical decreases. For the H+(CH3OH)4 cluster, the binding energy of the protonated methanol 

cluster to the naphthyl radical was calculated to be 6.5 kcal mol-1 and decrease to 5.4 kcal mol-1 
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for the H+(CH3OH)5 cluster and 4.5 kcal mol-1 for the H+(CH3OH)6 cluster. This decrease in 

binding energy is explained by the fact that the charge of the protonated methanol cluster becomes 

more delocalized and further away from the naphthyl radical as the size of the subcluster increases 

thus decreasing the charge-induced dipole interaction between the naphthyl radical and the 

protonated methanol subcluster. When size of the protonated methanol subcluster becomes large 

enough, the effect of the charge is negligible and the binding energy is similar to that of the neutral 

system. The increase in size (n) of the methanol subcluster also results in the proton transfer 

interaction from the naphthalene radical cation to the methanol subcluster in C10H8
•+(CH3OH)n to 

become more exothermic as n increases. Since the binding of the C10H7
• ⋯ H+(CH3OH)n clusters 

decreases with increasing n, the dissociation of the C10H8
•+(CH3OH)n clusters into the naphthyl 

radical and protonated methanol clusters will occur at lower temperatures. This is what is observed 

in the mass spectrum shown in Figure 14f. 
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Figure 18. DFT structures and binding energies of the lowest energy structures of the C10H7

• 
H+(CH3OH)n clusters for n = 4-6 as obtained at the B3LYP/6-311++G** level. 

4.4.3. Study of the Energies and Structures of the Stepwise Solvation of Naphthalene•+ 
with Primary and Secondary Alcohols of 2, 3, and 4 Carbons 

The solvation of naphthalene•+ with methanol resulted in interesting intracluster proton 

transfer interactions resulting in naphthyl radical molecules and protonated methanol clusters at 

low temperatures.56 This is in part because of the hydrogen bonded chain of methanol molecules 

that forms upon the “external solvation” of the naphthalene radical cation. With larger organic 
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alcohols, the charge would be more delocalized and thus the investigation of these interactions is 

of interest. The thermochemistry and theoretical binding energy were also calculated to observe 

any trends with increasing size of the carbon chain. In the following section, the solvation of the 

naphthalene radical cation to produce C10H8
•+(ROH)n with R = Et, 1-Pr, 2-Pr, 1-Bu, and 2-Bu was 

investigated. 

4.4.3.1. Mass Spectra and Thermochemical Results for Naphthalene•+(ROH) Clusters 

The mass spectra obtained following the injection of the mass-selected naphthalene radical 

cation (C10H8
•+, Naph+) into the drift cell containing helium or a mixture of helium with the vapor 

of various alcohols are shown in Figure 19-Figure 23. The first mass spectrum for each figure is a 

reference mass spectrum of mass-selected C10H8
•+ injected into the drift cell containing roughly 

1.0 Torr He. In all cases the only major peak is at m/z = 128, which is assigned to the naphthalene 

radical cation. 

In the case of ethanol (Figure 19, EtOH), only the naphthalene radical cation is present at 

301 K as a major peak (Figure 19b) with a very small peak at m/z = 185 corresponding to the forth 

protonated ethanol cluster, H+(EtOH)4, also observed. The first association product, 

C10H8
•+(EtOH) (m/z = 174), is observed when the naphthalene radical cation is injected into the 

drift cell containing 0.92 Torr ethanol at 274 K (Figure 19c) as a minor peak. At this temperature, 

the fifth protonated ethanol cluster, H+(EtOH)5, is observed as a minor peak at m/z = 231. The 

C10H8
•+(EtOH) peak continues to be the only product observed until the drift cell temperature is 

228 K, just above the point at which ethanol freezes (Figure 19e). Here the first and second 

association products, C10H8
•+(EtOH)n for n = 1 and 2, are present (m/z = 174 and 220) as well as 

protonated ethanol clusters, H+(EtOH)n for n = 5-7, are also present (m/z = 231, 277, and 323). The 

presence of the protonated ethanol clusters was most likely due to the injection energy of the 



 

 64 

 
Figure 19. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cations (C10H8

•+, Naph+) into He gas (a) or He/ethanol (EtOH) vapor mixture (b-e) at different 
pressures (Torr) and temperatures (K) as indicated. 
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injected naphthalene radical cation which could induce the ionization of the ethanol inside the drift 

cell followed by proton transfer to form the observed protonated ethanol clusters. Since the 

naphthalene containing ions remain throughout the entire experiment, and the naphthalene radical 

cation remains the major peak, the DPT interactions seen in methanol are most likely not observed 

here. 

 The mass spectra obtained following the injection of naphthalene radical cation (C10H8
•+, 

Naph+) into the drift cell containing propanol are shown in Figure 20 and Figure 21. Mass spectra 

obtained for 1-propanol (1-PrOH, n-propanol) are shown in Figure 20 and for 2-propanol (2-PrOH, 

iso-propanol) are shown Figure 21. The first association product of 1-propanol C10H8
•+(1-PrOH) 

(m/z = 188), is not present when the naphthalene radical cation is injected into the drift cell 

containing 0.35 Torr 1-PrOH at 297 K (Figure 20b), but the forth protonated 1-propanol cluster, 

H+(1-PrOH), at m/z = 241 is present as a minor peak. The C10H8
•+(1-PrOH) peak is observed when 

C10H8
•+ is injected into 0.92 Torr 1-PrOH at 274 K (Figure 20c), but as a minor peak. As the 

temperature of the drift cell is decreased, the intensity of the C10H8
•+(1-PrOH) peak slowly 

increases and is the only product present until just above the freezing point of 1-PrOH in the drift 

cell at 249 K (Figure 20f); at this point, the C10H8
•+(1-PrOH) peak is the only association product 

present, but protonated 1-propanol clusters, H+(1-PrOH)n for n = 5-7 (m/z = 301, 361, and 421), 

are also present as minor peaks.  

Similar results are observed when C10H8
•+ was injected into the drift cell containing 2-

propanol vapor (2-PrOH) and He (Figure 21). Again the forth protonated 2-propanol cluster, H+(2-

PrOH)4 at m/z = 241, is present at 301 K (Figure 21b). When C10H8
•+ is injected into the drift cell 

containing 0.27 Torr 2-PrOH at 272 K (Figure 21c), the first association product, C10H8
•+(2-PrOH) 

(m/z = 188), is present at low intensity compared to the parent naphthalene radical cation. The 
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Figure 20. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cations (C10H8

•+, Naph+) into He gas (a) or He/1-propanol (1-PrOH) vapor mixture (b-f) at different 
pressures (Torr) and temperatures (K) as indicated. 
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Figure 21. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cations (C10H8

•+, Naph+) into He gas (a) or He/2-propanol (2-PrOH) vapor mixture (b-e) at 
different pressures (Torr) and temperatures (K) as indicated. 
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forth and fifth protonated 2-propanol cluster are also present, H+(2-PrOH)n for n = 4-5, at m/z = 

241 and 301. The intensity of the C10H8
•+(2-PrOH) peak continued to increase and is the only 

association product peak observed until 244 K (Figure 21e), the temperature just above where the 

2-propanol would freeze in the drift cell. At this temperature, the second association product, 

C10H8
•+(2-PrOH)2 (m/z = 248), is observed as a minor peak. The fifth protonated 2-propanol 

cluster, H+(2-PrOH)5, is also observed at an intensity nearly equal to that of the first association 

product. The presence of the protonated propanol clusters observed in both Figure 20 and Figure 

21 is due to charge transfer interactions much like with ethanol. 

The mass spectra obtained following the injection of the naphthalene radical cation 

(C10H8
•+, Naph+) into the drift cell containing butanol are shown in Figure 22 and Figure 23. The 

mass spectra for 1-butanol (1-BuOH, n-butanol) are shown in Figure 22 and for 2-butanol (2-

BuOH, sec-butanol) are shown in Figure 23. When C10H8
•+ is injected into the drift cell containing 

0.41 Torr 1-butanol at 305 K (Figure 22b) the first association product, C10H8
•+(1-BuOH), m/z = 

202 is observed at an intensity much weaker than the parent naphthalene radical cation peak.  The 

intensity of this ion increases slightly as the temperature of the drift cell decreased and just above 

the point at which 1-butanol freezes in the drift cell at 263 K (Figure 22e), it is still the only 

association product observed. The only protonated 1-butanol cluster observed during this series of 

mass spectra is the fifth protonated 1-butanol cluster, H+(1-BuOH)5, at m/z = 371. This cluster is 

only observed at the lowest temperature observed (Figure 22e). 

When the drift cell contained 0.29 Torr 2-butanol at 300 K (Figure 23b), the naphthalene 

radical cation was the major peak observed and the protonated dimer of 2-butanol, H+(2-BuOH) 

was observed with a much lower intensity at m/z = 149. Similar to what was observed with 1-

butanol, when the drift cell contained 0.28 Torr of 2-butanol at 273 K (Figure 23c), the first  
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Figure 22. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cations (C10H8

•+, Naph+) into He gas (a) or He/1-butanol (1-BuOH) vapor mixture (b-e) at different 
pressures (Torr) and temperatures (K) as indicated. 
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Figure 23. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cations (C10H8

•+, Naph+) into He gas (a) or He/2-BuOH (2-BuOH) vapor mixture (b-e) at different 
pressures (Torr) and temperatures (K) as indicated. 
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association product, C10H8
•+(2-BuOH) (m/z = 202), is observed as a minor peak. At this 

temperature, no protonated 2-butanol clusters are observed. The intensity of the C10H8
•+(2-BuOH) 

peak continues to increase slowly as the temperature of the drift cell is lowered, but the intensity 

is still low compared to the naphthalene radical cation at 259 K (Figure 23e). The fifth protonated 

2-butanol cluster, H+(2-BuOH)5, at m/z = 371 is the only protonated 2-butnaol cluster observed at 

T < 273 K. 

The stepwise solvation reaction of the naphthalene radical cation with primary and 

secondary alcohols of two, three, and four carbons (EtOH, 1-PrOH, 2-PrOH, 1-BuOH, and 2-

BuOH) are represented by Equations 4.7-4.11: 

C&$H=•F + EtOH ⇌ C&$H=•F EtOH  (4.7) 
  

C&$H=•F + 1PrOH ⇌ C&$H=•F 1PrOH  (4.8) 
  

C&$H=•F + 2PrOH ⇌ C&$H=•F 2PrOH  (4.9) 
  

C&$H=•F + 1BuOH ⇌ C&$H=•F 1BuOH  (4.10) 
  

C&$H=•F + 2BuOH ⇌ C&$H=•F 2BuOH  (4.11) 
 
The equilibrium constants are measured for these reactions using Equation 4.2 by obtaining the 

peak intensities of the naphthalene radical cation (C10H8
•+) and the observed association products 

and the pressure of the alcohol. By measuring the equilibrium constants at different temperatures, 

a van’t Hoff plot for the formation of the first association product using Equation 3.5 is produced 

for each alcohol as shown in Figure 24. The resulting -∆Hº and -∆Sº values for Equation 4.4 are 

obtained from the slope and intercept of the van’t Hoff plot respectively and are summarized in 

Table 3. The van’t Hoff plot for the formation of the C10H8
•+(EtOH) cluster, represented by 

Equation 4.7, is shown in Figure 24b. The resulting -∆Hº and -∆Sº values are 7.8 ± 1 kcal mol-1 

and 15.2 ± 2 cal mol-1 K-1. These values are similar to those obtained for the first association  
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Figure 24. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with ethanol (b), 1-propanol (c), 2-propanol (d), 
1-butanol (e), and 2-butanol (e) for the first solvation step. The resulting ∆Hº and ∆Sº are in (kcal 
mol-1) and (cal mol-1 K-1) respectively. The experimental error for these measurements are ± 1 kcal 
mol-1 and ±2 cal mol-1 K-1. A composite of all plots is shown in (a). 
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products of the naphthalene radical cation to water and methanol.56 Based on the overlapping 

ATDs of the naphthalene radical cation and the first association product with ethanol, 

C10H8
•+(EtOH), at a sequence of temperatures from 243 K to 233 K, the reaction represented by 

Equation 4.7 is said to be in equilibrium (Figure 25). 

Table 3. Measured thermochemistry (-∆Hº and -∆Sº)a of the formation of C10H8
•+(ROH) clusters 

for R = Et, 1-Pr, 2-Pr, 1-Bu, and 2-Bu and the calculated binding energies (∆E), enthalpies (-∆H), 
and Gibbs Free Energies (∆G) at the B3LYP/6-311++G** level for the lowest energy isomers of 
C10H8

•+(ROH)n cluster for R = Et, 1-Pr, 2-Pr, 1-Bu, and 2-Bu and n = 1-3. 
Cluster n -∆Hº -∆Sº ∆E (B3LYP) -∆H (calc) ∆G (calc) 

C10H8
•+(EtOH)n 

1 7.8 15.2 8.4 7.8 0.4 
2 - - 8.6 8.2 0.3 
3 - - 7.2 6.6 1.8 

C10H8
•+(1-PrOH)n 

1 9.2 23.5 8.0 7.3 0.9 
2 - - 8.1 7.6 0.8 
3 - - 6.7 6.1 3.5 

C10H8
•+(2-PrOH)n 

1 9.9 25.0 8.8 8.1 0.6 
2 - - 8.4 7.8 0.5 
3 - - 7.6 7.1 1.8 

C10H8
•+(1-

BuOH)n 

1 9.9 25.7 9.3 8.6 0.2 
2 - - 8.9 8.4 0.1 
3 - - 7.9 7.2 2.0 

C10H8
•+(2-

BuOH)n 

1 9.8 25.2 8.3 7.6 1.0 
2 - - 8.2 7.6 1.0 
3 - - 7.0 6.2 2.4 

a Units, estimated experimental error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 

 
Figure 25. Arrival time distributions (ATDs) of the naphthalene radical cation (Naph+) and the 
first association product with ethanol, C10H8

•+(EtOH) (Naph+(EtOH)), obtained following the 
injection of the mass-selected naphthalene radical cation into a He/EtOH vapor mixture at: (a) 243 
K, (b) 238 K, and (c) 233 K. Similar ATD overlap suggests the reaction is in equilibrium. 
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The -∆Hº and -∆Sº values obtained for the formation of the first association product of 1-

propanol to the naphthalene, C10H8
•+(1-PrOH), are 9.2 ± 1 kcal mol-1 and 23.5 ± 2 cal mol-1 K-1 

(Figure 24c). The reaction used for these values, Equation 4.8, is assumed to be in equilibrium 

based on the overlapping ATDs taken for the naphthalene radical cation and the first association 

product C10H8
•+(1-PrOH) at 258 K 263 K (Figure 26). The thermochemistry results for the 

formation of the association product of the secondary alcohol 2-propanol to the naphthalene radical 

cation, C10H8
•+(2-PrOH), are similar to those obtained for 1-propanol. Here the -∆Hº and -∆Sº 

values were 9.9 ± 1 kcal mol-1 and 25.0 ±2 cal mol-1 K-1 (Figure 24d). Again the reaction for the 

formation of C10H8
•+(2-PrOH) was assumed to be in equilibrium based on the overlapping ATDs 

taken for the naphthalene radical cation and the first association product C10H8
•+(2-PrOH) at 263 

K and 258 K (Figure 27).  

 
Figure 26. Arrival time distributions (ATDs) of the naphthalene radical cation (Naph+) and the 
first association product with 1-propanol, C10H8

•+(1-PrOH) (Naph+(1-PrOH)), obtained following 
the injection of the mass-selected naphthalene radical cation into He/1-PrOH vapor mixture at: (a) 
258 K and (b) 263 K. Similar ATD overlap suggests the reaction is in equilibrium. 
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Figure 27. Arrival time distributions (ATDs) of the naphthalene radical cation (Naph+) and the 
first association product with 2-propanol, C10H8

•+(2-PrOH) (Naph+(2-PrOH)), obtained following 
the injection of the mass-selected naphthalene radical cation into He/2-PrOH vapor mixture at: (a) 
263 K and (b) 258 K. Similar ATD overlap suggests the reaction is in equilibrium. 
 

The thermochemistry results for the solvation of the naphthalene radical cation with both 

the primary and secondary butanol alcohols, 1-BuOH and 2-BuOH, are very similar. The -∆Hº and 

-∆Sº values are 9.9 ± 1 kcal mol-1 and 25.7 ± 2 cal mol-1 K-1 for 1-butanol (Figure 24e) and 9.8 ± 

1 kcal mol-1 and 25.2 ± 2 cal mol-1 K-1 for 2-butanol (Figure 24f). The -∆Hº values for these 

alcohols are similar to those using propanol (both 1-propanol and 2-propanol). This suggests that 

the binding of small primary and secondary alcohols to the naphthalene radical cation forms a 

CHδ+⋯O IHB between alcohol and the PAH naphthalene radical cation.  

4.4.3.2. Calculated Structures and Binding Energies of Naphthalene•+(ROH) Clusters 

The lowest energy isomers for the first three association products of the injection of the 

naphthalene radical cation into the drift cell containing a gas/vapor mixture of He and small 

primary and secondary alcohols with two, three, or four carbons were calculated at the B3LYP/ 
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6-311+++G** level of theory with the calculated binding energies, enthalpies, and Gibbs free 

energies are summarized in Table 3.  

The calculated structures and binding energies, ∆E, for the first three association products 

of ethanol to the naphthalene radical cation, C10H8
•+(EtOH)n where n = 1-3, are shown in Figure 

28. The structure of the first association product C10H8
•+(EtOH) (Figure 28a) is similar to that 

observed with water and methanol where the oxygen of the ethanol forms a bifurcated IHB 

structure with two CHδ+ hydrogens of the naphthalene radical cation.56 The calculated binding 

energy of this structure is ∆E = 8.4 kcal mol-1 and the calculated -∆H is 7.8 kcal mol-1 (which is 

closer to the experimental value). A lower energy isomer of the C10H8
•+(EtOH) cluster with a single 

IHB between the ethanol and naphthalene radical cation was also calculated, as shown in Figure 

29a(ii), with a binding energy, ∆E, of 7.0 kcal mol-1 and calculated -∆H of 6.2 kcal mol-1. 

Considering the experimentally measured enthalpy change for the formation of the C10H8
•+(EtOH) 

cluster of -∆Hº = 7.8 ± 1 kcal mol-1, the lowest energy structure is preferred, but a mixture could 

still be present. 

 
Figure 28. DFT structures and binding energies (∆E kcal mol-1, calculated according to Equation 
4.3) of the lowest energy isomers of the C10H8

•+(EtOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 
 

The lowest energy isomer for the second association product is an “externally solvated” 

structure (Figure 28b) with a ∆E of 8.6 kcal mol-1 and a calculated -∆H of 8.2 kcal mol-1. This 

structure is similar to that of the C10H8
•+(CH3OH)2 cluster where the second alcohol begins a chain 

of molecules attached to the naphthalene radical cation.56 However, a higher energy “internally 
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solvated” structure with a binding energy of ∆E = 7.7 kcal mol-1 and a calculated -∆H of 7.0 kcal 

mol-1, shown in Figure 29b(ii), is within the experimental uncertainty of ± 1 kcal mol-1 and 

therefore could also be present. A structure where the second ethanol add in a way where ion-

dipole interactions observed in the plane of the naphthalene rings is shown in Figure 29b(iii). In 

this case, the calculated binging energy lower with a ∆E of 6.1 kcal mol-1 with a calculated -∆H of 

5.3 kcal mol-1. 

 
Figure 29. DFT Structures and binding energies (ΔE, kcal mol-1, calculated according to Equation 
4.3) for higher energy isomers of the C10H8

•+(EtOH)n clusters for n = 1-3 obtained at the B3LYP/6-
311++G** level. 
 

Calculated isomers of the third association product of ethanol to the naphthalene radical 

cation, C10H8
•+(EtOH)3, show that the third ethanol molecule forms a second IHB to the 
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naphthalene radical cation. The lowest energy isomer (Figure 28c) has a calculated binding energy, 

∆E, of 7.2 kcal mol-1 and a calculated -∆H of 6.6 kcal mol-1. In this structure, the third ethanol 

forms a bifurcated IHB on the opposite side of the naphthalene that is the same as that formed by 

the first ethanol. If the ethanol forms a single IHB similar to that calculated in Figure 29a(ii), the 

binding energy is 5.9 kcal mol-1 with a calculated -∆H of 5.2 kcal mol-1 as shown in Figure 29c(ii). 

Should the ethanol interact with the C10H8
•+(EtOH)2 cluster in an ion-dipole fashion, the calculated 

binding energy is low, ∆E = 5.7 kcal mol-1, as is the calculated -∆H (5.0 kcal mol-1) as shown in 

Figure 29c(iii). The formation of a second IHB is unlike methanol where there is strong evidence 

that methanol molecules form a H-bonded chain to “externally solvated” the naphthalene radical 

cation. This is interesting when compared to IR studies of the ethanol dimer which has at least two 

hydrogen bonded linear conformers.141 Crystal structure studies of ethanol clusters show that the 

unit cell consists of four ethanol molecules that form a ring-like structure that then has an infinite 

zigzag pattern.141-143 However it appears here that ring structures are not preferred for lower 

additions of ethanol. Differences between the calculated binding energies and the caclucated 

enthalpies are likely due to entropy contributions which is seen with the increasing calculated ∆G 

as the cluster size increases as observed in Table 3. 

The lowest energy structures for the first three additions of 1-propanol to the naphthalene 

radical cation resulting in the C10H8
•+(1-PrOH)n with n = 1-3 association products are shown in 

Figure 30. For the first association product, the 1-propanol binds to the naphthalene radical cation 

via a bifurcated IHB that is observed with other polar molecules studied with a calculated binding 

energy, ∆E, of 8.0 kcal mol-1 and calculated enthalpy of 7.3 kcal mol-1. A higher energy isomer for 

the C10H8
•+(1-PrOH) cluster where a single IHB is formed between the oxygen of the 1-propanol 

molecule and a CHδ+ hydrogen of the naphthalene radical cation, structure shown in Figure 31a(ii), 
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the calculated binding energy is much lower with a ∆E value of 6.7 kcal mol-1 and calculated -∆H 

of 5.9 kcal mol-1. The second 1-propanol molecule “externally solvates” the naphthalene radical 

cation in a similar fashion as ethanol (structure shown in Figure 30b) and has a similar calculated 

binding energy of 8.1 kcal mol-1 and calculated enthalpy of 7.6 kcal mol-1. Interestingly, an 

“internally solvated” structure shown in Figure 31b(ii) with two bifurcated IHBs has a calculated 

binding energy of 7.2 kcal mol-1 and calculated enthalpy of 6.6 kcal mol-1 that is within the 

experimental error of ±1 kcal mol-1. This would suggest that such a structure is possible and is 

reinforced when low energy structures of the third association product of 1-propanol to the 

naphthalene radical cation are calculated. The calculated binding energy of the third 1-propanol 

molecule is lower than what is observed in lower additions with a ∆E value of 6.7 kcal mol-1 and 

calculated -∆H of 6.1 kcal mol-1 (Figure 30c). The lowest energy structure of the C10H8
•+(1-PrOH)3 

shows that the third 1-propanol binds to either the “externally” or “internally solvated” C10H8
•+(1-

PrOH)2 structures with a lower binding energy. A drop in binding energy is not observed with 

small alcohols suggesting that this is an effect of the chain length. A higher energy ion-dipole 

structure, shown in Figure 31c(ii), with a binding energy of 5.5 kcal mol-1 and calculated enthalpy 

of 4.8 kcal mol-1 is slightly more stable than a fully “externally solvated” structure with a binding 

energy of 5.2 kcal mol-1 and calculated enthalpy of 4.4 kcal mol-1, calculated structure shown in 

Figure 31c(iii). 

 
Figure 30. DFT structures and binding energies (∆E kcal mol-1, calculated according to Equation 
4.3) of the lowest energy isomers of the C10H8

•+(1-PrOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 
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Figure 31. DFT Structures and binding energies (ΔE, kcal mol-1, calculated according to Equation 
4.3) for higher energy isomers of the C10H8

•+(1-PrOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 
 

The first association product of 2-propanol to the naphthalene radical cation forms a 

bifurcated IHB structure that is similar to what is observed with other polar molecules with a 

calculated binding energy of 8.8 kcal mol-1 and calculated enthalpy of 8.1 kcal mol-1 (Figure 32a). 

A higher energy isomer with a single IHB, structure shown in Figure 33a(ii), has a binding energy 

of 7.3 kcal mol-1 and calculated -∆H of 6.4 kcal mol-1. The lowest energy isomer of the C10H8
•+(2-

PrOH)2 cluster shows that the second 2-PrOH molecule forming a hydrogen bonded chain of 2-

propanol molecules and thus “externally solvating” the naphthalene radical cation (Figure 32b). 
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The calculated binding energy, ∆E, of this isomer is 8.4 kcal mol-1 and calculated -∆H of 7.8 kcal 

mol-1. An “internally solvated” structure where the 2-propanol molecules form two separate IHBs 

with the naphthalene radical cation has a very similar calculated binding energy as the “externally 

solvated” structure with a ∆E value of 8.0 kcal mol-1 and -∆H value of 7.2 kcal mol-1 with the 

structure shown shown in Figure 33b(ii). An ion-dipole structure was also calculated, structure 

shown in Figure 33b(iii), but the calculated binding energy is much lower where ∆E = 6.3 kcal 

mol-1 and calculated -∆H = 5.4 kcal mol-1. The calculations for the C10H8
•+(2-PrOH)3 cluster 

resulted in two isomers of nearly identical binding energies. A fully “externally solvated” structure 

that is similar to that of methanol has a calculated binding energy of ∆E = 7.6 kcal mol-1 and 

calculated -∆H = 7.1 kcal mol-1 (Figure 32c).56 A structure where there are two bifurcated IHBs 

for two 2-propanol molecules and a third 2-proanol forming to a hydrogen bonded chain has a 

calculated binding energy of ∆E = 7.5 kcal mol-1, structure shown in Figure 33c(ii). 

 
Figure 32. DFT structures and binding energies (∆E kcal mol-1, calculated according to Equation 
4.3) of the lowest energy isomers of the C10H8

•+(2-PrOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 
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Figure 33. DFT Structures and binding energies (ΔE, kcal mol-1, calculated according to Equation 
4.3) for higher energy isomers of the C10H8

•+(2-PrOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 

 
The structure of the C10H8

•+(1-BuOH) cluster is similar to that previously discussed and 

has a calculated binding energy of 9.3 kcal mol-1 and calculated enthalpy of 8.6 kcal mol-1 (Figure 

34a).The single IHB structure for the first addition of 1-butanol to the naphthalene radical, 

structure shown in Figure 35a(ii), has a ∆E of 7.6 kcal mol-1 and calculated -∆H of 6.8 kcal mol-1 

indicating that the bifurcated IHB structure is preferred. An “externally solvated” structure for the 

C10H8
•+(1-BuOH)2 structure (Figure 34b) is the low energy structure where ∆E = 8.9 kcal mol-1 

and calculated -∆H = 8.4 kcal mol-1. “Internally solvated” structures with two bifurcated IHBs 

between the 1-butanol and the the naphthalene radical cation with the orientation of the 1-butnaol 



 

 83 

molecules differing, structures shown in Figure 35b(ii) and Figure 35b(iii), have relatively similar 

calculated binding energies to the “externally solvated” structure with ∆E values of 8.4 and 8.2 

kcal mol-1 and calculated -∆H values of 7.7 and 7.2 kcal mol-1 respectively. The third 1-butanol 

molecule binds in a similar fashion as small alcohols with a binding energy of 7.9 kcal mol-1 and 

calculated enthalpy of 7.2 kcal mol-1 (Figure 34c). If the third 1-butanol molecule adds via a single 

IHB, as observed in Figure 35c(ii) and Figure 35c(iii) with differing orientations of the 1-butanol, 

the biding energies are 6.3 and 6.1 kcal mol-1 and calculated enthalpy of 5.5 and 5.2 kcal mol-1 

indicating that the bifurcated IHB stabilizes the third addition of 1-butanol to the naphthalene 

radical cation.  

 
Figure 34. DFT structures and binding energies (∆E kcal mol-1, calculated according to Equation 
4.3) of the lowest energy isomers of the C10H8

•+(1-BuOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 
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Figure 35. DFT Structures and binding energies (ΔE, kcal mol-1, calculated according to Equation 
4.3) for higher energy isomers of the C10H8

•+(1-BuOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 

 
The bifurcated IHB structure for the C10H8

•+(2-BuOH) cluster has a calculated binding 

energy of 8.3 kcal mol-1 and calculated enthalpy of 7.6 kcal mol-1 (Figure 36a) and the lower energy 

single IHB structure has a binding energy of 6.9 kcal mol-1 and calculated enthalpy of 6.1 kcal 

mol-1, structure shown in Figure 37a(ii). The lowest energy isomer of the C10H8
•+(2-BuOH)2 cluster 

(Figure 36b) is an “externally solvated” structure with a calculated binding energy of ∆E = 8.2 

kcal mol-1 and calculated -∆H = 7.6 kcal mol-1. A second “internally solvated” structure with two 

IHBs, structure shown in Figure 37b(ii), of higher energy also possible with a calculated binding 

energy of ∆E = 7.4 kcal mol-1 and -∆H = 6.7 kcal mol-1. If the second 2-butnaol molecule binds 
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with a single IHB, structure shown in Figure 37b(iii), the calculated binding energy is lower with 

∆E = 6.1 kcal mol-1 and -∆H = 5.3 kcal mol-1. The third association product of 2-butnaol to the 

naphthalene radical cation is similar to that observed in 2-propanol with the structure with two 

bifurcated IHBs (Figure 36c) having a calculated binding energy nearly identical to that of the 

purely “externally solvated” structure, shown in Figure 37c(ii), with binding energies of 7.0 and 

6.8 kcal mol-1 and calculated enthalpies of 6.2 and 6.3 kcal mol-1 respectively. 

 
Figure 36. DFT structures and binding energies (∆E kcal mol-1, calculated according to Equation 
4.3) of the lowest energy isomers of the C10H8

•+(2-BuOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 

 
The size of the aliphatic chain on the alcohol shows no significant impact on the hydrogen 

bonding properties of the first addition of an alcohol to the naphthalene radical cation when 

compared to methanol.56 This could be explained by the similar dipole moments of all alcohols 

and that the hydrogen bonding strength of the primary alcohol clusters is relatively unchanged 

based on IR cavity ringdown laser absorption spectroscopy.2,141 The calculated structures also 

show that secondary alcohols (2-propanol and 2-butanol) behave in the same manner as primary 

alcohols. Interestingly an ensemble of structures appears to be present as the alcohols increase in 

size. The higher entropy values observed with the longer aliphatic chains could be explained by a 

restriction of the structures since the value measured in entropy loss. There seems to be greater 

entropy contribution with the shorter aliphatic chains when the ∆G values of Table 3 are 

considered.  
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Figure 37. DFT Structures and binding energies (ΔE, kcal mol-1, calculated according to Equation 
4.3) for higher energy isomers of the C10H8

•+(1-BuOH)n clusters for n = 1-3 obtained at the 
B3LYP/6-311++G** level. 
 

4.4.4. Study of the Energies and Structures of the Stepwise Solvation of Naphthalene•+ 
by HCN 

4.4.4.1. Mass Spectra and Thermochemical Results for Naphthalene•+(HCN)n clusters 

The mass spectra obtained following the injection of mass-selected naphthalene radical 

cation (C10H8
•+, Naph+) into the drift cell containing He or a He/HCN gas mixture are shown in 

Figure 38. When the mass-selected C10H8
•+ is injected into the drift cell containing 0.83 Torr He 

at 301 K (Figure 38a), the mass spectrum shows no dissociation products, which is consistent with 

the low injection energy (13.8 eV), and the C10H8
•+ was the major peak (m/z = 128). The small  
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Figure 38. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into He gas (a) or He/HCN vapor mixture (b-e) at different pressures (Torr) 
and decreasing temperatures (K) as indicated. 
 

 



 

 88 

peak observed at m/z = 146 corresponds to the C10H8
•+(H2O) ion (Naph+(W) in Figure 38a) and is 

present due to the trace amount of water vapor in the drift cell. When the drift cell is cooled to 

273K with 0.20 Torr HCN, the first two association products of C10H8
•+(HCN)n for n = 1 and 2 

(m/z = 155 and 182) are present as shown in Figure 38b. There is also a small peak at m/z = 100 

which is assigned to H3O+(HCN)3 cluster ion formed by three HCN molecules associating with a 

central hydronium ion. The three IHBs formed between the nitrogen atoms of the HCN and the 

hydrogen atoms of the core hydronium ion formed a stable solvation shell leading to an increased 

intensity. This peak disappeared when the water freezes at lower temperatures. Also with 

decreasing temperatures, the major cluster series C10H8
•+(HCN)n increases in intensity with a shift 

towards larger n values (Figure 38c-e). At 177 K, the lowest temperature achieved before 

condensation of the HCN, the naphthalene radical cation peak is not present and the 

C10H8
•+(HCN)n cluster peaks for n = 1-4 were the dominate peaks present (Figure 38e). 

The association reaction of HCN with the naphthalene radical cation is represented by 

Equation 4.12: 

C&$H=•F HCN ND& + HCN ⇌ C&$H=•F HCN N  (4.12) 
 
The equilibrium constants are measured for Equation 4.12 using Equation 4.2 by obtaining the 

peak intensities of the the stepwise association of neutral HCN to  the C10H8
•+ ion at different 

temperatures and using Equation 3.5 the van’t Hoff plots for each association step is produced as 

shown in Figure 39. The resulting -∆Hº and -∆Sº values for Equation 4.12 are obtained from the 

slope and intercept of the van’t Hoff plot respectively are calculated and summarized in Table 4. 
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Figure 39. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with HCN for the first, second, and third 
solvation steps. The resulting ∆Hº and ∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The 
experimental error for the -∆Hº and -∆Sº values are ±1 kcal mol-1 and ±2 cal mol-1 K-1 respectively. 
 
Table 4. Measured thermochemistry (-∆Hº and -∆Sº)a of the formation of C10H8

•+(HCN)n clusters 
for n = 1-3 and the calculated binding energies (∆E, corrected ZPVE) and enthalpies (-∆H calc) at 
the B3LYP/6-311++G** (∆E and -∆H calc) , M06-2X/6-311+G**, and ω97X-D/6-311+G**  
levels for C10H8

•+(H2O)n cluster for n= 1-4. 
n -∆Hº -∆Sº ∆E (B3LYP) ∆E (M06-2X) ∆E (ω97X-D) -∆H (calc) 
1 7.1 16.4 7.8 9.1 8.8 7.4 
2 6.6 18.0 7.5 8.4 8.1 7.4 
3 6.0 17.2 7.0 - - 6.4 
4 - - 7.8 - - 7.1 

a Units, estimated error for experimental measurements: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
 

The thermochemical results indicate that the binding energies of the first three HCN 

molecules are similar with values of 6-7 ± 1 kcal mol-1. This would suggest the presence of multiple 

binding sites with comparable energies for the HCN molecules to attach to the naphthalene radical 

cation. The first site would involve CHδ+⋯N unconventional hydrogen bonding where the 
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naphthalene radical cation acts as the proton donor to the lone pair of electrons on the nitrogen 

atom of the HCN molecule. Subsequent HCN molecules could attach to different CHδ+ sites of the 

naphthalene radical cation or form linear H-bonded chains by attachment to the first HCN molecule 

associated with the naphthalene radical cation as observed in water and methanol.56,57 

 Throughout the course of the experiment, ATDs were taken to ensure that the reaction 

between the naphthalene radical cation and neutral HCN as written in Equation 4.12 is in 

equilibrium. Based on the ATDs shown in Figure 40, the reaction is considered to be in equilibrium 

since the similar arrival times and overlapping ATDs for the naphthalene radical cation and the 

first three association products, C10H8
•+(HCN)n for n = 1-3, at 263, 233, and 183 K was observed. 

 
Figure 40. Arrival time distributions (ATDs) of the naphthalene radical cation (Naph+) and the the 
first three association products with HCN, C10H8

•+(HCN)n for n = 1-3 (Naph+(HCN)n for n = 1-3), 
obtained following the injection of the mass-selected naphthalene radical cation into the drift cell 
containing a  He/HCN gas mixture at: (a) 263 K, (b) 223 K, and 183. Similar ATD overlap suggests 
the reaction is in equilibrium. 

4.4.4.2. Calculated Structures and Binding Energies of Naphthalene•+(HCN)n Clusters 

Insights into the roles of naphthalene-HCN and HCN-HCN interactions in the energetics 

of the structures of C10H8
•+(HCN)n clusters are obtained by calculating the binding energies of the 

lowest energy structures of the C10H8
•+(HCN)n clusters using DFT calculations, which were 

performed by Dr. Isaac Kwame Attah. For these calculations, three levels of theory were used: 

M06-2X, ω97X-D, and B3LYP levels using the 6-311++G** basis set with all results being 
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summarized in Table 4, which also includes the calculated enthalpy values for the lowest energy 

isomer at the B3LYP/6-311++G** level of theory. Similar to the methanol and water clusters, the 

M06-2X and ω97X-D functional are known to be accurate for van der Waals (vdW) and weak ion-

molecule interactions.56,57,65,79,127,144 Since the results using the  B3LYP functional are closer to the 

experimental results compared to those using the M06-2X and ω97X-D functionals, only the 

B3LYP functional was used for subsequent calculations of larger C10H8
•+(HCN)n clusters where n 

= 3 and 4.57,67 

 All three functionals predicted the lowest energy isomer of C10H8
•+(HCN) to have a 

bifurcated structure where the HCN molecule binds to two CHδ+ hydrogen atoms from the two 

condensed rings of the naphthalene radical cation. The distance of these bonds are 2.44 Å for the 

M06-2X and ω97X-D functionals (Figure 41 structure 1-a) and 2.51 Å for the B3LYP functional 

(Figure 43 structure 1-a). This geometry continues the trend observed in association of water, 

methanol, and various alcohols with the naphthalene radical cation, but also the association of 

HCN with the benzene cation.56,69,145 The calculated binding energy of the lowest energy isomer 

of C10H8
•+(HCN) cluster using the B3LYP functional is 7.8 kcal mol-1 (structure 1-a of Figure 43) 

which is in agreement with the experimental -∆Hº value of 7.1 ± 1 kcal mol-1 and calculated -∆H 

value of 7.4 kcal mol-1. The M06-2X and ω97X-D functionals overestimate the binding energy 

where the values of ∆E are 9.1 and 8.8 kcal mol-1 for each functional respectively (structure 1-a in 

Figure 41). The geometry of three other structural isomers for the C10H8
•+(HCN) cluster were 

calculated using the M06-2X and ω97X-D and are shown in structures 1-b, 1-c, and 1-d in Figure 

41. Structures 1-b and 1-c show the HCN binding in a bifurcated IHB structure, but between 

different CHδ+ groups as those in structure 1-a with binding energies of ∆E= 8.3 and 7.9 kcal mol-1 

for the M06-2X functional and 8.4 and 7.9 kcal mol-1 for the ω97X-D functional respectively. 
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Structure 1-d shows the HCN above the plane of the naphthalene radical cation with the nitrogen 

atom pointing to the plane of the cation in an ion-dipole structure with a binding energy of ∆E = 

7.4 kcal mol-1 for the M06-2X functional and 8.0 kcal mol-1 for the ω97X-D functional. Overall 

the M06-2X and ω97X-D functionals result in the same low energy structures and similar binding 

energies. The B3LYP functional does result in lower calculated binding energies, but these values 

are closer to the experimental -∆Hº values making it more accurate.57 

 
Figure 41. Structures of the four lowest energy isomers of the C10H8

•+(HCN) complex obtained 
used two functionals: M06-2X and ω97X-D, within the 6-311+G** basis set. The calculated 
energies ∆E in kcal mol-1 are given using M06-2X and ω97X-D (in parenthesis) methods.  
 

The structures of six isomers for the C10H8
•+(HCN)2 cluster using the M06-2x and ω97X-D 

functionals as shown in Figure 42 where the calculated binding energies range from 8.4 to 6.0 kcal 

mol-1. The lowest energy isomer (structure 2-a in Figure 42) has an “internally solvated” structure 

where the second HCN molecule forming a second bifurcated IHB with the naphthalene radical 
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cation with a binding energy of 8.4 and 8.1 kcal mol-1 for the M06-2X and ω97X-D functionals 

respectively. An “externally solvated” structure was calculated (structure 2-b in Figure 42) and 

resulted in a binding energy of 8.0 kcal mol-1 for both the M06-2X and ω97X-D functionals. The 

small difference between structures 2-a and 2-b in Figure 42 indicates that the HCN IHB 

interaction with the CHδ+ group of the naphthalene radical cation (CHδ+ ⋯ NCH) is similar to the 

hydrogen bonding interaction with the second HCN molecules (NCH ⋯ NCH). 

This is supported when the M06-2X and ω97X-D functional results are compared to those 

using the B3LYP functional; in this case, the “externally solvated” structure is the lower energy 

structure, with a binding energy of ∆E = 7.5 kcal mol-1 and calculated -∆H = 7.4 kcal mol-1 

(structure 2-a in Figure 43), compared to the “internally solvated” structure where the calculated 

binding energy was ∆E = 7.2 kcal mol-1 and calculated -∆H = 6.7 kcal mol-1 (structure 2-b in Figure 

43). Similar structures are produced using all three functionals, but the M06-2X and ω97X-D 

functionals overestimate the binding energies when compared to the experimental -∆Hº value of 

6.6 ± 1 kcal mol-1. This trend is to to what was observed with water and methanol.56 With this in 

mind, the B3LYP functional at the 6-311++G** level was used to calculate the lowest energy 

structures of the C10H8
•+(HCN)n for n = 3 and 4. The resulting structures and calculated binding 

energies are shown in Figure 43.57 
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Figure 42. Structures of the six lowest energy isomers of the C10H8

•+(HCN)2 complex obtained 
used two functionals: M06-2X and ω97X-D, within the 6-311+G** basis set. The calculated 
energies ∆E in kcal mol-1 are given using M06-2X and ω97X-D (in parenthesis) methods. 
  

The lowest energy isomers of the third and fourth association steps of C10H8
•+(HCN)n 

clusters where n = 3 and 4 show that the solvation of the naphthalene radical cation by HCN will 

form bifurcated hydrogen bonding sites (CHδ+⋯NCH) with the ring hydrogen atoms on opposite 

sides of the naphthalene radical cation (structures 3-a and 4-a in Figure 43). The calculated binding 
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energies for these clusters were ∆E = 7.0 and 7.8 kcal mol-1 for the third and forth association 

products respectively. In addition, the calculated enthalpies of these clusters were -∆H = 6.4 and 

7.1 kcal mol-1 respectively. A purely “externally solvated” structure for the C10H8
•+(HCN)3 is 

shown as structure 3-b in Figure 43 where the HCN molecules form an extended hydrogen bonded 

chain and had a calculated binding energy of ∆E = 6.7 kcal mol-1 and a calculated enthalpy of 

-∆H= 6.5 kcal mol-1. Although this is possible for the third association product, it does not appear 

to be the case for the forth association product as shown in structure 4-a and 4-b in Figure 43 which 

shows a preference for forming two bifurcated hydrogen bonding interactions along the opposite 

side of the naphthalene radical cation where the calculated binding energy and enthalpy was 7.8 

and 7.1 kcal mol-1 for structure 4-a versus 6.5 and 6.4 kcal mol-1 for structure 4-b. 

The small energy difference between the different isomers implies that an ensemble of 

different configurations could exist for these clusters. This would mean that the measured -∆Hº 

values is an average of the binding energies of different structures. Since the measured -∆Hº values 

are obtained using equilibrium thermochemical measurements, it can be assumed that the 

difference configurations are populated thermally.57 
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Figure 43. Structures of the two lowest energy isomers of the C10H8

•+(HCN)n clusters for n = 1-4 
obtained using the B3LYP method within the 6-311++G** basis set. The calculated energies ∆E 
are given in kcal mol-1. 
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4.4.5. Study of the Energies and Structures of the Stepwise Solvation of Association 
of Naphthalene•+ by Acetonitrile 

4.4.5.1. Mass Spectra and Thermochemical Results for Naphthalene•+(CH3CN)n clusters 

The mass spectra obtained following the injection of mass-selected naphthalene radical 

cation (C10H8
•+, Naph+) into the drift cell containing He or 0.25-0.17 Torr acetonitrile (CH3CN, A) 

vapor in He at different temperatures are shown in Figure 44. When the mass-selected C10H8
•+ is 

injected into the drift cell containing 0.83 Torr He at 292 K (Figure 44a), no dissociation products 

are observed, which is consistent with the low injection energy (13.8 eV). The C10H8
•+ is the major 

peak of this mass spectrum with a m/z = 128. The small peak observed at m/z = 146 corresponds 

to the C10H8
•+(H2O) ion (Naph+(W) in Figure 44a) and is present due to the trace amount of water 

vapor in the drift cell. At 301 K, when the drift cell contained 0.25 Torr CH3CN, most of the 

naphthalene radical cations are incorporated into C10H8
•+(CH3CN)n clusters for n = 1 and 2 (m/z = 

169 and 210) as shown in Figure 44b. When compared to the HCN experiments at 273 K (Figure 

38b), the mass spectra indicates that binding of CH3CN to the naphthalene radical cation is 

significantly stronger than HCN. This is confirmed by the observation of C10H8
•+(CH3CN)n cluster 

for n = 1-3 (m/z = 169, 210, and 251) at 301 K (Figure 44b) while only n = 1 and 2 are weakly 

observed for C10H8
•+(HCN)n clusters at 273 K (Figure 38b). At the lowest temperature used for 

CH3CN experiments (212 K), the C10H8
•+(CH3CN)n clusters for n = 2-5 (m/z = 210, 251, 292, and 

333 respectively) are the most prominent ions observed and the peak associated with the 

naphthalene radical cation is not present (Figure 44d).57 
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Figure 44. Mass spectra resulting from the injection of the naphthalene radical cation (C10H8

•+, 
Naph+) into He gas (a) or He/CH3CN vapor mixture (b-d) at different pressures (Torr) and 
decreasing temperatures (K) as indicated. 
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Other ions observed in the mass spectra of Figure 44 include the H3O+(CH3CN)3 cluster at 

m/z = 142 which appears at 301 K and 244 K (Figure 44b and c). This ion is the first solvent shell 

of the three acetonitrile molecules around the hydronium ion, which is similar to that seen in HCN 

experiments (Figure 38b).146 At 212 K the H3O+(CH3CN)3 ion nearly disappears, but the 

H5O2
+(CH3CN)4 cluster ion appears at m/z = 201 (Figure 44d). This peak indicates the formation 

of a protonated water dimer core (H5O2
+) solvated by four acetonitrile molecules through four 

unconventional OHδ+⋯N IHBs.147 The presence of water at these lower temperatures can be 

explained by the trace amounts found in acetonitrile liquid that is difficult to remove due to the 

strong interaction between water and acetonitrile in  the liquid phase.148 

The association reaction of CH3CN with the naphthalene radical cation is represented by 

Equation 4.13: 

C&$H=•F CH?CN ND& + CH?CN ⇌ C&$H=•F CH?CN N  (4.13) 
 
The equilibrium constants are measured for Equation 4.13 using Equation 4.2 by obtaining the 

peak intensities of the the stepwise association of CH3CN with the C10H8
•+ ion at different 

temperatures and using Equation 3.5, van’t Hoff plots for each association step were produced as 

shown in Figure 45. The resulting -∆Hº and -∆Sº values for Equation 4.13 are obtained from the 

slope and intercept of the van’t Hoff plot respectively and the results are summarized in Table 5. 

Table 5. Measured thermochemistry (-∆Hº and -∆Sº)a of the formation of C10H8
•+(CH3CN)n 

clusters for n = 1-5 and the calculated binding energies (∆E, corrected ZPVE), enthalpies (-∆H 
calc), and Gibbs free energies (∆G calc) at the B3LYP/6-311++G**, M06-2X/6-311+G**, and 
ω97X-D/6-311+G**  levels for C10H8

•+( CH3CN)n cluster for n = 1-6. 
n -∆Hº -∆Sº ∆E (B3LYP) ∆E (M06-2X) ∆E (ω97X-D) -∆H calc ∆G calc 
1 11.3 20.9 10.8 12.2 12.1 10.0 3.1 
2 9.2 17.3 9.7 11.3 10.5 8.9 2.2 
3 7.2 15.0 7.1 - - 6.3 0.2 
4 8.0 23.2 6.5 - - 5.6 0.2 
5 7.7 22.1 4.6 - - 3.7 1.5 
6 - - 4.5 - - 3.6 1.6 

a Units, estimated error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
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Figure 45. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with acetonitrile for the first five solvation steps. 
The resulting -∆Hº and -∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The experimental 
error for the -∆Hº and -∆Sº values are ±1 kcal mol-1 and ±2 cal mol-1 respectively. 
 

The thermochemical results indicate that the binging energies of the first three acetonitrile 

molecules to the naphthalene radical cation have decreasing values for -∆Hº from 11.3 ± 1 kcal 

mol-1 for the first solvation product C10H8
•+(CH3CN) to 7.2 ± 1 kcal mol-1 for the third solvation 

product C10H8
•+(CH3CN)3. The fourth and fifth association products of CH3CN to the naphthalene 

radical cation have similar -∆Hº values of 8.0 ± 1 and 7.7 ± 1 kcal mol-1 respectively, which are 

similar to value of the third association product. ATDs for the fourth and fifth association products 

were taken at 223 and 208 K as shown in Figure 46. The fact that the ATDs overlap and have 

similar arrival times suggest that the reaction between the naphthalene radical cation and 

acetonitrile as shown in Equation 4.13 is in equilibrium. 
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The increase in entropy for the fourth and fifth association products could be explained by 

the possibility of multiple structures present with binding energies that average to the measured 

binding energy. In addition the thermochemical measurements are stepwise and therefore measure 

the addition of a single acetonitrile molecule to the C10H8
•+(CH3CN)n cluster and therefore the 

entropy increase is due to more restriction of the cluster formed by Equation 4.13 due to loss of 

degrees of freedom compared to the reactant cluster. The calculated Gibbs free energy values in 

Table 5 help to explain this larger entropy contribution to the binding energies of the 

C10H8
•+(CH3CN)n clusters where the lower ∆G is a results of a larger contribution of the –T∆S 

term. Since the larger clusters are observed only at lower temperatures, entropy has a larger 

contribution in that term. 

 
Figure 46. Arrival time distributions (ATDs) of the forth and fifth association products of the 
naphthalene radical cation with acetonitrile (A), C10H8

•+(CH3CN)n for n = 4 and 5 (Naph+(A)n n = 
4, 5), obtained following the injection of the mass-selected naphthalene radical cation into the drift 
cell containing He/CH3CN vapor mixture at: (a) 223 K and (b) 208 K. Similar ATD overlap 
suggests the reaction is in equilibrium. 
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4.4.5.2. Calculated Structures Binding Energies of Naphthalene•+(CH3CN)n Clusters 

The interactions of acetonitrile to the naphthalene radical cation and the energetics of the 

structures of the C10H8
•+(CH3CN)n clusters are obtained by calculating the binding energies (∆E) 

and enthalpies (-∆H) of the lowest energy structures of the C10H8
•+(CH3CN)n clusters using DFT 

calculations. For these calculations, three levels of theory are used, M06-2X, ω97X-D, and B3LYP 

functionals within the 6-311++G** basis set for all calculations. The lowest energy results of these 

calculations and comparison to experimental values are summarized in Table 5. Figure 47 displays 

the optimized structures of the four lowest energy isomers of the C10H8
•+(CH3CN) cluster 

calculated at the M06-2X/6-311+G** and ω97X-D/6-311+G** levels. The resulting calculated 

binding energies, ∆E, range from 12.2 and 12.1 kcal mol-1 to 10.6 kcal mol-1 for the M06-2X and 

ω97X-D respectively. These values are in good agreement with the experimental -∆Hº value of 

11.3 ± 1 kcal mol-1. As is the trend with all other polar molecules discussed, the lowest energy 

isomer (structure 1-a in Figure 47) has a bifurcated structure where the nitrogen atom of 

acetonitrile interacts with two CHδ+ hydrogen atoms belonging to the two condensed rings of the 

naphthalene radical cation. The other isomers for the C10H8
•+(CH3CN) cluster are similar to those 

of C10H8
•+(HCN) (shown in Figure 41). The results show that this type of bifurcated IHB structure 

represents the most favorable interaction geometries between the nitrogen lone pair in HCN and 

CH3CN molecule and the CHδ+ site of the naphthalene radical cation. 



 

 103 

 
Figure 47. Structures of the four lowest energy isomers of the C10H8

•+(CH3CN) complex obtained 
used two functionals: M06-2X and ω97X-D, within the 6-311+G** basis set. The calculated 
energies ∆E in kcal mol-1 are given using M06-2X and ω97X-D (in parenthesis) methods. 
 

The lowest energy isomers of the C10H8
•+(CH3CN)2 cluster calculated using the M06-2X 

and ω97X-D functionals are shown in Figure 48 and have a broad range of binding energies 

(∆E=11.3-7.6 kcal mol-1). Such differences in binding energies result in three different types of 

geometries: (1) double bifurcated IHB structures (structures 2-a, 2-b, and 2-c in Figure 48), (2) 

perpendicular and bifurcated structures (structures 2-d and 2-e in Figure 48), and (3) double 

perpendicular structures (structure 2-f in Figure 48). The lowest energy isomer has a double 

bifurcated structure IHB structure (structure 2-a in Figure 48) with a calculated binding energy of 

11.3 kcal mol-1 for the M06-2X functional and 10.5 kcal mol-1 for the ω97X-D. These calculated 

binding energies again overestimate the binding energy when compared to the experimental -∆Hº 

value of 9.2 ± 1 kcal mol-1. 
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Figure 48. Structures of the six lowest energy isomers of the C10H8

•+(CH3CN)2 complex obtained 
used two functionals: M06-2X and ω97X-D, within the 6-311+G** basis set. The calculated 
energies ∆E in kcal mol-1 are given using M06-2X and ω97X-D (in parenthesis) methods. 

 
Just as in the HCN calculations, the B3LYP functional predicts the same lowest energy 

structures of the C10H8
•+(CH3CN)n clusters for n = 1 and 2 as the M06-2X and ω97X-D functionals. 

The resulting structures using B3LYP/6-311++G** are shown in Figure 49. The calculated 

binding energies, ∆E, of the C10H8
•+(CH3CN)n clusters for n = 1 and 2 are 10.8 and 9.7 kcal mol-1 

respectively which is in better agreement with the experimental -∆Hº values of 11.3 ± 1 and 9.2±1 

kcal mol-1 than the M06-2X and ω97X-D functionals (Figure 47 and Figure 48).  
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For larger association products of C10H8
•+(CH3CN)n clusters for n = 3-6, structures and 

binding energies were only calculated at the B3LYP/6-311++G** level as shown in Figure 49. 

These structures build on the bifurcated IHB structure motif until the naphthalene radical cation is 

saturated at the forth association product of C10H8
•+(CH3CN)4 (seen in structure 4-a in Figure 49). 

The resulting calculated binding energies for the C10H8
•+(CH3CN)n clusters where n = 3 and 4 

(∆E=7.1 and 6.5 kcal mol-1 respectively) are in agreement with the experimental -∆Hº values 

(7.2±1 and 8.0 ± 1 kcal mol-1 respectively). The differences here can be explained by the possibility 

of other structures present in addition to the lowest energy isomer. It is interesting to note that the 

calculated Gibbs free energy of the C10H8
•+(CH3CN)n clusters for n = 3 and 4 are 0.2 kcal mol-1 

suggesting restriction in the formation of the cluster as the first solvation layer of acetonitrile 

around the naphthalene racial cation due to entropic contributions. 

The lowest energy structures for the fifth and sixth association products, C10H8
•+(CH3CN)n 

with n = 5 and 6 (structures 5-a and 6-a in Figure 49), show evidence of saturation of the IHB sites 

on the naphthalene cation by four acetonitrile molecules with the fifth and sixth acetonitrile 

molecules coordinated through weak CH3
 ⋯	N interactions (CHδ+ ⋯	N≣C-CH3 ⋯ N≣C-CH3). In 

higher energy structures for the fifth and sixth association products, C10H8
•+(CH3CN)n with n = 5 

and 6  (structures 5-b and 6-b in Figure 49) show the fifth and sixth acetonitrile molecules forming 

perpendicular structures through the N ⋯ naphthalene ring interactions above and below the plane 

of the naphthalene radical cation. The higher energy structures also show greatly reduced 

calculated binding energies of ∆E = 3.8 and 2.1 kcal mol-1 respectively. The fifth and sixth 

association products C10H8
•+(CH3CN)n with n = 5 and 6 represent the complete solvation of the 

naphthalene radical cation with acetonitrile molecules. 
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Figure 49. Structures of the lowest energy isomers of the C10H8

•+(CH3CN)n clusters for n = 1-4 
and the two lowest energy isomers for n = 5 and 6 obtained using the B3LYP method within the 
6-311++G** basis set. The calculated energies ∆E are given in kcal mol-1 
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4.5. Summary and Conclusions 

Equilibrium thermochemical measurements using the mass-selected ion mobility drift cell 

technique have been utilized to investigate the binding energies and entropy changes associated 

with the stepwise association of various small polar molecules with the naphthalene radical cation 

in the C10H8
•+(B)n clusters where B is the small polar molecules (water, methanol, ethanol, 1-

propanol, 2-propanol, 1-butanol, 2-butanol, hydrogen cyanide, and acetonitrile). The association 

enthalpies (-∆Hº) for the various polar molecules with the naphthalene radical cation are 

summarized in Table 6. The nearly similar values of -∆Hº for water, methanol, ethanol, and HCN 

of roughly 8 ± 1 kcal mol-1 are smaller than that of acetonitrile (11.3 ± 1 kcal mol-1). This can be 

explained by the stronger ion dipole interaction in the C10H8
•+(CH3CN) given that the dipole 

moment is 3.92 Debye compared to the 1.55-2.98 Debye for the other polar molecules.2 For both 

C10H8
•+(HCN)n and C10H8

•+(CH3CN)n clusters, the sequential binding energy decreases stepwise 

to about 6-7 kcal mol-1 by three HCN or CH3CN molecules, approaching the macroscopic enthalpy 

of vaporization of liquid HCN (6.0 kcal mol-1) or liquid acetonitrile (7.9 kcal mol-1).2 For all other 

molecules, the measured -∆Hº values for the first association products are below that of the 

enthalpy of vaporization. 

The lowest energy structures of the first association for all cases consist of unconventional 

bifurcated hydrogen bonding of the oxygen or nitrogen atom to two CHδ+ hydrogen atoms from 

the two condensed rings of the naphthalene radical cation. Further water and methanol show that 

for n = 2-6, the naphthalene radical cation is “externally solvated” and is bonded through 

unconventional CHδ+⋯OHR (R = H or CH3) hydrogen bonds to a conventional hydrogen bonding 

chain of H2O or CH3OH molecules. HCN molecules follows as similar pattern, but in 

C10H8
•+(HCN)2, the second HCN molecule forms another bifurcated hydrogen bond between the 
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nitrogen atom and two CH hydrogen atoms on the opposite side of the two condensed rings of the 

naphthalene radical cation. Subsequent HCN molecules form conventional linear hydrogen 

bonding chains involving HCN⋯HCN interactions among the associated HCN molecules resulting 

in “externally solvated” structures. These structures allow the PAH ion to reside on the surface of 

ice grains in interstellar medium where reactions with incoming organic molecules in addition to 

UV irradiation can take place to produce a variety of complex organics in space.  

For the C10H8
•+(CH3CN)n clusters for n = 1-6, “internally solvated” structures are favored 

where the acetonitrile molecules are directly interacting with the naphthalene cation through 

CHδ+⋯N unconventional ionic hydrogen bonds. Complete solvation is observed after the 

C10H8
•+(CH3CN)6 cluster. With these “internally solvated” structures, the organic component 

becomes isolated inside the ice and may not be accessible for reactions with incoming molecules 

or for efficient photochemical processes by UV irradiation. 

For the other alcohols studied, ethanol, 1-propanol, 2-propanol, 1-butanol, and 2-butanol, 

there appears to be a mixture of structures where the calculated binding energy of the second 

addition forms both a double bifurcated IHB “internally solvated” structure as well as a fully 

“externally solvated” structure. The third association product will fill the empty site of the second 

addition. Testing longer aliphatic chains and tertiary alcohols will allow full characterization of 

the CHδ+⋯OHR IHB that is formed with the PAH ions like naphthalene. 

Intracluster dissociative proton transfer reactions within the C10H8
•+(CH3OH)n clusters 

producing naphthyl radical (C10H7
•) and protonated methanol clusters become exothermic at n ≥ 

5. The deprotonation of the naphthalene radical cation by methanol clusters could lead to the 

generation of reactive naphthalene radicals that could participate in rich photochemistry with small 

organic molecules leading to further organic synthesis in space. 
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Table 6. Summary of measured -∆Hº (kcal mol-1) of the association of small polar molecules with 
naphthalene radical cation to from C10H8

•+(B)n clusters where B is the small polar molecule 
indicated. Estimated error for -∆Hº is ± 1 kcal mol-1. The enthalpy of vaporization (∆Hvap, kcal 
mol-1) and dipole moments (in Debye) for theses molecules are also shown.2  

n -∆Hº (kcal mol-1) 
H2O CH2OH EtOH 1-PrOH 2-PrOH 1-BuOH 2-BuOH HCN CH3CN 

1 7.8 8.3 7.8 9.2 9.9 9.9 9.8 7.1 11.3 
2 - 8.6 - - - - - 6.6 9.2 
3 - - - - - - - 6.0 7.2 
4 - - - - - - - - 8.0 
5 - - - - - - - - 7.7 

∆Hvap 9.7 9.0 10.1 11.3 10.7 12.4 12.0 6.0 7.9 
Dipole 

Moment 
(Debye) 

1.85 1.69 1.69 1.68 1.66 1.66 1.66 2.98 3.92 
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Chapter 5: Interactions of the Naphthalene Radical Cation with 
Acetylene and Olefin Molecules 

5.1. Introduction 

Acetylene (C2H2) is the smallest organic molecules than can be polymerized and is present 

in interstellar space and solar nebulae.41,108,149-157 Molecules found in outer space are subjected to 

ionizing radiation making ion-molecule processes an area of interest for the formation of complex 

organics, clustering, and polymerization in astrochemical environments.41,54,55,60,108,150,158,159 The 

variety of reactions that can be studied grows when the range of temperature and pressure 

conditions in outer space environments are considered.41,153,157 

Previous studies have studied acetylene as both an ion and a neutral in ion-neutral 

interactions.106,108,160-166 Ionized acetylene have been shown to form cyclic covalent ions such as 

cyclobutadiene (C4H4
•+) and benzene (C6H6

•+) within ionized acetylene clusters of (C2H2)n via 

associative charge transfer (ACT) reactions. These cyclic ions can act as nucleation centers for 

acetylene where the cyclic ion catalyzes intracluster reactions leading to complex organics such as 

naphthalene.160,167,168 

The polymerization of olefin molecules such as propene (C3H6), and isobutene (C4H8) have 

been investigated previously to observe entropy barriers and to further understand the kinetics of 

polymerization.169,170 Activation of the polymerization of isobutene was also shown via charge 

transfer interactions with organic cations, in particular with the benzene radical cation.170,171 The 

understanding of the polymerization energetics of these molecules are of interest since it allows 

for optimization of industrial processes as well as understanding reactions resulting in large 

organic molecules that occur in higher temperature flames and low-temperature interstellar 

medium.169 The structure of the ethylene dimer and trimer have been investigated previously using 
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IR spectroscopy and DFT calculations, but no studies report it’s ability to bind to aromatic ions.172-

174  

In this chapter, the experimental results for the thermochemistry of the condensation of 

acetylene onto the naphthalene radical cation are reported. To further test the the binding and 

possible polymerization of unsaturated aliphatic molecules via charge transfer interactions with an 

organic cation initiator, the thermochemistry for the olefin molecules ethylene, propylene, and 

isobutylene were obtained.169,170 The results offer the first step in understanding the binding and 

structures of naphthalene•+(aliphatic)n clusters. Interestingly, despite similar ionization potentials, 

no polymerization of the acetylene or olefin neutral was observed as was in the case with benzene 

or toluene.169,175 With theoretical calculations, the results can offer insights into the growth kinetics 

and formation mechanisms of complex organics as has been observed with benzene.108,160,161 

5.2. Experimental Section 

All experiments are performed with the VCU mass-selected ion mobility spectrometer with 

details of the system outlined in Chapter 2. During experiments, 50-80 psi (≈ 2500-3600 Torr) 

ultra high purity helium (AirGas) seeded with roughly 0.74-3.76 Torr naphthalene vapor generated 

from heating solid naphthalene (Aldrich, ≥ 99 %) stored in a sealed glass-metal bubbler to 50-70ºC 

is pulsed through a supersonic nozzle (500 µm) into a source vacuum chamber maintained at a 

background pressure of 10-7 Torr. Following this supersonic expansion, the naphthalene radical 

cation (C10H8
•+) is generated by electron impact ionization using an electron energy of 60-70 eV 

which is enough to ionize any organic ions of interest. The C10H8
•+ ions are mass-selected by a 

quadrupole mass-filter before being injected into a drift cell (in 25-50 µs pulses) containing helium 

(AirGas, Research Grade) or a mixture of helium and the neutral reagent gas: acetylene (C2H2, 

BOC Gasses, dissolved UN1001, 99.999 %), ethylene (C2H4, Aldrich, ≥ 99.5%), propylene (C3H6, 
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Aldrich, ≥ 99 %), or isobutene (C4H8, 2-methyl propene, Aldrich, 99 %). Flow controllers (MKS 

#1479A) are used to maintain a constant pressure inside the drift cell within ±1 mTorr. The 

temperature of the drift cell is controlled to ±1 K using four temperature controllers. To cool the 

drift cell, liquid nitrogen is used by flowing it through solenoid valves. The reaction products that 

exit the drift cell are identified by scanning a second quadrupole mass-filter located after the drift 

cell and arrival time distributions (ATDs) are collected by monitoring the intensity of each ion as 

a function of time. The injection energies used in experiments (10-14 eV, laboratory frame) are 

only slightly higher than the minimum energies required to introduce the ions against the neutral 

reactant/He vapor mixture outflow at the drift cell entrance orifice. Most ion thermalization occurrs 

outside of the drift cell by collisions with the gas mixture molecules escaping the drift cell entrance 

orifice. 

The dissolved acetylene contains residual acetone and is “scrubbed” to ensure no side 

reactions with contaminants when the gas is used in the drift cell.  The acetylene is first bubbled 

through concentrated sulfuric acid (Fisher, Certified ACS Plus) and neutralized by flowing over a 

5 M NaOH solution (Fisher, Certified ACS Grade pellets). To dry the gas and remove any residual 

water, the acetylene flows through a drying tube containing P2O5 (Alfa Aesar, 98 %) followed by 

Drierite™ drying beads (Drierite, anhydrous CaSO4). From here, the scrubbed acetylene is 

introduced like any other neutral reagent into the drift cell. 

The equilibrium reaction that all experiments follow throughout this series of studies is 

represented by Equation 5.1: 

C&$H=•F B ND& + B ⇌ C&$H=•F B N (5.1) 
 
where B is the neutral molecule (C2H2, C2H4, C3H6, or C4H8 respectively). This reaction is said to 

be in equilibrium when: (1) the ATDs of the product and reactant ions have equal arrival times and 
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(2) there is a constant ratio of the integrated intensities of product and reactant ion over a range of 

drift cell field voltage thus changing the residence time of the ions at a constant temperature and 

pressure. Once equilibrium is established, the equilibrium constant, Keq, is measured using the 

equation: 

𝐾QR =
C&$H=•F B N

C&$H=•F B ND& B
=

𝐼 ¢0£¤¥•T ¦ W

𝐼 ¢0£¤¥•T ¦ W/0
𝑃¦

 (5.2) 

 
where 𝐼 ¢0£¤¥•T ¦ W

 and 𝐼 ¢0£¤¥•T ¦ W/0
 are the integrated intensities of the ATDs of the reactant 

and product ions or the intensity of the ion peak on a mass spectrum and PB is the partial pressure 

of the neutral vapor in atmospheres inside the drift cell. The equilibrium constant is measured at 

different temperatures to form a van’t Hoff plot (using the van’t Hoff equation as shown in 

Equation 3.5) where the ∆Hº and ∆Sº values are obtained from the slope and intercept respectively. 

All data was repeated at least three times with average values used in discussion. 

5.3. Results and Discussion 

5.3.1. Mass Spectra and Thermochemistry Results for Naphthalene•+(C2H2)n clusters 

The mass spectra obtained following the injection of the mass-selected naphthalene radical 

cation (C10H8
•+, Naph+) into the drift cell containing He or C2H2 are shown in Figure 50. Following 

the injection of the mass-selected C10H8
•+ into the drift cell containing 0.83 Torr He at 292 K, the 

mass spectrum obtained (Figure 50a) shows no dissociation products with the C10H8
•+ being the 

major peak (m/z = 128), which is consistent with the low injection energy (13.8 eV). The small 

peak observed at m/z = 146 corresponds to the C10H8
•+(H2O) ion (Naph+(W) in Figure 50a) and is 

present due to the trace amount of water vapor in the drift cell. When the naphthalene radical cation 

is injected into the drift cell containing 0.50 Torr C2H2 at 172 K (Figure 50b) the first association 

product, C10H8
•+(C2H2) (m/z = 154), is present, but at low intensity. However, a peak at m/z = 153,  
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Figure 50. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into He gas (a) or acetylene (C2H2) gas (b-f) at different pressures (Torr) 
and temperatures (K) as indicated. 
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which is associated with C10H8
•+(C2H), is observed at higher intensity that the first association 

product of acetylene as well as the naphthalene radical cation. As the drift cell is cooled, the 

intensity of the C10H8
•+(C2H) peak decreases while the intensity of the C10H8

•+(C2H2) increases. At 

143 K (Figure 50d), the C10H8
•+(C2H2) peak is the major peak of the acetylene-containing series 

along with the second addition product C10H8
•+(C2H2)2 (m/z = 180 ) begins to appear. The same 

C10H8
•+(C2H)n or C10H8

•+(C2H2)(C2H) peak (m/z = 179) is present at this temperature. Just above 

the condensation temperature of acetylene (129 K, Figure 50f), the C10H8
•+, C10H8

•+(C2H2), and 

C10H8
•+(C2H2)2 are the only measurable products. No acetylene clustering products are observed 

as observed in Chapter 4 with polar molecules.  

The association reaction of acetylene with the naphthalene radical cation is represented by 

Equation 5.3: 

C&$H=•F C*H* ND& + C*H* ⇌ C&$H=•F C*H* N  (5.3) 
 
The equilibrium constants were measured for Equation 5.3 using Equation 5.2 by obtaining the 

peak intensities of the stepwise association of C2H2 with the C10H8
•+ ion at different temperatures 

and using Equation 3.5 the van’t Hoff plots for each association step was produced as shown in 

Figure 51. The resulting -∆Hº and -∆Sº values for Equation 5.3 are obtained from the slope and 

intercept of the van’t Hoff plot respectively are calculated and summarized in Table 7.108 

Table 7. Measured thermochemistry (-∆Hº and -∆Sº)a of the formation of C10H8
•+(C2H2)n clusters 

for n = 1-3 as well as reference values for C6H6
•+(C2H2)n

108 clusters for n = 1-4. 

n Benzene  [C6H6
•+(C2H2)n]108 Naphthalene [C10H8

•+(C2H2)n] 
-∆Hº -∆Sº -∆Hº -∆Sº 

1 4.0 11.4 3.3 10.9 
2 3.8 12.0 3.0 10.7 
3 3.6 13.7 3.1 11.4 
4 3.1 10.8 - - 

a Units, estimated error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
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Figure 51. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with acetylene for the first three solvation steps. 
The resulting ∆Hº and ∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The error for the 
measurements are ± 1 kcal mol-1 for -∆Hº and ± 2 cal mol-1 K-1 for -∆Sº. 
 

The thermochemistry results indicate that the binding energies for the first three association 

products C10H8
•+(C2H2)n for n = 1-3 are nearly identical in values of 3.0 ± 1 kcal mol-1. This is 

unlike the decrease that is observed in ion-neutral interactions with increasing n as in hydrogen 

cyanide or acetonitrile solvation.57 Such -∆Hº values suggests that there are multiple binding sites 

around the naphthalene radical cation with each having comparable energies. These binding sites 

would involve CHδ+ ⋯	 π hydrogen bonding where the proton donor is the naphthalene radical 

cation to the π system of the C≣C bond of acetylene. The reaction shown in Equation 5.3 is in 

equilibrium based on the overlapping ATDs for the naphthalene radical cation and the first and 

second additions taken at 168 K and 138 K as shown in Figure 52. 
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Figure 52. Arrival time distributions (ATDs) of the naphthalene radical cation (Naph+) and the 
first two association products with acetylene, C10H8

•+(C2H2)n for n = 1 and 2 (Naph+(C2H2)n for n 
= 1 and 2), obtained following the injection of the mass-selected naphthalene radical cation into 
C2H2 at: (a) 168 K and (b) 138 K. Similar ATD overlap suggests the reaction is in equilibrium. 
 

The thermochemistry results are similar to what was observed in C6H6
•+(C2H2)n clusters, 

however slightly lower -∆Hº values are observed with the naphthalene radical cation which is 

explained by the more diffuse charge on the bicyclic naphthalene.108 Larger clusters than the ones 

observed are required for associative charge transfer processes to occur which would explain the 

lack of acetylene clusters in the mass spectra.108 Further insights into the possible structures that 

the C10H8
•+(C2H2)n take require DFT calculations which will be completed in the future. 

5.3.2.Association of Neutral Olefin Molecules with the Naphthalene Radical Cation 

To test the possible polymerization and binding of unsaturated aliphatic molecules, the 

thermochemistry experiments of three olefin molecules were performed. The selected olefin 

molecules for these experiments are: ethylene (C2H4), propylene (C3H6), and isobutene (2-

methylpropene, C4H8). The mass spectra following the injection of the mass-selected naphthalene 

radical cation into the drift cell containing He, the olefin gas (for ethylene and propylene), or a gas 
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mixture of He/isobutene are shown in Figure 53-Figure 55. In all cases, the first mass spectrum in 

each figure (Figure 53a, Figure 54a, and Figure 55a) shows the injection of naphthalene radical 

cation into He. In all cases, the naphthalene radical cation (Naph+, m/z = 128) is the major peak 

observed with no fragmentation. In both Figure 53a and Figure 55a there is a second minor peak 

at m/z = 146 which is assigned to the naphthalene•+-water association product. The presence of the 

peak is due to trace water in the drift cell.  

When the naphthalene is injected into the drift cell containing 0.40 Torr C2H4 at 155 K 

(Figure 53b) a peak at m/z = 153 associated with C10H8
•+(C2H3) is a minor peak aside from the 

parent naphthalene radical cation peak observed. This behavior is similar to the results using 

acetylene. Further cooling  to 134 K (Figure 53c) results in the observation of the first association 

product, C10H8
•+(C2H4) (m/z = 184), but was minor compared to the peak associated with the 

naphthalene radical cation. By 115 K (Figure 53e), the second association product C10H8
•+(C2H4)2 

is present and the first association product has nearly the same intensity as the naphthalene radical 

cation. Just above the temperature where the ethylene begins to condense (110 K, Figure 53f), the 

first association product is the major peak with the second association product and naphthalene 

radical cation are also present, but at lower intensities. 

In the case of propylene, the same trend of a deprotonated first association product 

appearing prior to a shift to the first association product continues (Figure 54b-c). At 144 K (Figure 

54d), the second association product is observed at m/z = 212 with it becoming the major peak at 

129 K (Figure 54f). In addition, the third and forth association products are also present at 129 K, 

just above the point at which the propylene condenses in the drift cell. Small peaks observed are 

due to fragmentation and impurities of the propylene gas based on a reference EI spectrum.2 
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Figure 53. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into He gas (a) or ethylene (C2H4) gas (b-f) at different pressures (Torr) 
and temperatures (K) as indicated. 
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Figure 54. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into He gas (a) or He/propylene (C3H6) gas mixture (b-f) at different 
pressures (Torr) and temperatures (K) as indicated. 
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When the naphthalene radical cation is injected into isobutene, the protonated isobutene 

cluster H+(C4H8)3 where is observed (Figure 55b-e). This is similar to what is observed with 

associative charge transfer with benzene, but with smaller clusters and at lower intensities when 

using the naphthalene radical cation as is done in the present study.169-171 This is in part due to the 

lower IE of naphthalene compared to that of benzene (8.14 vs. 9.24 eV respectively).2 In addition, 

peaks at m/z = 110 and 145 are present and are associated with protonated isobutene clustering 

with minor fragments and impurities of the isobutene gas.2 The first association product 

C10H8
•+(C4H8) is present as at 200 K (Figure 55b) and continues to be a minor peak until the 

condensation of isobutene at 169 K (Figure 55e). 

The association reactions of the olefins studied (ethylene, propylene, and isobutene) with 

the naphthalene radical cation are represented by Equations 5.4-5.6: 

C&$H=•F C*H� ND& + C*H� ⇌ C&$H=•F C*H� N (5.4) 
  

C&$H=•F C?H� ND& + C?H� ⇌ C&$H=•F C?H� N (5.5) 
  

C&$H=•F + C�H= ⇌ C&$H=•F C�H=  (5.6) 
 
The equilibrium constants are measured for these reactions using Equation 5.2 by obtaining the 

peak intensities of the naphthalene radical cation (C10H8
•+) and the observed association products, 

and the pressure of the olefin in the drift cell. By measuring the equilibrium constants at different 

temperatures, a van’t Hoff plot for the formation of the first association product using Equation 

3.5 is produced for each olefin neutral gas as shown in Figure 56 (for C2H4), Figure 58 (for C3H6), 

and Figure 60 (for C4H8) and the results are summarized in Table 8.  The measured -∆Hº for the 

first three association products C10H8
•+(C2H4)n where n = 1-3 (Figure 56) have similar values of 

2.8 ± 1 kcal mol-1. This would suggest the presence of multiple binding sites with comparable 
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energies for the C2H4 molecules to attach to the naphthalene radical cation in a nature similar to 

that of acetylene. A time profile 

 
Figure 55. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into He gas (a) or He/isobutene (C4H8) gas mixture (b-f) at different 
pressures (Torr) and temperatures (K) as indicated. 
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 (Figure 57) is obtained at 113 K to show that the reaction shown in Equation 5.4, which is used 

for the thermochemistry results, is in equilibrium. Changing the drift field resulted in relatively 

similar ion intensity when the results are normalized. Small changes observed at low drift time 

occur at high drift field and were not used during the experiment. The ATDs used in this time 

profile has similar arrival times as a second check for equilibrium. 

 
Figure 56. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with ethylene for the first three solvation steps. 
The resulting ∆Hº and ∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The error for the 
measurements are ± 1 kcal mol-1 for -∆Hº and ± 2 cal mol-1 K-1 for -∆Sº. 
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Figure 57. Time profile based on the arrival time distributions (ATDs) of the naphthalene radical 
cation (Naph+) and the first three association products with ethylene, C10H8

•+(C2H4)n for n = 1-3 
(Naph+(C2H4)n for n = 1-3), obtained following the injection of the mass-selected naphthalene 
radical cation into He/C2H4 gas mixtures at 113 K. 
 

The same trend for the thermochemistry is observed for the first three association products 

of propylene C10H8
•+(C3H6)n for n = 1-3 where the experimental -∆Hº has values of 4.1 ± 1 kcal 

mol-1 (Figure 58). A time profile (Figure 59) is obtained at 113 K to show that the reaction shown 

in Equation 5.5, which is used for the thermochemistry results, is in equilibrium. Changing the 

drift field resulted in relatively similar ion intensity when the results are normalized. The ATDs 

used in this time profile has similar arrival times as a second check for equilibrium. 
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Figure 58. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with propylene for the first three solvation steps. 
The resulting ∆Hº and ∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The error for the 
measurements are ± 1 kcal mol-1 for -∆Hº and ± 2 cal mol-1 K-1 for -∆Sº. 
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Figure 59. Time profile based on the arrival time distributions (ATDs) of the naphthalene radical 
cation (Naph+) and the first two association products with propylene, C10H8

•+(C3H6)n for n = 1-2 
(Naph+(C3H8)n for n = 1-2), obtained following the injection of the mass-selected naphthalene 
radical cation into He/C3H6 gas mixtures at 143 K. 
 

Only the first association product of isobutene for C10H8
•+(C4H8) is observed (Figure 60) 

and has a measured -∆Hº value of 3.5 ± 1 kcal mol-1
. Further insights into the possible structures 

and binding behavior for the association of alkenes with naphthalene require DFT calculations 

which will be completed in the future. This would determine whether using the PAH naphthalene 

could generate polymerization of acetylene and olefins with the naphthalene radical cation as is 

observed with monocyclic aromatics like benzene and toluene.171,175 Time profiles were obtained 

at 193 K (Figure 61a) and 173 K Figure 61b) to show that the reaction shown in Equation 5.6 used 

for the thermochemistry results was in equilibrium. Changing the drift field resulted in relatively 

similar ion intensity when the results are normalized. The ATDs used in this time profile has 

similar arrival times as a second check for equilibrium. 
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Figure 60. van't Hoff plot for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with isobutene for the first step. The resulting 
∆Hº and ∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The error for the measurements 
are ± 1 kcal mol-1 for -∆Hº and ± 2 cal mol-1 K-1 for -∆Sº. 
 

 
Figure 61. Time profiles based on the arrival time distributions (ATDs) of the naphthalene radical 
cation (Naph+) and the first association product with isobutene, C10H8

•+(C4H8) (Naph+(C4H8)), 
obtained following the injection of the mass-selected naphthalene radical cation into He/C4H8 gas 
mixtures at: (a) 193 K and (b) 173 K. 
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Table 8. Measured thermochemistry (-∆Hº and -∆Sº)a of the formation of C10H8

•+(CmH2m)n clusters 
for ethylene (m = 2, n = 1-3), propylene (m = 3, n = 1-3), and isobutene (m = 4, n = 1). 

n Ethylene  [C10H8
•+(C2H4)n] Propylene  [C6H6

•+(C3H6)n] Isobutene [C10H8
•+(C4H8)n] 

-∆Hº -∆Sº -∆Hº -∆Sº -∆Hº -∆Sº 
1 2.9 9.9 4.4 15.4 3.5 8.3 
2 2.8 10.5 4.1 15.1 - - 
3 2.6 10.2 3.5 11.9 - - 

a Units, estimated error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
 

5.4. Summary and Conclusions 

Using the mass-selected ion mobility drift cell technique, equilibrium thermochemical 

measurements were used to investigate the binding energies and entropy changes associated with 

the step-wise solvation of the naphthalene radical cation by acetylene and small olefin molecules. 

The measured -∆Hª values were relatively constant for each system studied. For C10H8
•+(C2H2)n 

where n = 1-3, the -∆Hº values were 3.0 ± 1 kcal mol-1. The experimental -∆Hº for the 

C10H8
•+(C2H4)n where n = 1-3 was nearly identical to that of acetylene at 2.7 ± 1 kcal mol-1 

suggesting similar binding and structures. In the case of propylene, observed in C10H8
•+(C3H6)n 

where n = 1-3, the binding is slightly stronger where the -∆Hº is 4 ± 1 kcal mol-1. The first 

association product was the only ion observed for isobutene, C10H8
•+(C4H8), where the -∆Hº was 

3.5 ± 1 kcal mol-1. In addition, small protonated isobutene cluster peaks were observed suggesting 

some polymerization. Future theoretical calculations would offer insight into whether or not 

acetylene condensing on the naphthalene radical cation could produce larger polycyclic aromatic 

hydrocarbons such as anthracene, phenalene, and phenanthrene. 
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Chapter 6: Structures and Binding Energies of the Naphthalene2
•+ 

Homodimer and (Naphthalene•Benzene)•+ and 
(Naphthalene•Pyridine)•+ Heterodimers 

6.1. Introduction 

Dimer radical cations of aromatic and polycyclic aromatic hydrocarbons (PAHs) are the 

smallest intermolecular units that carry a delocalized charge. This makes them of fundamental 

importance to chemistry, biochemistry, and material science.176-178 They also provide the basis for 

understanding photoconductivity and ferromagnetism in organic materials.178,179 In biological 

systems, interactions between the subunits of these dimers have a role in base pair stacking in 

DNA, drug design, and crystal packing of aromatic molecules.180-183 In astrochemistry, polycyclic 

aromatics are responsible for much of the interstellar extended red emission at 450-899 

nm.58,60,184,185 

Nitrogen containing heterocyclic molecules are also of interest in several fields including 

biochemistry, pharmacology, synthetic chemistry, environmental chemistry, and astrochemistry 

and astrobiology.66,73,74,132,186,187 Interactions of these heterocycles with PAHs or PANHs can be 

seen between nitrogen-containing cations with neutral π systems where effects in protein structure, 

self-organization, molecular crystals, and molecular recognition occur.115,188-195 Observations from 

meteorite organics show that PAHs and nitrogen containing heterocyclics are present in space and 

when ionized by interstellar UV radiation can undergo chemistry that can form complex organic 

molecules and polymers.60,196-198 

Benzene (C6H6, Bz) and pyridine (C5H5N, Pyr) are monocyclic molecules that are used as 

prototype models for PAHs and PANHs (polycyclic aromatic nitrogen containing 

hydrocarbons).87,115 Naphthalene (C10H8, Naph) is considered one of the simplest PAHs. When 

observing the (Naph•Naph)•+ and (Bz•Bz)•+ homodimers, the unpaired electron of the radical 
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cation is considered to be shared between the two moieties resulting in extra charge stabilization 

and ion-induced dipole and dispersion interactions.178 For benzene, the binding energy of the 

(Bz•Bz)•+ homodimer has been measured as 17.6 ± 1 and 17.4 ± 1 kcal mol-1 for the (C6H6)2
•+ and 

(C6D6)2
•+ systems respectively and is similar to the high-pressure mass spectrometry value of 17.0 

kcal mol-1.87,199 The large binding energy of this homodimer suggests significant charge resonance 

interactions that has its maximum in a parallel sandwich-like structure.87,199-202 Theoretical density 

functional theory (DFT) calculations show that two isomers for the (Bz•Bz)•+ homodimer are 

present: a sandwich structure and a T-shaped structure. The sandwich structure was found to be 

more stable, but only by 1.6 kcal mol-1 making both structures possible based on the 

thermochemistry measurements.110 Ion mobility experiments of  the (Bz•Bz)•+ homodimer (theory 

outlined in Chapter 3) were performed resulting in a collision cross section (Ω) of 71 Å2. This 

value is in agreement with the sandwich structure.110  

The cross reaction between the ionized aromatics and the nitrogen containing heterocyclic 

pyridine have also been studied as a prototype model system for radical cation-π interactions.115 

The (benzene•pyridine)•+ heterodimer radical cation showed similar charge transfer resonance that 

stabilizes the dimer and the two moieties are bonded covalently with a bonding energy in excess 

of 33 kcal mol-1 experimentally (31-38 kcal mol-1 using ab initio calculations).115 

Using the results for the structures and binding of benzene radical cation homodimer and 

benzene•pyridine radical cation heterodimer as model systems, comparisons were made for the 

structure and binding of the naphthalene radical cation homodimer as well as naphthalene•benzene 

and naphthalene•pyridine radical cation heterodimers. In the case of the (Naph•Naph)•+ 

homodimer,  the effect of charge delocalization in the larger naphthalene cation was compared to 

the benzene cation. For the (Naph•Bz)•+ and (Naph•Pyr)•+ heterodimers, how the changes in charge 
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delocalization effects the charge transfer (CT) interactions and binding energy were observed. 

Dissociation energies of heterodimer radical cations tend to decrease with increasing difference in 

the ionization energies (∆IE) of the component molecules. This effect has been observed in 

heterodimers containing benzene, aniline, and methylnaphthalene with different neutral 

molecules.199-201 This would suggest that the CT interaction in the (Naph•Bz)•+ and (Naph•Pyr)•+ 

heterodimers is very small due to the large difference in the IEs between naphthalene and benzene 

or pyridine (roughly 1.1 eV for both heterodimers). The CT contribution to the overall binding 

energy can only be determine when the most likely structure of the heterodimer is known. 

 Comparing the binding of the (Naph•Bz)•+  and (Naph•Pyr)•+ heterodimers also gains 

insight in the radical cation-π interactions that occur when nitrogen containing heterocycles 

interact with PAHs. The adducts formed could represent a general class of reactions for the radical 

cation-π interactions.  

 Presented in this chapter are the ion mobility experiments for the naphthalene radical cation 

homodimer and the naphthalene•benzene and naphthalene•pyridine radical cation heterodimers. 

The experimental reduced mobility values were used to calculate the average collision cross 

sections and showed that the naphthalene radical cation homodimer forms a stacked parallel 

structure similar to that of the benzene radical cation homodimer. The naphthalene•benzene radical 

cation homodimer showed that a stacked parallel structure is present at higher temperatures, while 

a T-shaped structure is present at lower temperatures. The binding of the naphthalene•benzene 

radical cation heterodimer is lower than that of the benzene or naphthalene radical cation 

homodimers. The naphthalene•pyridine radical cation heterodimer was found to be a covalent 

structure with subsequent pyridine molecules formed a hydrogen bonded network with this 
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covalent dimer. This work presents changes that occur within heterocyclic dimers as larger ring 

structures are formed. 

6.2. Experimental Section 

All experiments are performed with the VCU mass-selected ion mobility spectrometer with 

details of the system outlined in Chapter 2. During experiments, 50-80 psi (≈ 2500-3600 Torr) 

ultra high purity helium (AirGas) seeded with roughly 0.74-3.76 Torr naphthalene vapor generated 

from heating solid naphthalene (Aldrich, ≥ 99 %) stored in a sealed stainless steel/glass bubbler to 

50-70 ºC is pulsed through a supersonic nozzle (500 µm) into a source vacuum chamber 

maintained at a background pressure of 10-7 Torr. Following this supersonic expansion, the 

naphthalene radical cation (C10H8
•+) is generated by electron impact ionization using and electron 

energy of 60-70 eV which is enough to ionize any organic ions of interest. The C10H8
•+ ions are 

mass-selected by a quadrupole mass-filter before being injected into a drift cell (in 25-50 µs pulses) 

containing helium (AirGas, Research Grade) or a mixture of helium and the neutral reagent vapor: 

benzene (C6H6, Aldrich, 99.9 %), benzene-d6 (Aldrich, 99.96 % D atoms), and pyridine (Aldrich, 

anhydrous 99.8 %). Flow controllers (MKS #1479A) are used to maintain a constant pressure 

inside the drift cell within ±1 mTorr. The temperature of the drift cell was controlled to ±1 K using 

four temperature controllers. To cool the drift cell, liquid nitrogen is used by flowing it through 

solenoid valves. The reaction products that exit the drift cell are identified by scanning a second 

quadrupole mass-filter located after the drift cell and arrival time distributions (ATDs) are 

collected by monitoring the intensity of each ion as a function of time. The injection energies used 

in experiments (10-14 eV, laboratory frame) are only slightly higher that the minimum energies 

required to introduce the ions against the neutral reactant/He vapor mixture outflow at the drift cell 
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entrance orifice. Most ion thermalization occurs outside of the drift cell by collisions with the gas 

mixture molecules escaping the drift cell entrance orifice. 

Mobility measurements are made by injecting a narrow pulse of ions into the drift cell. The 

ion injected must be the dimer or heterodimer being observed. The ion gate is located just prior to 

the cell entrance and chopped the pulse to a narrow, 30-50 µs wide packet, which enters the drift 

cell. Mobility is determined according to Equation 3.10 by plotting td versus P/V. The slope of this 

plot is inversely proportional to the reduced mobility and the intercept is the time spent outside of 

the drift cell before detection. 

The equilibrium reaction used for the thermochemistry experiments in this series of 

experiments is represented by the following reaction: 

C&$H=•F B ND& + B ⇌ C&$H=•F B N  (6.1) 
 
where B is the neutral aromatic molecule, in these experiments that molecule was benzene or 

pyridine. This reaction is said to be in equilibrium when (1) the ATDs of the product and reactant 

ions have equal arrival times and (2) there is a constant ratio of the integrated intensities of product 

and reaction ions over a range of drift cell field voltage thus changing the residence time of the 

ions at a constant and pressure. Once equilibrium is established, the equilibrium constant, Keq, is 

measured using the equation: 

𝐾QR =
C&$H=•F B N

C&$H=•F B ND& B
=

𝐼 ¢0£¤¥•T ¦ W

𝐼 ¢0£¤¥•T ¦ W/0
𝑃¦

 (6.2) 

 
where 𝐼 ¢0£¤¥•T ¦ W

 and 𝐼 ¢0£¤¥•T ¦ W/0
 are the integrated intensities of the ATDs of the reactant 

and product ions or the intensity of the ion peak on a mass spectrum and PB is the partial pressure 

of the neutral vapor in atmospheres inside the drift cell. The equilibrium constant was measured at 

different temperatures to form a van’t Hoff plot (using the van’t Hoff equation as shown in 
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Equation 3.5) where the -∆Hº and -∆Sº values are obtained from the slope and intercept 

respectively. All data was repeated at least three times with average values used in discussion. 

6.3. Theoretical Calculations 

Density functional theory calculations of the lowest energy structures for the various 

isomers of the cluster ions studied were performed using the Gaussian 09 program suite.130 The 

structures of the naphthalene radical cation homodimer, (C10H8)2
•+ or Naph2

•+, was performed at 

the B3LYP/6-311++G** for the comparisons with the experimental mobility results. 126,130 

Calculations for the naphthalene•benzene radical cation heterodimer, (C10H8•C6H6)•+ or 

(Naph•Bz)•+, and the second addition of benzene to the naphthalene radical cation, C10H8
•+(C6H6)2 

or Naph•+(Bz)2, were carried out at the M11/cc-pVTZ level of theory. 126,127,203 The structures and 

binding energies for various isomers of the naphthalene•pyridine radical cation heterodimer, 

C10H8
•+(C5H5N) or Naph•+(Pyr),  were carried out at the M06-2X/cc-pVTZ level of theory. 80 For 

structural minima of the second addition of pyridine to the naphthalene radical cation, 

C10H8
•+(C5H5N)2 or Naph•+(Pyr)2, a methodology that combines ab initio molecular dynamics 

(QAIMD) starting from random initial orientations followed by gradient-based local optimizations 

with DFT was used at the M06-2X and M11 level of theory using the cc-pVTZ basis set. 

Vibrational frequency calculations were also performed for all the optimized geometries at 

the same level of theory in order to obtain zero point vibrational energy (ZPVE) and to verify the 

absence of imaginary frequencies.130 For all calculations the binding energy (∆E) was calculated 

at 0 K and was calculated using the equation: 

∆𝐸 ¢0£¤¥•T ¦ W
= 𝐸 ¢0£¤¥•T ¦ W/0

+ 𝐸 ¦ − 𝐸 ¢0£¤¥•T ¦ W
 (6.3) 

 
where 𝐸 ¢0£¤¥•T ¦ W/0

, 𝐸 ¦ , 𝐸 ¢0£¤¥•T ¦ W
 and are the  total electronic energies of the lowest 

energy isomers of the reactant ion, neutral molecule represented by B (benzene or pyridine), and 
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the product of the reaction shown in Equation 6.1. The calculations for this portion were performed 

by Dr. Martin Head-Gordon and Dr. Roberto Peverati of Univeristy of California – Berkley.   

6.4. Results and Discussion 

6.4.1. Ion Mobility Measurements and Structures of the (Naphthalene)2
•+ Dimer 

The mass spectrum obtained following the coexpansion of naphthalene and benzene 

injected into the drift cell containing helium is shown in Figure 62. The major ions present are the 

naphthalene radical cation homodimer (Naph2
•+), the naphthalene•benzene radical cation 

heterodimer [(Naph•Bz)•+], the benzene radical cation homodimer (Bz2
•+), and the naphthalene 

radical cation (Naph•+).  The ATDs and td versus P/V plot for the mobility experiments for the 

naphthalene radical cation homodimer are displayed in Figure 63a and Figure 63b respectively. 

The excellent linearity in the data shown in Figure 63b indicates that under the low-field regime 

employed in the mobility experiments (E/N < 5.0), the drift velocity of the naphthalene radical 

cation homodimer is small compared to the thermal velocity and the ion mobility is independent 

of the field strength. The repeated mobility measurements resulted in reduced mobility of 5.9 ± 

0.1 (0.25) cm2 V-1 s-1 for the naphthalene radical cation homodimer. The ± 0.1 is the uncertainty 

in the repeated measurements of the reduced mobility and the 0.25 value is a 4 % experimental 

error in the mobility measurements. 

The measured mobilities at different temperatures are used to calculate average collision 

cross sections (Ω) for the naphthalene radical cation homodimer in helium using Equation 3.21 

and the resulting values are listed in Table 9. The optimized structures of the two isomers, stacked 

parallel and T shaped, calculated at the B3LYP/6-311++G** level of theory are shown in Figure 

64. These structures are used to obtain average collision cross sections using the trajectory  
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Figure 62. Mass-spectrum of the ions injected into the drift cell containing 1.0 Torr helium at a 
temperature of 302 K. The ions are formed by 70 eV EI ionization of the neutral clusters generated 
by a supersonic beam coexpansion of the binary mixture containing naphthalene (Naph) and 
benzene (Bz) using helium as a carrier gas. 
 

 
Figure 63. (a) ATDs and (b) td versus P/V plot for the naphthalene radical cation homodimer 
(Naph)2

+. All the data are obtained in 4.5 Torr helium at a temperature of 302 K. 
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calculations which employ a potential of Lennard-Jones (LJ) and ion-induced dipole 

interactions.125,130 The calculated average collision cross sections in helium at the temperatures of 

the measured mobilities using the trajectory method are also given in Table 9. There is good 

agreement between the experimental and calculated cross sections for the stacked parallel structure 

at the three measured temperatures (within 2.5 %). The calculated T-shaped structure is 

significantly larger (around 20 %) than the measured values at the three temperatures. Since the 

measured cross sections are close to a single isomer, and not an average of the two, it can be 

concluded that the naphthalene radical cation homodimer forms a stacked parallel structure at the 

three measured temperatures. This is supported by the significant contribution from charge 

resonance interaction to the 17.8 kcal mol-1 binding energy of the naphthalene radical cation 

homodimer.204 

 

 
Figure 64. Two classes of isomers for the naphthalene radical cation homodimers: (a) stacked 
parallel and (b) T-shaped. The structures are optimized at the B3LYP/6-311++G** level of theory. 
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Table 9. Experimental-based collision cross sections of naphthalene radical cation homodimers in 
helium at different temperatures and pressures as indicated. The calculated cross sections obtained 
from the trajectory method125 for the stacked parallel and T-shaped structures optimized at the 
B3LYP/6-311++G** level of theory.130 The boldface values represent the best agreement between 
experimental and calculated cross sections. 

   

  
T (K) P (Torr) Ω (Å2)  

Experimental 
Ω (Å2) Calculated 
Stacked Parallel 

Ω (Å2) Calculated 
T-Shaped 

302 4.1 90.9 93.0 109.9 
273 4.0 95.4 94.5 111.4 
231 4.0 97.0 97.3 114.2 

  

6.4.2. Structures and Binding of the Solvation of the Naphthalene•+ by Benzene 

To determine the binding energy and structures of the naphthalene•benzene radical cation 

heterodimer, two sets of experiments were performed. For measurements of the thermochemistry 

and binding energy, the naphthalene radical cation was injected into the drift cell containing a 

helium/benzene vapor mixture (C6H6 and C6D6 was used) and the -∆Hº and -∆Sº were obtained 

from van’t Hoff plots. Mobility experiments following the coexpansion of naphthalene and 

benzene vapor were used to obtain experimental measurements for the structure of the 

naphthalene·benzene radical cation heterodimer. The experimental results were coupled with DFT 

calculations to further understand the structure and binding of the naphthalene•benzene radical 

cation homodimer. 

6.4.2.1. Thermochemical Results and Structures for Naphthalene•+(Benzene)n Clusters 

The mass spectra obtained following the injection of mass-selected naphthalene radical 

cation (C10H8
•+, Naph+) into the drift cell containing He or He/C6D6 vapor mixture are shown in 

Figure 65. A reference mass spectrum of C10H8
•+ injected into the drift cell containing only He 
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Figure 65. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into the drift cell containing He gas (a) or He/benzene (C6D6) vapor 
mixture (b-e) at different temperatures and pressures as indicated. 
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(Figure 65a) shows that only the naphthalene radical cation is present at m/z = 128. In the presence 

of 0.35 Torr of C6D6 vapor in the drift cell at 269 K, the first association product of C10H8
•+(C6D6) 

(m/z = 212) is present in addition to the naphthalene radical cation benzene radical cation 

homodimer [(C6D6)2
•+, (Bz)2, m/z = 168] (Figure 65b). The presence of the (Bz)2

•+ suggests direct 

ionization of a small amount of benzene molecules in the cell by the injection energy of the 

naphthalene radical cation despite the lack of observable dissociation products. As the temperature 

decreases, the ion intensity of the C10H8
•+(C6D6) heterodimer increases (Figure 65c), and at 229 K, 

small peaks corresponding to the second association product  C10H8
•+(C6D6)2 heterotrimer and the 

benzene radical cation homotrimer (Bz)3
•+ are observed, as shown in Figure 65d. At the lowest 

possible temperature in the drift cell before the benzene vapor freezes (219 K, Figure 65e), a 

significant decrease in the intensity of the C10H8
•+(C6D6) heterodimer ion and a large increase in 

the intensities of the C10H8
•+(C6D6)2 and (C6D6)3

•+ ions are observed. Small peaks at m/z = 234, 

236, and 290 are associated with (C6H6)3
•+, (C6D6)2(C6H6)•+, and C10H8

•+(C6D6)(C6H6) respectively 

and are due to isotope contamination of C6H6 in the C6D6 sample. The peaks at m/z = 138, 184, 

and 272 are due to pump oil impurities that tend to be observed in the drift cell at high pressures 

and low temperatures. Similar results were observed when the naphthalene radical cation was 

injected into He-C6H6 vapor mixture as shown in Figure 66. 

The observed association reactions of the benzene vapor (C6H6 and C6D6) with the 

naphthalene radical cation are represented by Equations 6.4 and 6.5: 

C&$H=•F C�H� ND& + C�H� ⇌ C&$H=•F C�H� N (6.4) 
  

C&$H=•F C�D� ND& + C�D� ⇌ C&$H=•F C�D� N  (6.5) 
 
The equilibrium constants for Equations 6.4 and 6.5 for n = 1 at different temperatures results in 

van’t Hoff plots for the formation of C10H8
•+(Bz) heterodimer for both C6H6 and C6D6 are shown 
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Figure 66. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into the drift cell containing He gas (a) or He/benzene (C6H6) vapor 
mixture (b-f) at different temperatures and pressures as indicated. 
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in Figure 67. The experimental -∆Hº and -∆Sº values for the formation of C10H8
•+(C6H6) are 7.9 ± 

1 kcal mol-1 and 18.7 ± 2 cal mol-1 K-1 respectively (Figure 67a). For the formation of 

C10H8
•+(C6H6), the resulting -∆Hº and -∆Sº values are 8.1 ± 1 kcal mol-1 and 20.2 ± 2 cal mol-1 K-1 

respectively (Figure 67b). The measured equilibrium constants and van’t Hoff plots are repeated 

at least three times, and the estimated errors in the -∆Hº and -∆Sº values are obtained from standard 

deviations of van’t Hoff plots and form typical uncertainties in thermochemical equilibrium 

studies. The isotope effects on the enthalpy and entropy changes changes are smaller than the usual 

experimental uncertainties of ± 1 kcal mol-1 and ± 2 cal mol-1 K-1 respectively for the experimental 

measurements. 

 
Figure 67. van’t Hoff plots for the formation of C10H8

•+(C6H6) (a) and C10H8
•+(C6D6) (b) 

heterodimer cations. Error estimates are ± 1 kcal mol-1 and ± 2 cal mol-1 K-1 for ∆Hº and ∆Sº 
respectively. 
 

The measured enthalpy of binding of the C10H8
•+(Bz) heterodimer is significantly smaller 

than than of the the Bz2
•+ and (C10H8)2

•+ homodimer, 8 kcal mol-1 vs. 17 and 17.8 kcal mol-1 

respectively.87,127,199 Two factors could explain this behavior: (1) the delocalization of the charge 

on the larger naphthalene cation as compared to the benzene cation could lead to weaker charge-
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induced dipole interactions with the neutral benzene molecule, and (2) the lack of charge resonance 

interaction in the C10H8
•+(Bz) heterodimer as a result of the large difference in the ionization 

energies (IE) between naphthalene and benzene (1.1 eV).2 ATDs collected at 253 K (Figure 68a) 

and 228 K (Figure 68b) show that the reaction between the naphthalene radical cation and benzene 

(C6D6) as written in Equation 6.5 is in equilibrium due to similar arrival times. 

 
Figure 68. Arrival time distributions (ATDs) of the naphthalene radical cation (Naph+) and the 
naphthalene•+(benzene) heterodimer, C10H8

•+(C6D6) (Naph+(C6D6)), obtained following the 
injection of the mass-selected naphthalene radical cation into a He/C6D6 vapor mixture at: (a) 253 
K and (b) 228 K. Similar ATD overlap suggests the reaction is in equilibrium. 
 

The calculated structures of the C10H8
•+(C6H6) heterodimer resulted in 15 minimum 

structures that fall into three classes based on the angle between the planes of the naphthalene and 

benzene molecules: (1) stacked parallel, (2) V-shaped, and (3) T-shaped. The calculated structures 

using M11/cc-pVTZ are shown in Figure 69. The calculations predict that the stacked parallel 

isomer (Figure 69a) is the global minimum energy isomer, which is similar to the structure 

observed with the naphthalene radical cation homodimer.126 The V-shaped isomer (Figure 69b) is 

very close in energy with a difference that is within the experimental error of ± 1 kcal mol-1 and 

therefore a mixture of the two isomers is possible. Both structures have binding energies that are 
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slightly higher than the experimental -∆Hº value measured. Although the T-shaped structure is 

(Figure 69c) higher energy, it is still within the experimental error of ± 1 kcal mol-1 meaning that 

there are small transition barriers between the minima making all structures present. 

 
Figure 69. DFT structures and binding energies (∆E, kcal mol-1) of the three classes of isomers 
for the naphthalene•+(benzene) heterodimer: (a) stacked parallel, (b) V-shaped, (c) T-shaped 
calculated using the M11/cc-pVTZ where the lowest energy isomer is depicted. 
 
 The C10H8

•+(C6D6)2 was only observed in a small temperature range (215-219 K) and thus 

it was not possible to measure a van’t Hoff plot for the formation of the C10H8
•+(C6D6)2 

heterotrimer. An alternative method for estimating the value of -∆Hº for C10H8
•+(C6D6)2 is to use 

equations 3.3-3.5. The ∆Gº for Equation 6.5 for n = 2 at 219 K is -4.2 kcal mol-1. Assuming a -∆Sº 

of 19 cal mol-1 K-1, the estimated -∆Hº for C10H8
•+(C6D6)2 is 8.4 kcal mol-1. This value of -∆Hº is 

similar to the binding energy of the C10H8
•+(C6D6) heterodimer suggesting that a second benzene 

molecule has a similar interaction with the naphthalene cation as the first benzene molecule. A 

possible structure is one where the naphthalene radical cation is sandwiched between two neutral 

benzene molecules.  
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The calculated structures of the naphthalene•+(benzene)2 heterotrimer resulted three classes 

of isomers based on the angle between the planes of the naphthalene and benzene molecules: (1) 

sandwich, (2) slanted U-shaped, and (3) stacked parallel. The calculated structures using 

M11/cc-pVTZ are shown in Figure 70. The results show that the global minimum corresponds to 

the structure where the naphthalene radical cation is sandwiched between two benzene molecules 

(Figure 70a). The calculated binding energy (∆E) for this isomer is 9.6 kcal mol-1, which supports 

the estimated -∆Hº calculated from the ∆Gº value. The planes of the molecules are at a slight angle 

to each other with the angle between the planes of the benzene molecules and the central 

naphthalene radical cation are 8º and 6º respectively.  

 
Figure 70. DFT structures for the three classes of isomers for the naphthalene•+(benzene)2 
heterotrimer: (a) sandwich, (b) slanted U-shaped, (c) stacked parallel calculated using the M11/cc-
pVTZ where the lowest energy isomer is depicted. 
 

The slanted U-shaped and stacked parallel structures (Figure 70b and c respectively) are 

higher-energy isomers than the sandwich structure. In the slanted U-shaped structure, the second 

benzene molecule attached to the side of the stacked parallel naphthalene•benzene radical cation 

heterodimer. The binding energy of this isomer is 3.5 kcal mol-1 higher than that of the sandwich 

structure. For the stacked parallel structure, the second benzene molecule is attached to the benzene 



 

 146 

side of the of the stacked parallel C10H8
•+(C6H6) heterodimer and the binding energy is 4.7 kcal 

mol-1 higher than the sandwich structure. 

The difference between the binding energies of the first and second benzene molecules 

relatively small which is relatively unusual when compared to similar systems. The binding energy 

of the benzene homodimer is 17 kcal mol-1 vs 6 kcal mol-1 for the formation of the benzene 

homotrimer.127 The difference is in part due to the charge delocalization in the system. The 

formation of the benzene radical cation homodimer is dominated by charge transfer interactions 

whereas the formation of the homotrimer is polarization-dominant. This causes the charge on the 

central benzene to increase. The opposite is true in the case of the C10H8
•+(C6H6)2 homotrimer 

where the charge on the central naphthalene becomes more delocalized. 

6.4.2.2. Ion Mobility Measurements for the (Naphthalene•Benzene)•+ Heterodimer 

The mass spectrum obtained following the coexpansion of naphthalene and benzene 

injected into the drift cell containing helium is shown in Figure 62. The major ions present are the 

naphthalene radical cation homodimer (Naph2
•+), the naphthalene•benzene radical cation 

heterodimer [(Naph•Bz)•+], the benzene radical cation homodimers (Bz2
•+), and the naphthalene 

radical cation (Naph•+). The ATDs and td versus P/V plot for the mobility experiments for the 

(naphthalene•benzene)•+ heterodimer are displayed in Figure 71a and Figure 71b respectively. The 

excellent linearity in the data shown in Figure 71b indicates that under the low-field regime 

employed in the mobility experiments (E/N < 5.0), the drift velocity of the (naphthalene•benzene)•+ 

heterodimer is small compared to the thermal velocity and the ion mobility is independent of the 

field strength. The repeated mobility measurements resulted in reduced mobility of 6.5 ± 0.1 (0.25) 

cm2 V-1 s-1 for the naphthalene radical cation homodimer. The ± 0.1 is the uncertainty in the 
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repeated measurements of the reduced mobility and the 0.25 values is a 4 % experimental error in 

the mobility measurements. 

 
Figure 71. (a) ATDs and (b) td versus P/V plot for the naphthalene•+(benzene) heterodimer 
(Naph•Bz)+. All the data are obtained in 4.5 Torr helium at a temperature of 302 K. 
 

The measured mobilities at different temperatures are used to calculate average collision 

cross sections (Ω) for the (naphthalene•benzene)•+ heterodimer in helium using Equation 3.21 and 

the resulting values are listed in Table 10. The collision cross section of the naphthalene radical 

cation homodimer is larger than that of the (naphthalene•benzene)•+ heterodimer due to the 

increase in the physical size of the ion. The optimized structures of two isomers used for mobility 

results, stacked parallel and T shaped, calculated at the B3LYP/6-311++G** level of theory are 

similar to those calculated by M11/cc-pVTZ shown in Figure 69a and c respectively. These 

structures were used to obtain average collision cross sections using the trajectory calculations 

which employ a potential of Lennard-Jones (LJ) and ion-induced dipole interactions.125,130 The 

calculated average collision cross sections in helium at the temperatures of the measured mobilities 

using the trajectory method are given in Table 10. 
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Table 10. Experimental-based collision cross sections of naphthalene•+(benzene) heterodimer in 
helium at different temperatures and pressures as indicated. The calculated cross sections obtained 
from the trajectory method125 for the stacked parallel and T-shaped structures optimized at the 
B3LYP/6-311++G** level of theory.130 The boldface values represent the best agreement between 
experimental and calculated cross sections. Structures shown are calculated using M11/cc-pVTZ. 

   

  
T (K) P (Torr) Ω (Å2)  

Experimental 
Ω (Å2) Calculated 
Stacked Parallel 

Ω (Å2) Calculated 
T-Shaped 

302 4.5 82.4 80.1 88.0 
273 3.0 86.2 81.6 89.5 
231 4.0 91.0 84.4 92.0 

 
The measured collision cross section of the (naphthalene•benzene)•+ heterodimer at 302 K 

(82.4 Å2) is in good agreement with the calculated value of the stacked parallel structure (80.1 Å2). 

The experimental results at 302 K are about 9 % less than the T-shape structure of 88.0 Å2. This 

is small compared to the naphthalene radical cation homodimer results where the difference 

between the stacked parallel and T-shaped structures is 20 %. At 231 K, the measured collision 

cross section is 91.0 Å2, which is in excellent agreement with the calculated value for the T-shaped 

structure of 92.0 Å2. However, at the intermediate temperature of 273 K, the measured collision 

cross section is 86.2 Å2 which is almost the average of the calculated values of the stacked parallel 

and T-shaped structures, 81.6 and 89.5 Å2 respectively. These results suggest that the 

(naphthalene•benzene)•+ heterodimer interconverts between the stacked parallel and T-shaped 

structures depending on the experimental conditions. The similarity of these collision cross section 

is also supported by the relatively similar calculated binding energies (roughly 8 kcal mol-1) as 

previously discussed.126,127 

Despite the similarities in both collision cross sections and binding energies, it it still 

interesting that at lower temperatures, the measured experimental cross sections suggest a lower 
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abundance of the stacked parallel structure compared to the higher energy T-shaped structure. This 

could be explained by considering the free energy formation of the stacked parallel and T-shaped 

isomers. There is a loss of entropy in the formation of both isomers due to the loss of translational, 

rotational, and vibrational degrees of freedom. It appears however that the entropy loss associated 

with stacking the naphthalene radical cation and the benzene molecule in a sandwich dimer is more 

than the entropy loss associated with the assembly of the T-shaped dimer. This suggests that the 

T∆S term of the free energy formation (Equation 3.3) of the T-shape isomer is less positive than 

the corresponding term in the free energy formation of the stacked parallel isomer. The 

combination of a small positive T∆S term along the the binding energy (represented by the -∆H 

term) could result in a more favorable free energy of the T-shaped isomer at lower temperatures. 

This unique structural motif is useful for the molecular design and recognition involving charged 

aromatic systems. 

6.4.3. Structure and Binding of the Solvation of Naphthalene•+ by Pyridine 

6.4.3.1.  Mass Spectra and Thermochemical Results for Naphthalene•+(Pyridine)n Clusters 

The mass spectra obtained following the injection of mass-selected naphthalene radical 

cation (C10H8
•+, Naph+) into the drift cell containing He or a He/pyridine (C5H5N, Pyr) vapor 

mixture are shown in Figure 72 and Figure 73. In both Figure 72a and Figure 73a, the mass-

selected C10H8
•+ was injected into the drift cell containing 1.0 Torr He at 305 K and 304 K 

respectively. Both mass spectra show no dissociation products that is consistent with the low 

injection energy (12.8 eV) and the naphthalene radical cation is the major peak (m/z = 128). A 

small peak is observed at m/z = 146 in both Figure 72a and Figure 73a that corresponds to the 

C10H8
•+(H2O) ion (Naph+(W) in both mass spectra). The presence of this ion is due to the trace 

amount of water vapor in the drift cell. 
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When the naphthalene radical cation is injected into the drift cell containing 0.12 Torr Pyr 

and 0.91 Torr He at 305 K (Figure 72b), the peak associated with the naphthalene radical cation is 

negligible and the the peak associated with the first association product C10H8
•+(C5H5N) at m/z = 

207 is the major peak. The protonated pyridine dimer (H+(Pyr)2) at m/z = 159 is also present. This 

protonated dimer is present likely due to proton abstraction and subsequent ionization due to the 

injection energy of the naphthalene radical cation. Further heating of the drift cell resulted in 

dissociation of the C10H8
•+(C5H5N) association product to the naphthalene radical cation and at 

400 K (Figure 72c), the C10H8
•+ and C10H8

•+(C5H5N) peaks are similar in intensity and the 

protonated pyridine dimer is somewhat reduced. Further heating of the drift cell continued the 

dissociation of the C10H8
•+(C5H5N) to the C10H8

•+ (Figure 72d and e) and at 480 K (Figure 72f) the 

C10H8
•+(C5H5N) is almost completely undetectable. The protonated pyridine dimer also dissociates 

to protonated pyridine, but the intensity of these peaks are small compared to the C10H8
•+(C5H5N)n 

series as the temperature of the drift cell increases. From the mass spectra in Figure 72, it is clear 

that there is some covalent character to the binding of the first pyridine molecule to the naphthalene 

radical cation, but there is likely other types of binding present because the first association product 

dissociated at higher temperatures. 

To observe subsequent additions of pyridine to the naphthalene radical cation, the drift cell 

was cooled and the resulting mass spectra are shown in Figure 73. When the naphthalene radical 

cation is injected into the drift cell containing 0.13 Torr pyridine and 1.04 Torr He at 273 K (Figure 

73c), the second association product (Naph+•(Pyr)2) is observed. Subsequent cooling resulted in 

the formation of higher additions of pyridine to the naphthalene radical cation forming 

C10H8
•+(C5H5N)n association products with n = 3 appearing at 246 K (Figure 73d) and n = 4 at 225 

K (Figure 73f). In addition to the C10H8
•+(C5H5N)n association products, there is a second series of 



 

 151 

 
Figure 72. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into the drift cell containing He gas (a) or He/pyridine (Pyr) vapor mixture 
(b-f) at increasing temperatures and pressures as indicated. 
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Figure 73. Mass spectra resulting from the injection of the mass-selected naphthalene radical 
cation (C10H8

•+, Naph+) into the drift cell containing He gas (a) or He/pyridine (Pyr) vapor mixture 
(b-f) at decreasing temperatures and pressures as indicated. 
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protonated pyridine clusters. The protonated pyridine dimer cation is the dominant peak at 246 K 

(Figure 73d) with the protonated trimer also observed also observed. At 225 K, the lowest 

achievable temperature before the pyridine freezes (Figure 73f), the protonated trimer is one of 

two major peaks present. 

The association reaction of pyridine with the naphthalene radical cation is represented by 

Equation 6.6: 

C&$H=•F C>H>N ND& + C>H>N ⇌ C&$H=•F C>H>N N  (6.6) 
 
The equilibrium constants were measured for this equation using Equation 6.2 by obtaining the 

peak intensities of the stepwise association products of C5H5N to the C10H8
•+ ion at different 

temperatures. Using Equation 3.5, the van’t Hoff plots for each association step is produced as 

shown in Figure 74. The resulting -∆Hº and -∆Sº values for Equation 6.6 are obtained from the 

slope and intercept of the van’t Hoff plot respectively and are summarized in Table 11. 

Table 11. Measured thermochemistry (-∆Hº and -∆Sº)a of the formation of C10H8
•+(C5H5N)n 

clusters for n = 1-4. 
C10H8

•+(C5H5N)n -∆Hº (kcal mol-1) -∆Sº (cal mol-1 K-1) 
1 20.9 33.9 
2 11.0 26.9 
3 10.9 31.8 
4 9.5 27.3 

a Units, estimated error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
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Figure 74. van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of naphthalene radical cation with pyridine for the first four solvation steps. 
The resulting ∆Hº and ∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The error for the 
measurements are ± 1 kcal mol-1 for -∆Hº and ± 2 cal mol-1 K-1 for -∆Sº. 
 
 The formation of the naphthalene•+(pyridine) heterodimer has experimentally measured -

∆Hº and -∆Sº values of 20.9 ± 1 kcal mol-1 and 33.9 ± 2 cal mol-1 K-1. The binding as measured by 

the -∆Hº is significantly higher than the that of the naphthalene•+(benzene) heterodimer of 8 ± 1 

kcal mol-1, but lower than that of the benzene•+(pyridine) heterodimer, > 33 kcal mol-1.115,127 This 

behavior could be explained by the fact that there is significant contribution from covalent bond 

interaction through the formation of a C-N bond, but the possibility of some electrostatic 

contribution remains. The time profile at 400 K for the naphthalene radical cation, the 

naphthalene•+(pyridine) heterodimer, and the protonated pyridine dimer is shown in Figure 75. The 

naphthalene radical cation remains at a constant normalized intensity as the voltage of the drift 

field is varied. The variations of the naphthalene•+(pyridine) heterodimer and the protonated 
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pyridine dimer are due to the low intensity of the ATDs taken at low drift field. The lack of any 

significant change suggests that this reaction is in equilibrium. 

 
Figure 75. Time profile based on the arrival time distributions (ATDs) of the naphthalene radical 
cation (Naph+); the naphthalene•+(pyridine) heterodimer, C10H8

•+(C5H5N) (Naph+(Pyr)); and the 
protonated pyridine dimer, H+(C5H5N) (written as (Pyr)+

2) obtained following the injection of the 
mass-selected naphthalene radical cation into He/C5H5N vapor mixtures at 400 K. 
 

Subsequent additions of pyridine to the naphthalene radical cation for C10H8
•+(C5H5N)n for 

n = 2-4 have decreasing measured -∆Hº values of 11.0-9.5 ± 1 kcal mol-1 as shown in Figure 74 

and summarized in Table 11. This would suggest multiple binding sites around the 

naphthalene•+(pyridine) heterodimer with increasing instability. The ATDs of C10H8
•+(C5H5N)n for 

n = 1 and 2 shown in Figure 76 overlap and have similar arrival times at 273-243 K. This suggests 

that the subsequent additions of pyridine to the covalent naphthalene•+•pyridine heterodimer are in 

equilibrium. 
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Figure 76. Arrival time distributions (ATDs) of the naphthalene•+(pyridine) heterodimer, 
C10H8

•+(C5H5N) (Naph+(Pyr)), and the second association product, C10H8
•+(C5H5N)2 

(Naph+(Pyr)2), obtained following the injection of the mass-selected naphthalene radical cation 
into He/C5H5N vapor mixture at: (a) 273 K, (b) 258 K, and 243 K. Similar ATD overlap suggests 
the reaction is in equilibrium. 
 

6.4.3.2. Ion Mobility Measurements for the (Naphthalene•Pyridine)•+ Heterodimer 

The mass spectra following the injection of the mass-selected (naphthalene•pyridine)•+ 

generated from the coexpansion of naphthalene and pyridine into the drift cell containing helium 

are shown in Figure 77. At 300 K (Figure 77c) the peaks observed are the (naphthalene•pyridine)•+ 

heterodimer [(Naph•Pyr)+], the naphthalene radical cation monomer (Naph+), the pyridine 

homodimer (Pyr2
+), and the pyridine homotrimer (Pyr3

+). If the (naphthalene•pyridine)•+ 

heterodimer is injected into higher temperatures, such as 323 K (Figure 77b), the heterodimer 

begins to dissociate to the naphthalene radical cation and neutral pyridine monomers. At the 

highest measured temperature, 474 K (Figure 77a), the heterodimer has almost entirely dissociated 

to the naphthalene radical cation. When the drift cell is cooled (Figure 77d-e), the 

(naphthalene•pyridine)•+ heterodimer is a major peak and at 223 K (Figure 77d), the 

(naphthalene•pyridine)•+(pyridine) heterotrimer begins to appear. At the lowest temperature 

measured, 103 K (Figure 77e), the naphthalene2
•+ is also present. The ATDs and td versus P/V plot 

for mobility experiments for the (naphthalene•pyridine)•+ heterodimer are displayed in Figure 78a 
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Figure 77. Mass spectra of the products of the coexpansion of a mixture of naphthalene and 
pyridine into the drift cell containing helium at the temperatures and pressures indicated. The ions 
are formed by 70 eV EI ionization and He was used as as carrier gas. 
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and Figure 78b respectively. The excellent linearity in the data shown Figure 78b indicates that 

under the low-field regime employed in the mobility experiments, the drift velocity of the 

(naphthalene•pyridine)•+ heterodimer is small compared to the thermal velocity and the ion 

mobility is independent of field strength.  

 
Figure 78. (a) ATDs and (b) td versus P/V plot for the naphthalene•+(pyridine) heterodimer. All 
data are obtained in 2.2 Torr He at a temperature of 302 K. 
 

The measured mobilities are used to calculated the average collision cross sections (Ω) for 

the (naphthalene•pyridine)•+ heterodimer in helium using Equation 3.21 and the resulting values 

are summarized in Table 12. The collision cross section of the (naphthalene•pyridine)•+ is 84.9 Å2 

at 303 K and increases slightly to 87.5 Å2 at 222 K. The theoretical collision cross sections for four 

isomers calculated at the M06-2X/cc-pVTZ level of theory are also summarized in Table 12 and 

will be discussed in Section 6.4.3.3. 
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Table 12. Experimental-based collision cross sections of the naphthalene•+(pyridine) heterodimer 
in helium at different temperatures as indicated. The calculated cross sections obtained from the 
trajectory method125 for two covalent (C1 and C2), stacked parallel, and T-shaped structures 
optimized at M06-2X/cc-pVTZ level of theory. The bold face values represent the best agreement 
between the experimental and calculated cross sections. 

   

  
 

 

Temp 
(K) 

K0  
(cm V-1 s-1) 

Ω (Å2) 
Exp. 

Ω (Å2) Calc. 
C1 

Ω (Å2) Calc. 
C2 

Ω (Å2) Calc. 
Stacked 
Parallel 

Ω (Å2) Calc. 
T-Shaped 

302 6.32 84.9 83.9 85.1 79.8 92.0 
273 6.53 86.5 85.3 86.5 81.1 93.4 
223 7.18 87.5 88.4 89.6 84.2 96.6 

 

6.4.3.3. Calculated Structures of Naphthalene•+(Pyridine)n Clusters for n = 1 and 2 

The calculated structures for the naphthalene•+(pyridine) heterodimer are divided into three 

classes: covalent, stacked parallel, and T-shaped. The lowest energy isomers for each of these 

classes are shown in Figure 79. For the covalent class of isomers, two low energy isomers were 

calculated (Figure 79a and b) with the covalent bond forming between the N of the pyridine neutral 

and the α or β carbon of the naphthalene radical cation. The structure with the C-N covalent bond 

formed on the α carbon of the naphthalene (covalent structure 1, C1, Figure 79a) is a more stable 

complex compared to where the C-N bond is formed on the β carbon (covalent structure 2, C2, 

Figure 79b) by about 5 kcal mol-1. These covalent isomers form distonic structures where the 

charge is delocalized on the pyridine between the three carbons in the orth- and para-positions of 

the pyridine ring based on Mulliken population analysis. Based on the same Mulliken population 

analysis, the spin of the radical is delocalized between two carbons in the naphthalene ring (atoms 

8 and 10 in C1 and atoms 6 and 9 in C2, Figure 79a and b). Although is is possible for the H at the 

site of the C-N covalent bond to be displaced round the heterodimer complex, as in the case of the 

(benzene•pyridine)•+ heterodimer forming (C5H5NH+•C6H5
•), such structures are always lower in 
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energy than C1 and mostly smaller than C2 when the proton migrates to another site on the 

naphthalene rings.115 When the proton migrates around the pyridine ring (as it does in the 

benzene•pyridine heterodimer radical cation), the energy is only comparable to the energy of the 

C2 isomer when the H is at the para-position, but still comparable to when no migration occurs. 

115 

 
Figure 79. DFT structures and binding energies (∆E, kcal mol-1) of four isomers for the 
naphthalene•+(pyridine) heterodimer: (a) covalent structure 1 (C1), (b) covalent structure 2 (C2), 
(c) stacked parallel, and (d) T-shaped calculated at the M06-2X/cc-pVTZ level of theory. 
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The stacked structure (Figure 79c) is a higher energy structure compared to covalent 

isomers and has a calculated binding energy, ∆E, of 8.1 kcal mol-1 which is similar to that in the 

naphthalene•+(benzene) heterodimer.127 The structure of the two heterodimer isomers are also 

similar.126 The T-shaped isomer (Figure 79d) is a lower energy isomer compared to the stacked 

structure, 11.6 kcal mol-1 vs 8.1 kcal mol-1 respectively, which differs from the 

naphthalene•+(benzene) heterodimer where the T-shaped isomer is the highest-energy structure. 

The pyridine will bind to the naphthalene forming two CHδ+⋯N bonds at the α positions of the two 

naphthalene rings. 

The experimental -∆Hº value of 20.9 ± 1 kcal mol-1 for the naphthalene•+(pyridine) 

heterodimer lies between the calculated binding energy of the two covalent isomers. This would 

suggest that the pyridine does form a covalent bond with the naphthalene radical cation, but a 

mixture of both C1 and C2 structures is present. The stacked parallel and T-shaped structure that 

are observed in the naphthalene•+(benzene) heterodimer are unlikely to be observed for the 

naphthalene•+(pyridine) heterodimer due to the electrostatic structures being higher in energy and 

binding energies that do not correlate with the experimentally observed results. 

The C-N bond length between the naphthalene radical cation and neutral pyridine for the 

covalent structures are 1.53 Å for the C1 structure and 1.54 Å for the C2 structure. This bond 

length is relatively close to the normal C-N bond length of 1.47 Å which supports the idea of a 

covalent bond formation.2 The energy of formation of the C-N bond is interesting since both the 

experimental and calculated binding energies are well below the typical C-N binding energy of 73 

kcal mol-1.2 This difference in energy is explained by the distonic nature of the C10H8
•(C5H5N+) 

cluster. The bond formed is dative in character with the two electrons of the nitrogen creating the 

bond. This results on the charge localized on the pyridine as discussed earlier, which is 
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unfavorable. The bond also disrupts the aromaticity of the naphthyl radical and results in proton. 

Such interactions cause the normally strong covalent bond to become “frustrated” and thus a lower 

energy covalent bond is observed. 

The measured collision cross sections for the (naphthalene•pyridine)•+ heterodimer are in 

good agreement with the the calculated values of the covalent structures. At 302 and 273 K, the 

measured collision cross sections, 84.9 and 86.5 Å2 respectively, are between the calculated values, 

83.9 and 85.3 Å2 for the C1 structure and 85.1 and 86.5 Å2 for the C2 structure. At 223 K, the 

measured collision cross section is 87.5 Å2, which is less than the calculated cross sections of 88.4 

and 89.6 Å2 for the C1 and C2 structures respectively. For the stacked parallel structures, the 

calculated collision cross sections were 79.8, 81.1, and 84.2 Å2 for 302, 273, and 223 K 

respectively. At all temperatures, the calculated cross sections for the stacked parallel structure are 

less than the measured collision cross sections. Alternatively, the calculated collision cross 

sections for the T-shaped isomer of the (naphthalene•pyridine)•+ (92.0, 93.4, and 96.6 Å2 for 302, 

273, and 223 K respectively), are about 10 % larger on average than the measured collision cross 

sections. These results are summarized in Table 12 and support the thermochemistry results that 

the naphthalene•+(pyridine) heterodimer is a covalent structure where the pyridine forms a C-N 

covalent bond with the α or β carbon of the naphthalene radical cation. Based on the values, a 

mixture of the two structures is present, but there is likely a predominance of the structure where 

the C-N bond is formed at the β carbon of the naphthalene radical cation. 

Using the two covalent structures of the naphthalene•+(pyridine) heterodimer (Figure 79a 

and b) as starting points, the lowest energy structures for the addition of a second pyridine structure 

were calculated using ab initio molecular dynamics (AIMD) calculations with the resulting 

structures and binding energies, ∆E, shown in Figure 80. The second pyridine was added to either  
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Figure 80. AIMD structures and binding energies (∆E, kcal mol-1) of four low energy isomers for 
the naphthalene•+(pyridine)2 heterotrimer using the two low energy covalent structures of the 
naphthalene•+(pyridine) heterodimer (C1 or C2) as a starting point with the second pyridine 
molecule binding to the same side (SS) or opposite side (OS): (a) C1/OS, (b) C1/SS, (c) C2/OS, 
and (d) C2/SS 
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the opposite side (Figure 80a and c) or the the same side (Figure 80b and d) of the original pyridine 

that is attached to the naphthalene ring by a covalent bond for both the C1 and C2 isomers. The 

binding energy for all four isomers are relatively similar with a value of 13-14 ±1 kcal mol-1. In 

all cases, the second pyridine molecule forms a network of H-bonds between all three molecules 

in the heterotrimer. The experimental -∆Hº value of 11.0 ± 1 kcal mol-1 is less than the calculated 

structures, but given that there is an ensemble of structures predicted for the heterodimer, the 

heterotrimer should also contain an ensemble of structures. Calculations were also performed 

where the second pyridine bind covalently to the naphthalene ring, but the second pyridine is 

essentially unbound with only one structure containing a very small binding energy of 2 kcal mol-1. 

Unlike the naphthalene•+(benzene)2 heterotrimer where the second benzene forms a 

sandwich structure, the second pyridine in the naphthalene•+(pyridine)2 heterotrimer will move to 

maximize the H-bonding interactions with the dimer forming a slanted U-shaped structure. Further 

frequency calculations for the naphthalene•+(pyridine)2 heterotrimer will allow better 

understanding into this hydrogen bonding behavior.  

6.5. Summary and Conclusions 

The equilibrium thermochemistry measurements for the naphthalene•+(benzene) 

heterodimer and naphthalene•+(pyridine)n clusters for n = 1-4 were obtained using the ion mobility 

drift cell technique technique. The collision cross sections of the (naphthalene)2
•+ homodimer and 

naphthalene•+(benzene) and naphthalene•+(pyridine) heterodimers were calculated from the 

measured reduced mobility using the same technique. Using both sets of data, the structures of the 

measured dimers were determined from possible calculated isomers using DFT and ab initio 

molecular dynamic calculations.   
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The (naphthalene)2
•+ homodimer has a stacked parallel structure from 230-300 K with no 

presence of a T-shaped isomer observed. The charge resonance interaction between the two 

naphthalene molecules contributes to the binding energy, 17.8 kcal mol-1, of the dimer.126,199 The  

naphthalene•+(benzene) heterodimer, with a binding energy of 7.9-8.1 ±1 kcal mol-1 (for C6H6 and 

C6D6),  will appear as both a stacked parallel and T-shaped structures in the same 230-300 K, The 

stacked parallel structure is present at higher temperatures, while the T-shaped structure is 

predominant at lower temperatures. The -∆Hº for the naphthalene•+(benzene)2 heterotrimer was 

estimated by calculating the ∆Gº at 219 K and resulted in a value of 8.4 kcal mol-1.  The resulting 

structure is a sandwich structure with the naphthalene radical cation between two benzene 

molecules. 

The naphthalene•+(pyridine) heterodimer has a measured binding energy of 20.9 kcal mol-1 

suggesting that the bond is formed with some covalent character. The heterodimer is a distonic 

structure of naphthalene•(pyridine+) where the pyridine will form a C-N covalent bond on either 

the α or β carbon of the naphthalene ring. The second pyridine molecule forms a network of H-

bonds with the covalent structure with a binding energy of 11.0 kcal mol-1. Attempts to calculate 

a second covalent bond resulted in the C-N covalent bond breaking and forming the H-bond 

network. Subsequent additions have binding energies of 10.9 and 9.5 kcal mol-1 suggesting that 

the pyridine will form H-bonding networks within the naphthalene•+(pyridine)n complex. 

The unique structural motifs of the dimer radical cations could be useful for molecular 

design and recognition involving charged aromatic systems. Covalent additions of pyridine to the 

polycyclic aromatic hydrocarbon suggests the possibility of formation of complex heterocyclic 

species in ionizing environments in space.   
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Chapter 7: Stepwise Solvation of the Phenyl Cation by Small 
Polar Molecules with Comparisons to Naphthalene•+ 

7.1. Introduction 

The hydration of organic ions with small molecules such as water, methanol, hydrogen 

cyanide, and acetonitrile has a central role in many chemical, biological, and physical processes 

such as base pair stacking in DNA, conformation and folding of proteins, macromolecule 

assembly, biological membranes, drug design, clathrate hydrate formation, and micelles.7,35,70,132 

Organic ions can form hydrogen bonds in nature; one example of this being observed in icy grains 

doped with polycyclic aromatic hydrocarbons (PAH) that are subjected to ionizing radiation in 

interstellar dust grains.205,206 Hydrogen bonding interactions involving ionized aromatics are 

important in radiation chemistry, electrochemistry, polymerization in aqueous solvents, and in 

astrochemical environments.66,69,205 These interactions include proton abstraction by solvent 

molecules such as water from ionized aromatics. These interactions are important for 

astrochemical processes and reaction mechanisms.54,69 

 Ionic hydrogen bonding (IHB) interactions involving small polar molecules are important 

for ionized PAHs where unconventional carbon-based IHBs are formed. Here the hydrogen donors 

are the ionized aromatics containing CH groups and the hydrogen acceptors are electron lone pairs 

on heteroatoms such as O or N, olefin double bonds, or aromatic π systems.5 Water can cluster 

with PAH ions and condense to form large hydrogen-bonded networks around or on the surface of 

the PAH ion thus acting as nucleation centers for the formation of organic-doped icy grains. These 

organic-doped icy grains can form complex organics including membrane-forming components 

under interstellar UV radiation.52,54,55,89  
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Understanding the reactions of the phenylium ion (C6H5
+) allows more insight into the 

chemistry of isolated gas-phase ions. This is because phenylium ions are produced upon electron 

and chemical ionization of many aromatic species.207 Due to the vacant sp2 orbital of the phenylium 

ion, interactions with neutral molecules are strong ion-induced dipole in nature. The reactivity of 

the phenylium ion is both carbonium- and carbene-type and can thus interact with both σ- and π-

type electron systems.207,208 Because of this, the energetics and structures of the products of ion-

molecule reactions between phenyl cation and small molecules from in astrochemical 

environments is important. 

The phenyl radical (C6H5
•) has been investigated as a precursor to forming larger PAH 

molecules, such as indene, upon reacting with unsaturated hydrocarbons.209-213 The phenylium ion 

has been shown to react much faster with unsaturated molecules such as acetylene when compared 

to benzene radical cation (C6H5
•+) due to the barrier that originates from the absence of an available 

addition site.168 The loss of a proton to allow this favorable reaction could occur in solar nebulae 

and interstellar environments by ionization processes by the abstraction of H by reactive radical 

species such as H and C2H.39  

Despite this work on phenylium with unsaturated hydrocarbons, little work has focused on 

the gas phase interactions of the phenyl cation with small polar astrophysically relevant molecule 

such as water or hydrogen cyanide.207 Presented is the first study of the hydration the phenylium 

ion in the gas phase beyond a single water molecule. Using the information of the stepwise 

hydration of the phenyl cation in the gas phase can be used to extrapolate potential hydrophobic 

and hydrophilic hydration in macroscopic systems and larger PAH molecules.35 The interactions 

between these ionized aromatics and water although common, are not experimentally 

characterized on a molecular level. Much of the information available relies upon chemical 
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intuition and theoretical models.69,70 To further investigate the H-bonding behavior of the phenyl 

cation, methanol was used as the solvation molecule. The astrochemically and biologically 

relevant molecule HCN and the similar acetonitrile are also used and can be used to form complex 

polycyclic aromatic nitrogen-contiaining molecules (PANHs).39,74,214-217 

In this chapter, the measured binding energies for the (C6H5
+)(H2O)n complexes for n = 2-

4 and calculated structures and binding energies for 1-6 water molecules associated with the 

phenylium ion in (C6H5
+)(H2O)n clusters are shown. The results indicate that the first water 

molecule binds covalently to the phenylium ion to from a protonated phenol cation structure. 

Subsequent additions of water bind via IHBs to form a hydrogen bonding chain of water molecules 

with no indication of internal solvation. The resulting structures for these subsequent additions are 

similar to those of protonated phenol.218 Thermochemistry results are also presented for the second 

and third step association steps of the phenyl cation to methanol, C6H6
+(CH3OH)n for n = 2 and 3, 

as well as the second-forth association steps for HCN and acetonitrile, C6H5
+(HCN)n and 

C6H5
+(CH3CN)n for n = 2-4 respectively. Experimental thermochemical results for the first 

association product could not be measured for theses systems due to the formation of a covalent 

bond  between the neutral molecule and the phenyl cation.  This work aims to establish the 

structures and thermodynamics of solvated phenylium ion within clusters of polar molecules 

relevant to astrophysical environments. 

7.2. Experimental Section 

All experiments are performed with the VCU mass-selected ion mobility spectrometer with 

details of the system outlined in Chapter 2. During experiments, the C6H5
+ (Ph+) ions are generated 

by electron impact ionization using an electron energy of 60-70 eV after supersonic expansion of 

50-80 psi (≈ 2500-3600 Torr) ultra-high purity helium (AirGas) seeded with of bromobenzene 
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vapor, C6H5Br, through a pulsed supersonic nozzle (500 µm) into a source vacuum chamber 

maintained at a background pressure of 10-7 Torr. The C6H5
+ ions are mass-selected by a 

quadrupole mass-filter before being injected into a drift cell (in 25-50 µs pulses) containing helium 

(AirGas, Research Grade) or a He/neutral reagent vapor mixture. The neutral reagents used were: 

H2O (deionized), MeOH (Fisher, laboratory grade), HCN (preparation discussed later), or CH3CN 

(Sigma-Aldrich, ≥ 99.9 %). Flow controllers (MKS #1479A) were used to maintain a constant 

pressure inside the drift cell within ±1 mTorr. The temperature of the drift cell was controlled to 

±1 K using four temperature controllers. To cool the drift cell, liquid nitrogen was used by flowing 

it through solenoid valves. The reaction products leaving the drift cell were identified by scanning 

a second quadrupole mass-filter located after the drift cell and arrival time distributions (ATDs) 

were collected by monitoring the intensity of each ion as a function of time. The injection energies 

used in experiments (10-14 eV, laboratory frame) were only slightly higher than the minimum 

energies required to introduce the ions against the neutral reactant/He vapor mixture outflow at the 

drift cell entrance orifice. Most ion thermalization occurred outside of the drift cell by collisions 

with the gas mixture molecules escaping the drift cell entrance orifice. 

The HCN gas used for experiments was prepared by sealing 5-8 g of NaCN (Sigma-

Aldrich, 97 %) in a 500 mL stainless steel/glass bubbler. The solid was then pumped using an 

Edwards 30 mechanical pump (E2M, 250 V, 33.0 m3 hr-1 pumping speed) to 20 Torr monitored 

by a Baratron pressure gauge (MKS-626A13TBD). Approximately 2.5-4 mL of pure sulfuric acid 

(H2SO4, Sigma-Aldrich, 99.999%) was added to the bubbler via a stainless steel tube extension on 

the bubbler fitted with valves on each side to ensure vacuum of the NaCN. The sulfuric acid was 

dropped into the bubbler to react with the NaCN leading to the immediate production of HCN gas. 
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The equilibrium reaction for all experiments studied throughout this series chapter is 

represented by Equation 7.1: 

C�H>F B ND& + B ⇌ C�H>F B N (7.1) 
 
where B is the neutral molecule: H2O, MeOH, HCN, or MeCN respectively. This reaction is said 

to be in equilibrium when: (1) the ATDs of the product and reactant ions have equal arrival times 

and (2) there is a constant ratio of the integrated intensities of product and reactant ion over a range 

of drift cell field voltage thus changing the residence time of the ions at a constant temperature and 

pressure. Once equilibrium is established, the equilibrium constant, Keq, is measured using the 

equation: 

𝐾QR =
C�H>F B N

C�H>F B ND& B
=

𝐼 ¢¬¤­T ¦ W

𝐼 ¢¬¤­T ¦ W/0
	 (7.2) 

 
where 𝐼 ¢¬¤­T ¦ W

 and 𝐼 ¢¬¤­T ¦ W/0
 are the integrated intensities of the ATDs of the reactant and 

product ions or the intensity of the ion peak on a mass spectrum and PB is the partial pressure of 

the neutral vapor in atmospheres inside the drift cell. The equilibrium constant is measured at 

different temperatures to form a van’t Hoff plot (using the van’t Hoff equation as shown in 

Equation 3.5) where the ∆Hº and ∆Sº values are obtained from the slope and intercept respectively. 

All data was repeated at least three times with average values used in discussion. 

7.3. Theoretical Calculations 

Density functional theory calculations of the lowest energy structures for the various 

isomers of the cluster ions were performed using the Gaussian 03 program suite.129 The 

calculations protonated phenol cation, C6H5OH2
+, and first four additions of water to the phenyl 

cation, (C6H5
+)(H2O)n for n = 1-4 were performed at the B3LYP/6-311++G** level of theory. 

Vibrational frequency calculations were also performed for all the optimized geometries at the 
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same level of theory in order to obtain zero-point vibrational energy (ZPVE) and to verify the 

absence of imaginary frequencies.130 For all calculations the binding energy (∆E) was calculated 

at 0 K and was calculated using the equation: 

∆𝐸 ¢¬¤­T ¤®¯ W
= 𝐸 ¢¬¤­T ¤®¯ W/0

+ 𝐸 ¦ − 𝐸 ¢¬¤­T ¤®¯ W
 (7.3) 

 
where𝐸 ¢¬¤­T ¤®¯ W/0

, 𝐸 ¦ , 𝐸 ¢¬¤­T ¤®¯ W
 and are the  total electronic energies of the lowest 

energy isomers of the reactant ion, neutral molecule represented by B, and the product of the 

reaction shown in Equation 7.1. 

7.4. Results and Discussion 

7.4.1. Stepwise Hydration of the Phenyl Cation 

7.4.1.1. Mass Spectra and Thermochemical Results for Phenyl+(H2O)n Clusters 

The mass spectra obtained following the injection of the mass-selected phenyl cation into 

the drift cell containing He or a He/water vapor mixture are shown in Figure 81-Figure 83. When 

the drift cell contains only He the residual water in the drift cell binds to the C6H5
+ resulting in the 

first hydration product (Ph+W) at m/z = 95 as shown in Figure 81a, Figure 82a, and Figure 83a. 

The presence of the Ph+W peak suggests strong binding of water to the phenyl cation at room 

temperature. Two pathways arise that illustrate this behavior and are shown by Equations 7.4 and 

7.5: 

C�H>F + H*O ⟶ C�H>OH*F (7.4) 
  

C�H>F H*O ND& + H*O ⇌ C�H>F H*O N (7.5) 
 
In Equation 7.4, the water irreversibly binds to the phenyl cation resulting in the formation of the 

covalent product similar to the protonated phenol ion. Subsequent water additions would bind via 

reversible ionic hydrogen bonding. Equation 7.5 shows water forming reversible ionic hydrogen 
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bonds with the phenyl cation that are similar to those seen in other aromatic ions such as benzene 

and naphthalene.9,56,69,106 

 
Figure 81. Mass spectra resulting from the injection of the mass-selected phenyl cation (C6H5

+, 
Ph+) into He gas at different pressures and temperatures as indicated. 
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The covalent protonated phenol cation (Ph+W) shown in Equation 7.4 was shown to exist 

by observing the temperature dependence of the presence and intensity of the C6H5OH2
+ peak 

(m/z= 95) at high temperatures when the mass-selected phenyl cation is injected into the drift cell 

containing only He. The water present would be  the residual water vapor in the drift cell as shown 

in Figure 81. The water should not come from the He since the concentration in the gas is only 0.2 

ppb (99.9999 % pure). At 303 K (Figure 81a) both the Ph+ and Ph+W ions are the predominant 

species, but protonated water is also present. As the temperature increases, Ph+ becomes the 

predominant species, but even at 473 K the Ph+W is still present. The C4H3
+ peak observed at 

m/z=51 is a known fragment from the bromobenzene used to create the phenyl cation.2 

Figure 82 and Figure 83 display the mass spectra obtained following the injection of the 

mass-selected phenyl cation (C6H5
+, Ph+) into the drift cell containing He or He-water vapor (W) 

gas mixture. In both Figure 82a and Figure 83a, the mass-selected phenyl cation is injected into 

the drift cell containing only He to act as a reference to the subsequent mass spectra where water 

vapor is present. Figure 82b-e shows the mass spectra obtained when the drift cell contains He-

water vapor gas mixture at increasing temperatures between 303-553 K. In the presence of 0.07 

Torr water vapor in the drift cell at 303 K, the association product Ph+W2 is the major product 

along with small intensities of Ph+, Ph+W, and the protonated water cluster H+W4 as shown in 

Figure 82b. As the temperature of the drift cell increases, the dissociation of the Ph+W2 product to 

the Ph+W product is observed along with protonated water and the C4H3
+ fragment ion peak. At 

403 K the Ph+W is the major product with complete dissociation of the second hydration product 

shown in Figure 82c. As the temperature is increased to 553 K, Figure 82e, the Ph+W remains the 

major ion observed with little observation of the Ph+ peak. This prevents the the equilibrium to not 

be determined and thus the thermochemistry for the first hydration product was not measured. This 
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type of binding reinforces the notion of a strong covalent bond forming between the first water 

and the phenyl cation. 

 
Figure 82. Mass spectra resulting from the injection of the mass-selected phenyl cation (C6H5

+, 
Ph+) into He gas (a) or He/water (W) vapor mixture (b-e) at different pressures (Torr) and 
increasing temperatures (K) as indicated. 
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Figure 83. Mass spectra resulting from the injection of the mass-selected phenyl cation (C6H5

+, 
Ph+) into He gas (a) or He/water (W) vapor mixture (b-e) at different pressures (Torr) and 
decreasing temperatures (K) as indicated. 
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Figure 83b-e shows the mass spectra obtained when the drift cell containing He-water 

vapor gas mixture was cooled from 302 K to 244 K which is just above the point where water 

freezes in the drift cell. Unlike in Figure 82 where the lowest possible pressure of water is used to 

observe the first few hydration products, higher water pressure is used to observe higher hydration 

products prior to freezing the water vapor. In presence of 0.20 Torr water vapor at 302 K the 

hydration products C6H5
+(H2O)n, Ph+Wn, for n = 2-3 along with small intensities of Ph+ and 

protonated water clusters H+Wn for n = 4-5 are observed as shown in Figure 83b. As the 

temperature decreases, higher association products Ph+Wn for n = 3-4 are observed, but protonated 

water clusters become the predominant species present. At 244 K (just above the point where water 

freezes in the drift cell), the fifth hydration product begins to form as well as the protonated water 

clusters H+Wn for n = 5-9 as shown in Figure 83e. 

The equilibrium constants are measured for Equation 7.5 using Equation 7.2 by using the 

peak intensities of the stepwise hydration of C6H5
+ at different temperatures from Equation 3.5 

with the resulting van’t Hoff plots shown in Figure 84. The resulting -∆Hº and -∆Sº values are 

displayed in Table 13. A covalent structure is formed by the addition of H2O to the C6H5
+ ion as 

well as a Noncovalent structure takes place. The covalent structure is lower in abundance, but due 

to its presence, the equilibrium for the first addition is disturbed and thus thermochemistry 

measurements could no be performed. The van’t Hoff plot for the second hydration product of the 

phenyl cation has two distinct regions (Figure 84a), a low temperature region (288-373 K) and a 

high temperature region (373-423K). In the low temperature region, the -∆Hº and -∆Sº values for 

the formation of the second hydration product are 15.5 ± 1 kcal mol-1 and 25.7 ± 2 cal mol-1 K-1. 

In the higher temperature region, the -∆Hº and -∆Sº values increase to 18.7 ± 1 kcal mol-1 and 33.2 

± 2 cal mol-1 K-1. This increase can be explained by the fact that there is a mixture of the hydrated 



 

 177 

covalent protonated phenol product of Equation 7.4 (C6H5OH2
+(H2O)) and the reversible IHB 

product of Equation 7.5 (C6H5
+(H2O)2). In both regions, the hydrated covalent protonated phenol 

product is present, but in the high temperature region, the IHB product is almost completely 

dissociated resulting in the increased –∆Hº value. The measured -∆Hº value for the first hydration 

product of protonated phenol, 17.3 ± 1.6 kcal mol-1, is similar to the values observed in the high 

temperature -∆Hº for the second hydration product of the phenyl cation.219 This supports the notion 

that water forms a covalent bond with the phenyl cation to form a protonated phenol cation. 

Figure 84b displays the van’t Hoff plots for the third and forth hydration products of the 

phenyl cation with the values for -∆Hº and -∆Sº summarized in Table 13. The measured -∆Hº and 

-∆Sº for the formation of the third hydration product of the phenyl cation are 11.0 ± 1 kcal mol-1 

and 22.9 ± 2 cal mol-1 K-1 and 10.8 ± 1 kcal mol-1 and 26.4 ± 2 cal mol-1 K-1 for the forth hydration 

product. The lower binding energies using the -∆Hº values and observation of these products at 

lower temperature suggest that subsequent water molecules do not bind covalently to the first 

hydration product and instead for IHBs. The similar -∆Hº would suggest that water has multiple 

binding sites around the hydrated phenyl cation with relatively similar binding energies. 

Table 13. Measured thermochemistry (-∆Hº and -∆Sº)a for the stepwise hydration of C6H5
+(H2O)n 

clusters for n = 2-4. 
C6H5

+(H2O)n -∆Hº (kcal mol-1) -∆Sº (cal mol-1 K-1) 
2 (288-373 K) 15.5 25.7 
2 (373-423 K) 18.7 33.3 

3 11.0 22.9 
4 10.8 26.4 

a Units, estimated error: ∆Hº ± 1 kcal mol-1 and ∆Sº ± 2 cal mol-1 K-1 
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Figure 84 van't Hoff plots for the temperature dependence of the equilibrium constants of the 
association reaction of phenyl cation with water where (a) shows the first hydration product and 
the presence of two separate species and (b) shows the second and third hydration products. The 
resulting -∆Hº and -∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The experimental error 
for these measurements are ± 1 kcal mol-1 and ±2 cal mol-1 K-1. 

7.4.1.2. Calculated Structures of the Hydrated Phenyl Cation with 1-5 Water Molecules 

To help explain the thermochemistry results, structures for the first four hydration products 

for Equations 7.4 and 7.5 were calculated at the B3LYP/6-311++G**level. These reactions 

demonstrate the two possible pathways for the addition of the first water to the phenyl cation and 

the products of theses reactions are shown in Figure 85. Figure 85a displays the covalent 

protonated phenol structure with a binding energy, ∆E,  of 43.0 kcal mol-1, which would explain 

the presence of the Ph+W in the high temperature mass spectra of Figure 82. Structures where the 

water forms an ionic hydrogen bond (IHB) with the a CH hydrogen in the ortho or para positions 

are shown in Figure 85b and Figure 85c and have much lower binding energies of ∆E = 7.9-11.3 

kcal mol-1. Such structures would not be present at high temperatures, but could be present at lower 

temperatures resulting in the possibility of a mixture of different structures leading to products 

shown in Equation 7.5. The differences between the covalent and noncovalent structures are 

roughly 32 kcal mol-1, which is explains the lack of equilibrium for thermochemistry measurments. 
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Figure 85. DFT Structures and binding energies (ΔE, kcal mol-1) for (a) the formation of the 
covalent protonated phenol cation (C6H5OH2

+) and (b) the addition of a water to the phenyl cation 
at the (i) ortho and (ii) para positions, represented as C6H5

+(H2O). Both sets are obtained at the 
B3LYP/6-311++G** level. 

 
The structures of the second hydration product are shown in Figure 86 where the second 

water binds to the covalent protonated phenol cation structure (Figure 86a) or the structure where 

the second water forms an IHB with the hydrated phenyl cation (Figure 86b). When the second 

water binds to the hydrogen of the OH of the protonated phenol (Figure 86a) the calculated binding 

energy, ∆E, is 25.9 kcal mol-1. When the water binds to the C6H5OH2
+ at the para- CH hydrogen, 

the calculated binding energy, ∆E, drastically decreases to 5.4 kcal mol-1. When the second water 

adds to the hydrated phenyl cation via “internal solvation” at the ortho-CH hydrogen opposite the 

initial IHB as in Figure 86a, the calculated binding energy is 10.1 kcal mol-1. In the case where the 

second water adds to the hydrated phenyl cation via “external solvation” forming an H-bonded 

chain of water molecules similar to the structures of C10H8
•+(H2O)n clusters, the binding energy is 

9.9 kcal mol-1 as shown in Figure 86b which is nearly identical to the “internally solvated” 

structure.56 Compared to the experimental -∆Hº values of 15.5-18.7 ± 1 kcal mol-1, no single 

structure appears to be present. Instead a mixture of the C6H5OH2
+(H2O) and C6H5

+(H2O)2 appears 

to be present with the ratio of the two classes of structures changing at 373 K resulting in an 

increase in the experimental -∆Hº value. It should be noted that the difference in the binding 
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energies between the two classes of molecules is 16 kcal mol-1. This is a large decrease from the 

initial addition of water resulting in the formation of the protonated phenol product. 

 
Figure 86. DFT Structures and binding energies (ΔE, kcal mol-1) for (a) addition of a water 
molecule to the covalent protonated phenol and (b) the addition of a water to the hydrated phenyl 
cation. Both sets are obtained at the B3LYP/6-311++G** level. 
 

The calculated structures for the third addition of water to the phenyl cation are shown in 

Figure 87 with the C6H5OH2
+(H2O)2 structures shown in Figure 87a and the C6H5

+(H2O)3 

structures shown in Figure 87b. Both low energy structures for the C6H5OH2
+(H2O)2 isomer have 

the third water add via “external solvation” where the third water adds to either the second OH 

hydrogen of the protonated phenol cation (Figure 87a) or forming a H-bonded chain of water 
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molecules similar to that seen in C10H8
•+(H2O)3 (Figure 87b).56  The calculated ∆E values for these 

C6H5OH2
+(H2O)2 structures are 19.6 and 17.8 kcal mol-1 for Figure 87a and Figure 87b 

respectively. These calculated binding energies, ∆E, are higher than those for the C6H5
+(H2O)3 

isomer where the structures are shown in Figure 87b. A mixed “internally” and “externally 

solvated” C6H5
+(H2O)3 structure is shown in Figure 87a and has a calculated ∆E of 9.2 kcal mol-1 

where the third water begins to form a H-bonded chain with one of the water molecules in the 

C6H5
+(H2O)2 structure. A completely “internally solvated” structure shown in Figure 87b where 

the third water forms an IHB with the meta CH hydrogen of the phenyl cation. This isomer has a 

lower binding energy of ∆E = 6.9 kcal mol-1 compared to the other structures shown for the third 

hydration product of the phenyl cation. With an experimental -∆Hº value of 11.0 ± 1 kcal mol-1, 

the structure of the third hydration product of phenyl appears to be a mixture of various 

C6H5OH2
+(H2O)2 and C6H5

+(H2O)3 isomers with the noncovalent structure being the predominant 

species present. The differences in the binding energies between the covalent and noncovalent 

isomers for the third addition of water to the phenyl cation continues to decrease where for the 

third addition this addition is 10 kcal mol-1.  

The calculated structures for the forth solvation product of the phenyl cation are shown in 

Figure 88. The structures for the C6H5OH2
+(H2O)3 isomer are shown in Figure 88a where the low 

energy structure, shown in Figure 88a, appears to be “externally solvated.” Here the forth water 

continues the H-bonded chain of the third hydration product with a binding energy, ∆E, of 13.7 

kcal mol -1. Higher energy structures, shown in Figure 88b and Figure 88c, have a mixed 

“internally” and “externally solvated” structure, with calculated binding energies much lower 

much lower than the H-bonded chain. The values of these ∆E are 4.2 and 3.7 kcal mol-1 for Figure 

88b and Figure 88c respectively. The calculated ∆E values for the forth IHB hydration product of 
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the phenyl cation, C6H5
+(H2O)4, range from 6.0-8.9 kcal mol-1 for the various isomers (Figure 

88b). The difference between the ∆E values for C6H5OH2
+(H2O)3 and C6H5

+(H2O)4 structures is 

much lower (4.8 kcal mol-1) than that observed in lower hydration products. This suggests that 

with further additions of water, the presence of a covalent bond for the initial hydration product 

becomes negligible. The binding of additional water molecules to the C6H5OH2
+(H2O)n-1 

 
Figure 87. DFT Structures and binding energies (ΔE, kcal mol-1) for (a) addition of a second water 
molecule to the covalent protonated phenol and (b) the addition of a third water to phenyl cation. 
Both sets are obtained at the B3LYP/6-311++G** level. 
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Figure 88. DFT Structures and binding energies (ΔE, kcal mol-1) for (a) addition of a third water 
molecule to the covalent protonated phenol and (b) the addition of a forth water to phenyl cation. 
Both sets are obtained at the B3LYP/6-311++G** level. 
 

7.4.2. Thermochemistry Results for the Association of CH3OH with the Phenyl Cation 

The mass spectra obtained following the injection of the mass-selected phenyl cation 

(generated from the fragmentation of bromobenzene) (C6H5
+, Ph+) into the drift cell containing He 

or a He/methanol (CH3OH, M) vapor mixture are shown in Figure 89-Figure 90. When the mass-

selected phenyl cation is injected into He, shown in Figure 89a and Figure 90a, the Ph+ peak at 

m/z= 77 is the major peak along with protonated water and the first hydration product Ph+W due 

to the residual water in the drift cell as observed in Figure 81. Upon injection the phenyl cation 

into the drift cell containing 0.09 Torr methanol (CH3OH, M), the forth protonated methanol 
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cluster at m/z = 129 is the major peak with the Ph+ and first association product of phenyl cation 

with methanol (Ph+M) at m/z = 97. A second series of peaks is also present in the mass spectra 

where the methanol appears to bind with the protonated phenol ion forming the first three 

association products, Ph+MW, Ph+(M)2W, and Ph+(M)3W, at m/z = 127, 159, and 191 respectively. 

As the temperature of the drift cell increases, the higher association products dissociate and at 

374K, the third protonated methanol cluster, H+M3, and first association product of methanol to 

the protonated phenol, Ph+MW at m/z = 97 and 127 respectively are nearly equal in intensity as 

shown in Figure 89c. At 525 K, shown in Figure 89e, the major peaks are the protonated methanol 

dimer and the protonated phenol cation with the phenyl cation and first association product of 

methanol to the phenyl cation are minor peaks. 

When the phenyl cation is injected into the drift cell containing 0.15 Torr methanol at 

299K, shown in Figure 90b, the first three association products of methanol to the phenyl cation, 

Ph+M, Ph+M2, and Ph+M3
 (m/z = 109, 141, and 173 respectively), are present as well as the 

protonated methanol clusters and association products of methanol to the protonated phenol cation. 

Interestingly, at 273 K, the Ph+M3 disappears and the fifth protonated methanol cluster is the major 

ion. In addition, the major series containing the phenyl cation are methanol association products 

to the first hydration product of the phenyl cation. Subsequent cooling of the drift cell resulted in 

protonated methanol clusters as the major peak series for H+(M)n for n = 5-7 and at 243 K, Figure 

90e, the first three association products of methanol to the phenyl cation are again present as minor 

peaks. 
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Figure 89. Mass spectra resulting from the injection of the mass-selected phenyl cation (C6H5

+, 
Ph+) into He gas (a) or He/methanol (M) vapor mixture (b-e) at different pressures (Torr) and 
increasing temperatures (K) as indicated. 
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Figure 90. Mass spectra resulting from the injection of the mass-selected phenyl cation (C6H5

+, 
Ph+) into He gas (a) or He/methanol (M) vapor mixture (b-e) at different pressures (Torr) and 
decreasing temperatures (K) as indicated. 
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The equilibrium constant measurements for the association of methanol molecules with the 

phenyl cation is represented by Equation 7.6: 

C�H>F CH?OH ND& + CH?OH ⇌ C�H>F CH?OH N (7.6) 
 
These measurements will be repeated and published together with the DFT calculations for the 

C6H5
+(CH3OH)n clusters. Comparisons will be made for the IHB C6H5

+(CH3OH)n clusters and the 

covalent C6H5OHCH3(CH3OH)n-1 clusters. 

7.4.3. Thermochemistry Results for the Association of HCN with the Phenyl Cation 

The mass spectra obtained following the injection of the mass-selected phenyl cation (generated 

from the fragmentation of bromobenzene) (C6H5
+, Ph+) into the drift cell containing He or a 

He/HCN gas mixture are shown in Figure 91-Figure 92. When the mass-selected phenyl cation is 

injected into He, shown in Figure 91a and Figure 92a, the Ph+ peak at m/z = 77 is the major peak 

along with protonated water and the first hydration product Ph+W due to the residual water in the 

drift cell as observed in Figure 81. Upon injection of the phenyl cation into 0.13 Torr HCN at 

306K, the first and second association product of HCN to the phenyl cation, Ph+(HCN) and 

Ph+(HCN)2, at m/z = 104 and 131 respectively are present along with protonated HCN as a minor 

peak as shown in Figure 91b. At 411 K, Ph+(HCN)2 completely dissociates to Ph+(HCN), Figure 

91c, but even at 573 K, Figure 91f, the first association product Ph+(HCN) does not dissociate to 

Ph+. This suggests that the first HCN molecule binds to the phenyl cation via a covalent bond 

forming a structure that is similar to protonated phenyl isocyanide. These results are similar to 

what is observed in water and methanol.  
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Figure 91. Mass spectra resulting from the injection of the mass-selected phenyl cations (C6H5

+, 
Ph+) into He gas (a) or He/HCN gas mixture (b-f) at different pressures (Torr) and increasing 
temperatures (K) as indicated. 
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Figure 92. Mass spectra resulting from the injection of the mass-selected phenyl cations (C6H5

+, 
Ph+) into He gas (a) or He/HCN gas mixture (b-f) at different pressures (Torr) and decreasing 
temperatures (K) as indicated. 
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When the drift cell is cooled, the Ph+(HCN)n series is dominant with n = 1-4 appearing 

over the course of the study as shown in Figure 92. A second series of mixed water and HCN 

association products with the phenyl cation [Ph+(HCN)nWm] become the predominant series at 

224K as shown in Figure 92e with the Ph+(HCN)3W being the major peak. After the Ph+(HCN)5W 

product forms, water begins to add a second addition, Ph+(HCN)5W2 at 202 K as shown in Figure 

92f. This characterization would indicate that the complete first solvation layer of HCN to the 

protonated phenol cation forms after the fifth solvation step and for subsequent additions, water 

has preferential binding. 

The association reaction of HCN to the phenyl cation is represented by Equation 7.7: 

C�H>F HCN ND& + HCN ⇌ C�H>F HCN N (7.7) 
 
The equilibrium constants were measured for the reaction shown in Equation 7.7 using Equation 

7.2 by obtaining the peak intensities of the Ph+(HCN), Ph+(HCN)2, Ph+(HCN)3, and Ph+(HCN)4 

products and the pressure of HCN in the drift cell. The equilibrium constants at different 

temperatures were used to produce van’t Hoff plots for the formation of Ph+(HCN)2, Ph+(HCN)3, 

and Ph+(HCN)4 clusters using Equation 3.5 as shown in Figure 93. The resulting -∆Hº and -∆Sº 

values for Equation 7.7 obtained from the slope and intercept of the van’t Hoff plots. Due to a lack 

of dissociation of the initial C6H5
+(HCN) product to C6H5, the thermochemistry could not be 

measured. With each addition of HCN to the phenyl cation, the -∆Hº value decreases indicating 

multiple binding sites with decreasing energy to create the first solvation layer. The second HCN 

molecule binds to the covalent Ph+(HCN) forming Ph+(HCN)2 with a -∆Hº and -∆Sº of 13.1 ± 1 

kcal mol-1 and 22.9 ± 2 cal mol-1 K-1 respectively. The binding energy greatly decreases for the 

third addition of HCN, Ph+(HCN)3, where the -∆Hº and -∆Sº are 7.4 ± 1 kcal mol-1 and 18.0 ± 2 

cal mol-1 K-1. This large decrease in binding would suggest that by the third addition, there is little 
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difference in the binding energy of HCN solvation of the phenyl cation whether or not the initial 

addition is a covalent protonated phenyl isocyanide product or a noncovalent IHB structure. The 

forth addition of HCN, Ph+(HCN)4, binds with similar energies with a -∆Hº of 6.0 ± 1 kcal mol-1 

and a -∆Sº of 13.8 ± 2 cal mol-1 K-1. These results suggest that after the first two additions of HCN 

to the phenyl cation, the binding sites are relatively similar and results in the possibility of 

“external solvation” where the HCN can form a H-bonded chain of HCN molecules. DFT 

calculations can be used to determine the structures of the Ph+(HCN)n clusters as well as test the 

binding of water to the Ph+(HCN)n(W)m clusters for n ≥ 5 and m ≥ 1. In addition comparisons can 

be made between the covalent C6H5NCH(HCN)n-1 and noncovalent C6H5(HCN)n clusters. 

 
Figure 93. van't Hoff plot for the temperature dependence of the equilibrium constants of the 
association reaction of phenyl cation with HCN for the second, third, and forth solvation products. 
The resulting -∆Hº and -∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The experimental 
error for these measurements are ± 1 kcal mol-1 and ±2 cal mol-1 K-1. 
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7.4.4. Thermochemistry Results for the Association of CH3CN with the Phenyl Cation 

The mass spectra obtained following the injection of the mass-selected phenyl cation 

(generated from the fragmentation of bromobenzene) (C6H5
+, Ph+) into the drift cell containing He 

or a He/acetonitrile (CH3CN, A) vapor mixture are shown in Figure 94-Figure 95. When the mass-

selected phenylium ion is injected into He, shown in Figure 94a and Figure 95a, the Ph+ peak at 

m/z = 77 is the major peak along with protonated water and the first hydration product Ph+W due 

to the residual water in the drift cell as observed in Figure 81. Injecting the mass-selected phenyl 

cation into 0.61 Torr CH3CN at 306 K resulted in the observation of the Ph+(A) and Ph+(A)2 

products as shown in Figure 94b. Heating the drift cell resulted in the dissociation of the Ph+(A)2 

cluster to Ph+(A) with complete dissociation by 379 K, Figure 94c. The Ph+(A) product did not 

dissociate into the parent ion, Ph+, even at 514 K, Figure 94f, indicating a strong covalent bond 

and a structure similar to N-phenylethanimine. Such results are similar to what was observed in 

other polar molecules studied.  

When the drift cell is cooled, the ions of the Ph+(A)n for n = 1-4 series are predominant 

along with protonated acetonitrile clusters. Mixed protonated water and acetonitrile clusters, 

H+WmAn, were observed at 273 K as shown in Figure 95c. Unlike with methanol and HCN, 

acetonitrile appears to bind preferentially to the phenyl cation compared to the protonated phenol 

cation, but at 203 K, just above point at which the acetonitrile freezes as shown in Figure 95e, the 

Ph+W(A)3 product is present. 
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Figure 94. Mass spectra resulting from the injection of the mass-selected phenyl cation (C6H5

+, 
Ph+) into He gas (a) or He/acetonitrile (CH3CN, A) gas mixture (b-f) at different pressures (Torr) 
and increasing temperatures (K) as indicated. 
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Figure 95. Mass spectra resulting from the injection of the mass-selected phenyl cation (C6H5

+, 
Ph+) into He gas (a) or He/acetonitrile (CH3CN, A) gas mixture (b-e) at different pressures (Torr) 
and decreasing temperatures (K) as indicated. 
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The association reaction of CH3CN with the phenyl cation is represented by Equation 7.8: 

C�H>F CH?CN ND& + CH?CN ⇌ C�H>F CH?CN N (7.8) 
 
The equilibrium constants were measured for Equation 7.8 using Equation 7.2 by obtaining the 

peak intensities of the Ph+(CH3CN), Ph+(CH3CN)2, Ph+(CH3CN)3, and Ph+(CH3CN)4 products and 

the pressure of CH3CN in the drift cell. The equilibrium constants at different temperatures were 

used to produce van’t Hoff plots for the formation of Ph+(CH3CN)2, Ph+(CH3CN)3, and 

Ph+(CH3CN)4 clusters using Equation 3.5 as shown in Figure 96. The resulting -∆Hº and -∆Sº 

values for Equation 7.8 obtained from the slope and intercept of the van’t Hoff plots. Similar to 

water, the second acetonitrile binding has biding that is dependent on the temperature of the drift 

cell. This would suggest that there a difference in the ratio of the covalent vs. noncovalent 

structures present based on the temperature. At lower temperatures (253-324 K), the -∆Hº and -∆Sº 

are 9.2 ± 1 kcal mol-1 and 11.1 ± 2 cal mol-1 K-1 respectively. At higher temperatures (340-390 K), 

the -∆Hº and -∆Sº values are 11.6 ± 1 kcal mol-1 and 18.1 ± 2 cal mol-1 K-1. This would suggest 

that there is a mixture of structures for the Ph+(A) and Ph+(A)2 products. Subsequent acetonitrile 

molecule binds with relatively similar energies as that measured at higher temperatures for 

Ph+(A)2. The third acetonitrile binding with -∆Hº and -∆Sº values of -10.3 ± 1 kcal mol-1 and 20.3 

± 2 cal mol-1 K-1 and the forth acetonitrile binds with-∆Hº and -∆Sº values of 9.4 ± 1 kcal mol-1 

and 26.1 ± 2 cal mol-1 K-1. These similar binding energies would suggest multiple binding sites 

and the possibility of an H-bonded chain of acetonitrile with similar binding to form. In addition, 

the absence of a large drop in binding energy would suggest that the formation of a covalent bond 

in the first association step does not effect the binding of subsequent acetonitrile molecules to the 

phenyl cation. Just as observed with C10H8
•+(CH3CN)n clusters, the higher binding energies of 

acetonitrile compared to other polar molecules studied is due to the higher dipole moment of 
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acetonitrile compared to water, methanol, and hydrogen cyanide. The overlapping ATDs (Figure 

97) for the first four association products of acetonitrile to the phenyl cation across several 

temperatures from  290 K to 233 K show that the reaction shown in Equation 7.7 is in equilibrium 

for the second-forth solvation steps. 

 
Figure 96. van't Hoff plot for the temperature dependence of the equilibrium constants of the 
association reaction of phenyl cation with acetonitrile for the second, third, and forth solvation 
products. The resulting -∆Hº and -∆Sº are in (kcal mol-1) and (cal mol-1 K-1) respectively. The 
experimental error for these measurements are ± 1 kcal mol-1 and ± 2 cal mol-1 K-1. 
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Figure 97. Arrival time distributions (ATDs) of the first four association products of the phenyl 
cation with acetonitrile (A), C6H5

+(CH3CN)n for n = 1-4 (Ph+(A)n n = 1-4), obtained following the 
injection of the mass-selected phenyl cation into He/CH3CN vapor mixtures at: (a) 290 K, (b) 273 
K, and (c) 233 K. Similar ATD overlap suggests the reaction is in equilibrium. 

7.4.5. Comparisons Between Interactions of Small Polar Molecules with the Phenyl 
Cation and Naphthalene Radical Cation 

It is of interest to compare the association behaviors of small polar molecules such as water, 

methanol, hydrogen cyanide, and acetonitrile towards the phenyl cation with those of the 

naphthalene radical cation. One stark difference is that in the case of the naphthalene radical cation, 

the first polar molecule forms a bifurcated ionic hydrogen bond (IHB) with two CHδ+ hydrogens 

on the bicyclic naphthalene radical cation.56,57,67 The phenyl cation on the other hand appears to 

form a covalent bond with the small polar molecules due to the vacant sp2 orbital on the aromatic 

ring. Subsequent steps in the solvation of the naphthalene radical cation with water and methanol 

tend to have similar binding energy due to the formation of a hydrogen bonded chain of water or 

methanol that is “externally solvates” the naphthalene radical cation.56  

For the association of HCN and acetonitrile with the naphthalene radical cation, the 

measured -∆Hº decreases stepwise to 6-7 kcal mol-1 by three HCN or CH3CN molecules. This is 

of interest because this is the point where the -∆Hº approaches the macroscopic enthalpy of 

vaporization, ∆Hvap, for liquid HCN and acetonitrile of 6.0 and 7.9 kcal mol-1.2,57 For the phenyl 

cation, this occurs by four HCN molecules with the Ph+(HCN)4 cluster, but after four additions of 
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acetonitrile, the measured -∆Hº is still 9.4 kcal mol-1. This is still above the experimental error for 

the macroscopic ∆Hvap for acetonitrile. 

The measured -∆Hº for the association of water, methanol, and hydrogen cyanide to the 

phenyl cation also differs with that of the naphthalene radical cation in that the second polar 

molecule tends to bind at a higher -∆Hº than the subsequent additions. This could be due to the 

second molecule forming an IHB with a hydrogen of the first molecule that is covalently bonded 

to the phenyl cation as observed in the water. Subsequent additions could form IHB with various 

hydrogens of CH groups in the phenyl cation which are weaker based on the DFT calculations for 

the Ph+Wn clusters when n ≥ 2. 

7.5. Summary and Conclusions 

Equilibrium thermochemical measurements by the mass-selected ion mobility drift cell 

technique have to utilized to investigate the binding energies and entropy changes associated with 

the step-wise solvation of the phenyl cation by a variety of small polar molecules that include: 

water, methanol, hydrogen cyanide, and acetonitrile. The mass scans for all molecules showed that 

the first association product forms a covalent bond with the phenyl cation. In the case of water, the 

first association product has a C-O covalent bond between the open sp2 orbital of the phenyl cation 

and the oxygen of the water based on DFT calculations at the B3LYP/6-311++G** level for a 

protonated phenol structure of C6H5OH2
+. The experimentally measured -∆Hº for the formation of 

Ph+(H2O)2 and Ph+(CH3CN)2 is dependent on the temperature where the van’t Hoff plot has two 

distinct regions. This would suggest that there is a mixture of isomers present in for formation of 

both of these association products. The stepwise solvation of the phenyl cation with acetonitrile to 

form Ph+(CH3CN)n for n = 2-4 have experimentally measured -∆Hº values that decrease gradually 

from 11.6 ± 1 kcal mol-1 to 9.4 ± 1 kcal mol-1. The second addition of the polar molecule to the 
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phenyl cation has as measured -∆Hº much higher than subsequent additions for water, methanol, 

and hydrogen cyanide where there is nearly a 50 % loss of energy based on the -∆Hº values. This 

unlike in previous studies with naphthalene where the step-wise solvation of the naphthalene 

radical cation with small polar molecules where the -∆Hº is minimal.56,57,67  The structures of the 

Ph+(H2O)n n = 1-4 appear to form a mixture of protonated phenol and IHB isomers. Subsequent 

water molecules form an ensemble of structures where they “externally solvate” the phenyl cation 

forming an H-bonded chain of water molecules for n ≥ 2. To help explain the thermochemical 

results for the Ph+(CH3OH)n, Ph+(HCN)n, and Ph+(CH3CN)n step-wise solvation, DFT calculations 

for the Ph+(CH3OH)n, Ph+(HCN)n, and Ph+(CH3CN)n  will be performed. 
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Chapter 8: Summary of Results and Future Outlooks 

Characterizing the interactions of solvent molecules with ions is fundamental in 

understanding the thermodynamics of solution chemistry. These interactions are difficult to 

observe directly in solution because the number of solvent molecules far exceeds the number of 

ions present. It is because of this that the gas phase lends itself to be the ideal medium in the study 

of these interactions on a molecular level. When investigating an ion’s energetics or reactivity with 

a neutral solvent or third body molecule, ion mobility mass spectrometry (IMMS) has been shown 

to be one of the most useful and accurate techniques available. IMMS has been used to study 

polycyclic aromatic hydrocarbon (PAH) molecules, which are a class of molecules of interest 

because they are considered the most abundant free interstellar organic molecules. Naphthalene 

(C10H8) is the simplest PAH and its solvation and thermochemistry with interstellar molecules are 

of interest. The research covered in this dissertation focuses of the stepwise solvation of the 

naphthalene radical cation (C10H8
•+) with a variety of neutral solvent molecules. The neutral 

solvent molecules can be divided into three major classes of molecules: (1) small polar molecules 

(discussed in Chapter 4:), (2) unsaturated nonpolar organic molecules (discussed in Chapter 5:), 

and (3) aromatic molecules (discussed in Chapter 6:). Experimental thermochemistry and mobility 

measurement using the VCU mass-selected ion mobility mass spectrometer (details discussed in 

Chapter 2:) have been used in conjunction with density functional theory (DFT) calculations to 

determine the binding energy and structure of the first neutral solvent molecule to the naphthalene 

radical cation. The thermochemistry results of these experiments are summarized in Table 14 with 

the structures of a selection of these association products from each class shown in Figure 98. The 

pattern of sequential additions is also of interest and therefore the binding energies and structures 

are also discussed. 
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Table 14. Summary of the measured thermochemistry (-∆Hº and -∆Sº) for the formation of the 
first association product of the solvation of naphthalene radical cation (C10H8

•+) with neutral 
molecules (B) as indicated the calculated binding energies (∆E, corrected ZPVE) and calculather 
enthalpies at either the B3LYP/6-311++G**a, M11/cc-pVTZb, or M06-2X/cc-pVTZc levels of 
theory for C10H8

•+(B) clusters. The experimental error for these measurements are ± 1 kcal mol-1 
and ± 2 cal mol-1 K-1 for -∆Hº and -∆Sº respectively. 

 Neutral 
Molecule 

-∆Hº 
(kcal mol-1) 

-∆Sº 
(cal mol-1 K-1) 

∆Eº 
(kcal mol-1) 

-∆H (calc) 
(kcal mol-1) 

Small 
Polar 

Molecules 

H2O 7.8 19.5 7.7a 7.8a 
D2O 8.0 19.9 - - 

CH3OH 8.3 19.7 8.4a 7.9a 
EtOH 7.8 15.2 8.4a 7.8a 

1-PrOH 9.2 23.5 8.0a 7.3a 
2-PrOH 9.9 25.0 8.8a 8.1a 
1-BuOH 9.9 25.7 9.3a 8.6a 
2-BuOH 9.8 25.2 8.3a 7.6a 

HCN 7.1 16.4 7.8a 7.4a 
CH3CN 11.3 20.9 10.8a 10.0a 

Unsaturated 
Organic 

Molecules 

C2H2 3.3 10.9 - - 
C2H4 2.9 9.9 - - 
C3H6 4.4 15.4 - - 
C4H8 3.5 8.3 - - 

Aromatic 
Molecules 

C6H6 7.9 18.7 7.6-8.3b - 
C6D6 8.2 18.9 - - 

C5H5N 20.9 33.9 19.7-24.6c - 
 

The small polar molecules found in this dissertation are: water (H2O and D2O), methanol, 

ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol, hydrogen cyanide, and acetonitrile. The 

measured enthalpy values of 8 ± 1 kcal mol-1 for water, methanol, ethanol, and HCN and 9 ± 1 

kcal mol-1 for the primary and secondary propanol and butanol molecules are lower than that of 

acetonitrile (11.3 ± 1 kcal mol-1). This difference is explained by the stronger ion dipole interaction 

in the C10H8
•+(CH3CN) cluster since the dipole moment is 3.92 Debye compared to the 1.55-2.98 

Debye for the other polar molecules.2 Despite these differences in binding energy, the calculated 

structure of the first association products at the B3LYP/6-311++G** level for all small polar 

molecules studied form a bifurcated ionic hydrogen bond (IHB) between two CHδ+ hydrogens of 

the naphthalene radical cation and the oxygen or nitrogen of the neutral polar molecule. The 
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differences in structures arise in the subsequent additions of the polar molecule to the naphthalene 

radical cation. In the case of acetonitrile, “internally solvated” structures are favored where 

additional acetonitrile molecules interact directly with the naphthalene radical cation and thus the 

naphthalene radical cation is isolated inside of the acetonitrile ice and not accessible for subsequent 

reactions. The other polar molecules studied form “externally solvated” structures where the 

neutral molecule forms a hydrogen bonded chain to which the naphthalene radical cation binds. 

Here the ionized polycyclic aromatic hydrocarbon sits on ice grains and is accessible for further 

reactions with incoming organic molecules. 

The binding energies of unsaturated organic molecules to the naphthalene radical cation 

are much lower than those observed with small polar molecules. The experimental binding 

energies of acetylene and small olefin molecules (ethylene, propylene, and isobutene for this 

dissertation) are measured to be 3-4 ± 1 kcal mol-1. This decrease in binding energy compared is 

possibly due to weak charge-induced dipole interactions as well as CHδ+ ⋯ π hydrogen bonding 

interactions between the naphthalene radical cation and nonpolar organic molecule. Such 

interactions would be similar to those observed with the benzene radical cation.108 The similarity 

in binding energies for all nonpolar molecules suggests similar binding behavior and structures 

within this class. The formation of an ionic hydrogen bond is also not likely since there are no 

electrons available in this class to act as the hydrogen acceptor as is seen with the nitrogen and 

oxygen of the polar molecules. Future theoretical calculations would offer insight into these 

interactions as well whether the neutral organic molecule would condense on the naphthalene 

radical cation to produce larger polycyclic aromatic hydrocarbons such as anthracene, phenalene, 

and phenanthrene. 
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Figure 98. Summary of structures and binding energy (measured using -∆Hº with an experimental 
error of ± 1 kcal mol-1) for the first association product of the solvation of the naphthalene radical 
cation by various neutral molecules. Three classes are studied: (1) polar molecules (H2O, CH3OH, 
HCN, and CH3CN are shown), (2) unsaturated organic molecules (an estimate for C2H2 is shown), 
and (3) aromatic molecules (C6H6 and C5H5N are shown). The structures were calculated at 
B3LYP/6-311++G** level for the polar molecules, M11/cc-pVTZ level for C6H6, and 
M06-2X/cc-pVTZ level for C5H5N. 
 
 The third class of neutral molecules discussed in this dissertation, aromatic molecules, 

interact with the naphthalene radical cation in a very different way compared to the other molecules 

mentioned. The binding energy of benzene (both C6H6 and C6D6) to the naphthalene radical cation 

is 8 ± 1 kcal mol-1. Although such binding energy is similar to that of polar molecules, the nature 

of the binding is quite different. Experimental mobility measurements and calculations at the 

M11/cc-pVTZ level show that the structure of the (naphthalene•benzene)•+ heterodimer ion is a 
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mixture of both a stacked parallel and T-shaped structure depending on the experimental 

conditions with the stacked parallel is the only structure present at higher temperatures and the 

T-shaped is the predominant structure at low temperatures. A second benzene molecule binds with 

a nearly identical binding energy on the opposite side of the naphthalene radical cation to form a 

sandwich structure. Pyridine is unique compared to the other molecules discussed because it is the 

only molecule that binds with some covalent character. The experimental binding energy is 20.9 

kcal mol-1 and results in the formation of a naphthalene C-pyridine N bond. The experimental 

mobility measurements as well as calculations at the M06-2X/cc-pVTZ level of the 

(naphthalene•pyridine)•+ heterodimer confirms this C-N covalent bond with a mixture of structures 

where the pyridine binds to wither the α and β carbon of the naphthalene radical cation. The 

binding energy of the second pyridine molecule is significantly lower (11.0 ± 1 kcal mol-1) than 

the first association products and binds by the formation of a hydrogen bonded network with the 

heterodimer.	

 The results of this dissertation show how the radical cation of the polycyclic aromatic 

hydrocarbon naphthalene interacts with various classes of neutral molecules. The binding energies 

and structures offer a starting point for the understand of how larger, more diffuse aromatic systems 

interact with molecules found in interstellar medium.17 Future research could involve two 

pathways. The first is to test further molecules such as tertiary alcohols, ethers, branched olefins, 

and pyrimidine to see if there are differences in the binding and structures compared to those 

molecules discussed here. The second path is the study of the interactions of larger PAH and 

PANH (polycyclic aromatic nitrogen containing hydrocarbons) radical ions with these same 

neutral molecules to show trends in binding and structure as the aromatic system increases in size.    
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