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 The role of the solvent in ionic and ion-molecule interactions is of fundamental 

importance in kinetics and thermodynamics of solution chemistry. However, the study of the 

ionic interactions in the presence of a large number of solvent molecules is very challenging. 

Therefore, the gas-phase is the appropriate medium to study such reactions on a molecular level 
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where the ion-solvent interaction can be examined by studying ions surrounded with a cluster of 

solvent molecules in the complete absence of the any interference caused by the bulk of the 

solvent.  

 In nature, organic ions can form hydrogen bonds with solvents. An insight into basic 

molecular interactions is required to be extracted from the gas phase energies and structures of 

the solvated organic ions. Therefore, the stepwise hydration experiments of benzene
.+

, C3H3
+
, 

acetylene
.+

,  pyridine
.+

, 2-fluoropyridine
.+

, phenyl acetylene
.+

 and acetylene dimer
.+

 have been 

investigated using quadrupole mass-selected ion mobility mass spectrometer. Thus, these 

systems can be considered as prototypical models for understanding the molecular aspects 

leading to hydrophobic hydration in the condensed phase.  

 Two routes of the investigation of ion-molecule interactions are considered in this 

dissertation. The first route is concerned with injecting the same ion into various solvents to 

study the nature and strength of the ion-solvent interactions when protonated pyrimidine cation 

interacts with water, methanol and acetonitrile molecules. Association and proton transfer 

reactions were observed. On the other hand, the second route involves the injection of various 

ions into the same solvent where the interactions of hydrogen cyanide (HCN) molecules with 

different ions. Benzene, phenyl acetylene, pyridine, protonated pyridine, and pyrimidine ions 

were investigated. All the investigated ions exhibited hydrogen bonding with the hydrogen 

cyanide molecules with variable strength depending on the charge distribution on the specified 

ion as well as the nature of interaction.  
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 Additionally, ion mobility structural methods were utilized to investigate structures of 

binary clusters formed by supersonic expansion of mixed vapors. The structures can be identified 

by comparing the experimentally measured collision cross section values with those predicted 

from DFT computations.  
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Chapter 1: Introduction 
 

 Supersonic molecular beams have been employed to study molecular clusters of various 

kinds, ranging from van der Waals complexes to metals and fullerenes.
1-6

 Supersonic expansion 

experiments provide suitable means for the formation of various molecular clusters of different 

sizes. Therefore, they can promote molecular level studies that can be used as model systems for 

the macroscopic phenomena.
6-8

 Cold gas phase clusters allow the identification of lowest energy 

configurations of the various solute-(solvent)n systems such as hydrogen bonded complexes. The 

lowest energy configuration in hydrogen bonded complexes is usually the one that maximizes 

the extent of the hydrogen bonding.
6,9,10

  

 The role of the solvent in ionic and ion-molecule interactions is of fundamental 

importance in the kinetics and thermodynamics of reactions in solution chemistry.
11-13

 Ion-

solvent interactions influence the stability, reactivity and dynamics of the ionic species in 

solution phase; they affect charge transfer and ion association reactions.
5,14,15

 However, the 

understanding of the ionic interactions in the presence of a large number of solvent molecules is 

challenging.
16-19

 Therefore, it is more informative to study the impact of solvation on an ion in a 

solvent free environment where the ions are “naked” or in a microsolvated environment and a 

controlled number of solvent molecules exists.
7,14,17,20

 Thus, the gas-phase is the appropriate 

medium to study such reactions on a molecular level where ion-solvent interaction can be 

examined where ions surrounded with a specific number of solvent molecules in the complete 

absence of the interference from complex bulk phenomena.
7,8,14

 Gas-phase mass-spectrometry 

has developed as one of the most informative and accurate tools for the investigation of ion 

structures, energetics and reactivity.
21-23

 Thus, the investigation studies of cluster ions can bridge 
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the gap between the gas and condensed phases.
7,14,15

 By comparing the condensed-phase and the 

gas-phase properties, and thus the real solvent effects can be readily understood and 

quantified.
24,25

 With the capability to control the amount of solvent molecules, it is easy to 

investigate the dependence of the ionic chemical and physical properties on the stepwise 

solvation process.
3
   

 Ion-molecule interaction is one of the most-studied subjects in the gas-phase where the 

solvent effects are completely removed using various spectroscopic and ion mobility mass 

spectrometric techniques.
14,15,18

 The solvation and microsolvation of aliphatic and aromatic 

carbocations by polar molecules have attracted attention in recent years because of their 

importance in many chemical, biological and physical phenomena.
26,27

 In fact, ion-molecule 

reactions present a common route that leads to the formation of polycyclic aromatic 

hydrocarbons (PAHs) which were detected in the interstellar medium.
28

 PAHs are believed to be 

responsible for unidentified infrared bands, and to be intermediates in soot formation 

processes.
28-30

 Although our studies are directly applied to positive cluster ions, cluster growth 

trends can be applied to neutral systems since as the cluster size increases, binding energies for 

ionic clusters will approach those of the neutral clusters.
5,26

 In fact, the evolution of the physical 

properties of ions in bulk solution can be obtained from the trends in ion-solvent interactions in 

clusters of controlled sizes and compositions.
5,7,14

  

 Results from ion-equilibria measurements in solution recorded in the form of acid-base 

dissociation constants, stability constants of ion-ligand complexes, etc represent the most 

valuable source of numerical data available to chemists.
31

 Similarly valuable information is 

available via gas-phase measurements.
7,14

 Gas-phase ion equilibrium measurements have been 

expanded rapidly since firstly introduced in the 1960s by P. Kebarle and his coworkers, and they 
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became the most abundant and reliable sources for thermochemical data of ions.
15,17,32-38

 

Equilibrium measurements have often been used to measure the binding energies and upon 

comparing the measured values with those predicted through theoretical calculations of low 

energy structures, lowest energy structures can be identified.
18,20,35

 These measurements have 

been employed to examine biologically interesting systems, such as amino acids and 

mononucleotides through investigating their interactions with water molecules.
15,36,37,39

  

 Using quadrupole mass-selected ion mobility system, the ion of interest is pre-selected 

according to its mass-to-charge ratio by a mass-filter and then injected into the reaction cell 

where the neutral gas exists. The products are then determined using mass-filter scanning.
33,40,41

 

Thus, this apparatus can be utilized to follow the energetics of most of the ion-molecule reactions 

through thermochemistry measurements of successive equilibrium steps. In addition, the rate 

constants can be measured for irreversible faster reactions.
42

 Therefore, it can be used in probing 

the molecular interactions and energy transfer.
43,44

 Moreover, the ion mobility mass-spectrometer 

can be used to study weakly-bound clusters. For instance, it has been used to study the 

interactions of H3O
+
 reactions with N2, H2 and CO molecules with no interference from the 

strongly bound H3O
+
(H2O)n clusters.

45
 

 Organic ions can form hydrogen bonds with solvents in nature.
18,46

 Hydrogen bonding 

interactions involving ionized aromatics are important in radiation chemistry, electrochemistry, 

polymerization in aqueous solvents and in astrochemical environments.
47

 Since water is nature's 

solvent, it usually exhibits strong solvent effects on reactions.
14,15,24,38

 An insight into basic 

molecular interactions is required to be extracted from the gas phase energies and structures of 

the hydrated organic ions.
18,20

 In fact, the stepwise hydration of these ions can provide useful 

correlation to the factors that determine hydrophobic and hydrophilic hydration in macroscopic 
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systems. Therefore, the stepwise hydrations of benzene
.+

, C3H3
+
, acetylene

.+
,  pyridine

.+
, 2-

fluoropyridine
.+

, phenyl acetylene
.+

 and acetylene dimer
.+

 have been investigated in our 

laboratory.
17-20,48

 Organic ions can interact with water molecules either by relatively weak 

carbon-based CH
δ+

---O hydrogen bonds, for instance, benzene
.+

 and the C3H3
+
 ions, or via 

stronger hydrogen bonds, such as in protonated pyridine cation where the NH
+
---O hydrogen 

bonds can be formed.
17,32,33

 Thus, these systems can be considered as prototypical models for 

understanding the molecular aspects leading to hydrophobic hydration in the condensed phase.
49

 

For example, hydration of acetylene cations provided evidence of involvement of water 

molecules in the formation of simple alcohols in space.
42

 

 Ion mobility spectrometry is a well-established analytical technique that has been utilized 

to analyze various chemical species including explosives, drugs, chemical warfare agents in 

ambient conditions.
50,51

 Moreover, ion mobility spectrometry instruments have been developed 

to be portable, fieldable, fully automated and commercialized devices for public uses like 

security gates in airports and military security.
52

 The mobility of an ion is a measure of how 

rapidly it moves through a buffer gas under the influence of a weak drift field. The mobility of a 

polyatomic ion depends mainly on its average collision cross-section which in turn depends on 

its geometry.
41,53,54

 Therefore, ion mobility measurements can distinguish different geometries of 

structural conformers, especially in systems with a diverse population of conformers.
4,53-55

 Ion 

mobility measurements of hydrated ionic clusters can provide valuable information about their 

structures.
43,44,54,56-58

 Mobility measurements supported by collision induced dissociation and 

thermochemistry measurements have been utilized to establish that the acetylene trimer cation 

can efficiently isomerize to the benzene cyclic structure.
59,60
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 Molecular computation technique utilizing, e.g. Density Functional Theory (DFT), helps 

to understand and support the experimental measurements.
61,62

 Recent advances in computational 

techniques and the development of highly advanced ab-initio and DFT electronic calculations 

enabled chemists to provide a powerful complement to the experimental results.
63,64

 The time-

independent nature of theoretical computational methods and their accuracy features provide 

ideal means to study the structures and reaction enthalpies of the hydrogen bonded complexes.
6,65

 

Moreover, theoretical computations can be used not only to evaluate the ion-solvent interaction 

energy but also, to predict the solvent-solvent interaction energies.
15

 In addition, theoretical 

computations have been employed to examine the solvent impact on the activation energy 

barriers. For example, it was predicted that water molecules can reduce the activation barriers 

significantly in the tautomerization of purine.
66

   

 The organization of this dissertation is as follows: chapters two and three are primarily 

focused on the details of the experimental setup and the various measurements that were used in 

this work. Chapter four deals with the hydrations of pyrimidine and protonated pyrimidine 

cations in the gas phase and also, it provides a structure study of the binary pyrimidine-water 

clusters. In chapter five, the results from thermochemistry measurements of the solvation of 

protonated pyrimidine by methanol and acetonitrile molecules are presented. The obtained 

thermochemistry values and structures are compared with those obtained from hydration 

experiments. In chapter six, the solvations of benzene radical cation with several HCN and 

CH3CN in the gas phase are examined. Moreover, the solvation of phenyl acetylene radical 

cation by HCN molecules under temperature and pressure controlled conditions is presented in 

chapter six as well. The solvation experiments of various nitrogen containing cations are 

presented in chapter seven where the solvation studies of pyridine, protonated pyridine and 
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pyrimidine cations by several HCN molecules are presented. The dissertation’s conclusions and 

possible future research aspects are then presented in chapter eight. 

 Two routes of the investigation of ion-molecule interactions are considered in this 

dissertation. The first route is relies on injecting the same ion into various solvents to study the 

nature and strength of its interaction with different solvents. This study is presented in chapters 

four and five. In this study, a comparison of the hydration behavior of pyrimidine radical cation, 

a biologically significant ion, with the hydration of its corresponding protonated cation is 

presented and discussed. Chapter five extends the hydration study to other solvents such as, 

methanol and acetonitrile. Moreover, proton transfer from organic cations by polar solvent 

clusters resulting in protonated solvent clusters was investigated experimentally and 

theoretically. This reaction was found to be not only size dependent but also, it is related to the 

solvent cluster molecules interaction with the specified cation and with each other. The solvent 

molecules are required to form an aggregate of higher proton affinity than the resulting radical 

formed after the proton transfer to be able to abstract the H-atom from the aromatic cation. 

 To date, astronomers and molecular astrophysicists have identified and spectroscopically 

characterized more than 100 gaseous interstellar molecules.
67

 Among them, the gaseous 

hydrogen cyanide (HCN) molecule and its metastable isomer (HNC) are thought to be ubiquitous 

in both cold, dark molecular clouds and in some comets.
68

 HCN has received great attention 

from biochemists as well, because of its possible role in the synthesis of prebiotic compounds. 
68-

76
 It was reported by Matthews and co-workers that HCN molecule can act as a precursor for the 

formation of a mixture of amino acids through reaction of its oligomers with water. Moreover, 

they accounted for the presence of protein/nucleic acid ancestors on the early Earth to the 

presence of hydrogen cyanide polymers.
77

 Therefore, the second investigation route involves the 
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injection of different ions into the same solvent (HCN) as presented in chapters six and seven. 

The different investigated ions include benzene, phenyl acetylene, pyridine, protonated pyridine, 

and pyrimidine. All the investigated ions showed hydrogen bonding interaction with HCN 

molecules, with variable strength depending on the charge distribution on the specified ion as 

well as the nature of the interaction forces. 

 In addition, ion mobility was utilized to obtain structural information of binary clusters 

formed via supersonic expansion of mixed vapors. Binary clusters are of particular interest not 

only because they simulate multicomponent systems but also, investigating them can clarify the 

structures of hydrogen bonded networks about a protonated ion.
78

 The structures can be then 

identified through comparing the experimentally measured cross section values with those 

predicted using DFT computations.  
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Chapter 2: Experimental Setup 
 

 The experiments were conducted using Virginia Commonwealth University quadrupole 

mass-selected ion mobility quadrupole mass-spectrometer (QMS-IM-QMS) that consists of four 

stainless steel chambers. The QMS-IM-QMS with all the details is shown in Figure 1 and Figure 

2 and it is explained in details in the following sections.
20,34,40,79-83

 

2.1. Vacuum System 

 The first chamber is the source chamber where the formation of neutral clusters occurs. 

The first chamber is pumped down using a Varian VHS-6 diffusion pump with pumping speed of 

3000 L/s (He), which is in turn backed by an Edward E2M-30 mechanical pump. The typical 

pressure is ~10
-5

 Torr during the experiment.  

 The second chamber hosts an electron-impact ionizer which is followed by a co-axial 

quadrupole mass-filter. This chamber is pumped down via an Edward Diffstak 160/700 M 

diffusion pump which is backed by an Edward E2M-40 mechanical pump. The typical pressure 

during the experiment is ~10
-6

 Torr. 

 The third chamber houses two stacks of transport einzel lenses and the drift cell (reaction 

cell).The third chamber is pumped down by an Edwards Diffstak 250/2000 P, which is backed 

by an E2M-40 Edwards mechanical pump. Typical pressure during the experiment is ~10
-5

 Torr.
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 The fourth chamber houses another electron impact ionizer coupled to the second 

quadrupole mass-spectrometer followed by an off-axis collision dynode electron multiplier 

detector. This chamber is pumped down by an Edwards Diffstak 160/700 M diffusion pump, 

which is backed by the same Edwards E2M-40 that backs the second chamber diffusion pump. 

The pressure in the fourth chamber is ~10
-7

 Torr during the experiment. Pyrex iridium ion gauges 

are used to measure the pressure in all the chambers. 

 

 

Figure 1. Schematic diagram of the mass-selected ion mobility system at VCU: (1) pulsed 

nozzle (2) 3 mm skimmer (3) electron-impact ionizer (4) quadrupole mass filter (5) ions 

transport lenses stack 1 (Einzel Lenses 1, 2 and 3) (6) steering lens/ion gate (7) drift cell (8) to 

baratron  (9) ions transport lenses stack 2 (Einzel Lenses 4, 5 and 6) (10) quadrupole mass filter 

(11) electron multiplier (detector) 
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Figure 2. The ion mobility system can be divided into four sections: the expansion, the 

ionization, the reaction and the detection parts  

 

2.2. Cluster formation 

 Clusters are defined as assemblies of atoms and molecules sometimes attached to ions, 

range from as few as two or three atoms to several thousands.
84

 Clusters properties lie between 

those of the gas and the bulk condensed state. Therefore, clusters are referred to as the fifth state 

of matter.
85

 

 Intermolecular forces are attractive cohesive forces which tend to order the molecules and 

repulsive thermal forces which tend to disorder them. At very low temperatures accompanying 

the supersonic adiabatic expansion, thermal forces decrease and cohesive forces dominate.
84

 The 

clusters’ formation is carried out through an adiabatic supersonic expansion process. The 

expansion of 3-5 atm of the carrier gas, helium or argon, seeded with ~0.5-4% sample’s vapor 

occurs through a pulsed conical nozzle (500 µm diameter) in pulses of 200-300 µs duration at 

repetition rates of 30-100 Hz into a low pressure region (10
-6

 to 10
-7

 Torr).  

 Continuous flow is used often in this work whenever clustering is unfavorable and only 

atomic or molecular ion is being investigated. However, the life time of the ionization filament is 

Lens A Lens B

Lens C



www.manaraa.com

 

 

11 

 

shortened in the continuous flow regime in comparison to the pulsed flow. The nozzle flange 

used for continuous flow has 250 µm orifice diameter, and there will be no delay for the gate 

from the nozzle in that case. 

 If Cp is the heat capacity of the expanding gas at source temperature (To), and T1 is the 

beam temperature, then the energy balance of an ideal gas is given by:
86

 

2

2

10

mu
TCTC pp                                                 (2.1) 

where m is the mass of the expanding gas, and u is the supersonic velocity of the cluster beam. 

Since mu
2
 is positive, T1 is lower than the source temperature To. The temperature decrease can 

be quantified by equation (2.2):   

}1){(

1

1
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o

o
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P
TTT                              (2.2) 

 

where Po is the source pressure, P1 is the cluster beam pressure, and   is the heat capacity ratio; 

v

p

C

C
 .

87
 It was found that the clusters’ temperature is ~ 30 K.

35
 This cooling promotes 

condensation that molecular beams of clusters with weak van der Waals forces can be formed.  

The size of clusters can be predicted using Hagena parameter, Γ*, which in turn is defined using 

equation (2.3):
88

                                                                                                                

 
03.2

0

85.0

* tan P
T

d

k 

                                                 (2.3) 

where d is the nozzle diameter (mm), α is half of the expansion angle (α <45º for supersonic 

while α=45º for sonic expansion regimes). Po and To are the pre-expansion pressure and 

temperature in mbar and Kelvin, respectively. k represents a bond formation parameter, which 
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represents the intermolecular bond strengths. Clustering generally begins when Γ*>100-300.  

The cluster size (the number of atoms per cluster, Nc) was found to be directly proportional to 

Γ*
2.0-2.5

.
89

  

 The formed molecular beam is enriched in the larger clusters in its centerline due to the 

preferential diffusive migration of light atoms, such as carrier gas atoms, radially away from the 

beam axis.
90

 This effect is enhanced by using a 3 mm diameter cone-like skimmer which skims 

the preformed cluster jet into a unidirectional molecular cluster beam.
90,91

 Moreover, skimmer 

acts as a conductance limit that maintains the pressure of the second chamber to be in 10
-7

 Torr 

level, which is safe level for both the electron impact ionizer and the quadrupole mass filter. 

2.3. QMS-IM-QMS 

2.3.1. Electron impact ionization 

 The neutral molecular beam is ionized by an axial electron-impact ionizer (Extrel, 

CMS).
92,93

 Ionization occurs in the ionizing volume (ion region basket) shown in Figure 3. The 

ionizing electrons are emitted from a pre-heated tungsten filament.
94

 Mesh filament shield is 

used to increase the pumping efficiency by reducing the number of possible collisions with 

background gases. Thermionic emission of electrons occurs as a result of heating the Tungsten 

filament to 1873-2973 K using an emission current of 0.05-5.0 mA. By applying electrostatic 

field, the free electrons are extracted from the filament and accelerated into the ionization 

volume.
95

 These electrons abstract an electron from an atomic or molecular orbital of the analyte 

following the equation (2.4):
94,96

 

 
  eABeAB 2                             (2.4) 
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 The electron energy is usually in the range of 50-80 eV, which should be enough to 

ionize all the organic compounds.
92

 Moreover, the ion yield is at maximum at electron energy of 

50-70 eV range where the ionizer sensitivity gets close to a maximum. However, excessive 

electron energy can cause significant fragmentation of the parent ions. High electron energies are 

utilized if the fragment study is of experimental interest so the fragment ion can be mass-selected 

and injected into the drift cell for structure and reactivity studies. The ions are then transported 

into the quadrupole entrance using several electrostatic lenses. 

 

Figure 3. Schematic drawing of the ion volume (the ion region basket and filament) 

 

2.3.2. Quadrupole mass-filter 

 The quadrupole (3/8" × 7.88", 10-4000 amu) tri-mass filter (Extrel, CMS) is made of four 

parallel stainless steel poles of circular cross section, in which the opposite pairs are electrically 

connected. Fluctuating electric field is applied to the rods in specific strength and frequency 

which affects the ions’ path.
97,98

 The quadrupole mass filter operates with the superposition of 

uniform RF and DC voltages. Both of the applied DC and RF voltages depend on the mass to 
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charge ratio (m/z) of the ions. Therefore, with proper selection of them, ions of a given (m/z) will 

have stable trajectories and oscillate about the z-axis and pass through the mass-filter to the other 

end while others won’t.
99

 The quadrupole rods diameter is 9.5 mm while the RF frequency used 

is 880 kHz, which can reach up to 4000 amu. It has pre and post filters which are short stub rods 

before and after the main rods. The pre and post filters are employed to collimate the ions 

coming into and exiting from the main rods, respectively to improve the abundance sensitivity. 

Moreover, the pre-filter is preceded by an entrance lens which steers the ions into the quadrupole 

filter in order to enhance the signal intensity. The ions of interest are selected according to their 

(m/z) ratio using the first quadrupole mass-filter, which can work in either resolved (RF-DC) 

mode or the integral (RF only) mode according to the abundance of the ions. (RF-DC) mode is 

preferred in case of strong signals since it allows the ion of interest to pass exclusively, while in 

case of weak signals, (RF only) mode is used.  

 In the resolved RF-DC mode, the mass-selection mode, ions of the wrong masses are 

deflected by the quadrupole mass filter while those of pre-selected masses are allowed to pass 

through the mass-filter and eventually injected onto the drift cell.
100

 The ions are transported out 

of the quadrupole to the third chamber through the exit lens. The exit lens has a small 

acceleration applied voltage (up to ±100V) to enhance the quadrupole sensitivity. 

 Resolution of the mass-filter depends on the number of oscillations (n) that the 

transversing ion experiences in the mass-filter. The value of n depends on the time length that 

ions spend in the quadrupole field. Thus, the number of oscillations depends upon the ion 

entrance velocity and the length of the quadrupole rods.
101

 Ion entrance velocity depends on the 

ion energy. Therefore, the resolution increases when the ions enter the mass-filter in moderate 

speeds. Therefore, the ion energy was maintained in the 10-30 eV range. If the ions enter the 
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quadrupole mass-filter with higher energies, poor resolution and poor peak shapes will be 

obtained.
102

  For higher energy sources, floating of the quadrupole housing is a necessity to help 

the quadrupole to handle the highly energetic ions. The housing quadrupole can be floated via a 

voltage up to ±100 V.
102

 Moreover, polebias voltage which is a DC-voltage applied to the z-axis 

of the quadrupole rods is usually applied in such way the ion energy is kept in the favorable 

range.  

2.3.3. Drift cell 

 The ion beam is transported and focused by the first stack composed of three einzel 

lenses to be eventually injected onto the drift cell. An ion gate is present following the first stack 

of the einzel lenses. The ion gate consists of two sets of steering lenses. The ion gate is made of 

two half circles Nickel plates. One half of each set is biased to the third einzel lens while the 

other half is connected to a separate power supply which is connected to an external pulse 

generator (DEI, PVX-4140). The gate opens when both the half circles of the vertical steering 

lenses have the same sign while it closes when they have opposite signs. The steering lenses 

chop the ion beam into 10-50-µs-wide packets to be injected to the drift cell. The zero time is set 

at the middle of the ion gate so that the reaction time can be measured. The reaction time is 

represented as the time taken by the ions to reach from the ion gate to the detector.
48,80

 

 The drift cell consists of two major pieces, the reaction cell body (3.50" × 3.50" × 2.14") 

and the cell endcap (3.50" × 3.50" × 0.40"), as shown in Figure 4 and Figure 5.
35,79

 The drift cell 

was designed by Dr.  P. Kemper.
103

 The endcap is separated from the cell body by an insulating 

ceramic ring. Both pieces are made of oxygen free high conductivity copper; with an 

exceptionally high melting point of 1360 K. The entrance plate has a 0.254 mm orifice which is 

the same as the exit aperture. Two entrance lenses separated by ceramic spacers, lenses A and B, 
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where A is a cone taper lens, are mounted on the exterior entrance of the cell-body. Lenses A and 

B are utilized to focus the ions into the drift cell entrance aperture. Both lenses use separate 

voltage supplies. In addition, another taper lens, lens C, (exit lens) is mounted on the exterior of 

the endcap. Lens C has a separate voltage supply and is insulated from the endcap by ceramic 

spacers. The drift cell is heated by tantalum wires running inside ceramic tubes which are 

inserted into the cell body. The cell body and endcap parts are heated separately. The maximum 

operational temperature is approximately 773 K. The lowest attainable temperature is 78 K, the 

temperature of liquid nitrogen used for cooling. Four temperature controllers are used to keep 

constant temperature within ± 1 K. Heating of the drift cell is controlled by two controllers (Omega 

type CN3251). Cooling is controlled by two temperature controllers (Omega type CNi3233) coupled 

to On/Off solenoid valves, each for a cell piece cooling. 

 Voltage supply for the ionizer lenses, entrance and exit plates, as well as all sets of einzel 

lenses is provided by an ABB Extrel power supply and remote controlled using Merlin 

controlling program (Extrel, CMS). Inert and/or reacting gas is supplied to the cell through a 

stainless steel tube (with ceramic breakers for insulation). Flow rates are controlled by two mass 

flow controllers (MKS 1479A) which are capable of maintaining cell pressure accuracy of ±1 

mTorr. The helium buffer gas and the reactant gas molecules in the drift cell flow out of the drift 

cell through the entrance and exit apertures of the cell. Complete thermalization of the injected 

ions takes place through the collisions with the escaping drift cell gas molecules at the drift cell 

entrance aperture.
42,45,80,82
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Figure 4. Side view drawing of the drift cell. (1) Endcap (2) Reaction cell body (3) Entrance lens  

(lens B) (4) Tapered entrance lens (lens A) (5) Entrance orifice (0.25 mm) (6) Drift rings (7) Exit 

orifice (0.25 mm) (8) Tapered exit lens (lens C) (9) Cell body liquid nitrogen inlet (10) Baratron 

connector (11) Drift cell (12) Endcap liquid nitrogen inlet. Dimensions in inches 
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Figure 5. A simplified view for the mounting of the copper rings, the ceramic spacers and the 

tappered exit lens connected to the end cap 

 

 The unreacted as well as the product ions exit from the drift cell are guided and focused 

via the second set of einzel lenses, composed of three lenses, into the fourth chamber. The ions 

are analyzed and detected by the second mass-filter and electron multiplier detector, respectively. 

The second mass-filter can work in either fixed (m/z) ion mode or the scan mode. The fixed ion 

is used to get arrival time distributions (ATDs) of individual reactant or product ions. The scan 

mode is employed to monitor the intensity change of all the ions exiting from the drift cell. The 

intensity of an ion is obtained as a function of time after its injection into the drift cell through 

the integration of the area under the ATD peaks.
42,60

 

2.3.4. Electron multiplier detector 

 Pulse counting electron multiplier detector with conversion dynode (De-Tech; 402A-H) 

is then used to detect the product ions. The positive ions strike the conversion dynode surface 
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which is set at very high negative voltage of ~5 kV, and electrons are evolved and accelerated to 

the multiplier tube. The multiplier tube has appropriate applied positive voltage which depends 

upon the abundance of the signal and the age of the multiplier tube. The current signal is then 

amplified to higher levels by using counting pre-amplifier (MTS-100). Since signal comes from 

multielectron process while noise comes solely from single electron process, a discriminator is 

utilized to improve the signal to noise ratio. The counting pre-amplifier (MTS-100) has an 

adjustable discriminator.   

2.3.5. Ion energy and Injection energy 

 The axial kinetic energy of the ions in the quadrupole mass filter is determined by the 

difference of the total voltage applied to the ion region and the axial potential of the four poles, 

the polebias voltage. The polebias voltage is DC voltage (± 200 V) applied to the quadrupole z-

axis to speed up or slow down the ions prior to entering the quadrupole field. Therefore, the 

actual energy of the ions seen by the quadrupole mass-filter can be calculated using equation 

(2.5): 

Ion energy= Ion region voltage + Floating quadrupole voltage – polebias voltage             (2.5) 

 The ion kinetic energy is maintained in the 10-30 eV range. In fact, if the ions are going 

too fast, the mass filter won’t have enough time to decide whether to pass or reject them. 

Moreover, fast ions can cause bad quadrupole resolution and lumpy peak shapes.
92

 

 The injection energy of the ions is the energy that ions have when injected into the drift 

cell. The injection energy should be only slightly higher than the energy required to get the ions 

into the drift cell against the drift gas outflow to not affect the time-resolved measurements. 

Injection energy (laboratory frame) can be determined from equation (2.6): 
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Injection energy= Ion region voltage + Floating quadrupole voltage – Drift cell entrance plate 

applied voltage                                        (2.6) 

 The product dissociation by collisions is avoided by low acceleration energy between the 

cell exit and the second quadrupole. Therefore, the energy difference between the drift cell exit 

and the polebias of the second quadrupole is kept in the 3-12 eV range.  

 

 

 

 

 

 



www.manaraa.com

 

 

21 

 

Chapter 3: Experimental Measurements 
 

 In this chapter, the experimental measurements that are employed throughout the rest of 

the dissertation are discussed in detail. Several clarifying examples are presented in Appendix B. 

3.1. Mobility measurements and Structure determination 

3.1.1. Mobility measurements 

 Ion mobility spectrometry is a well-established analytical technique that has been utilized 

to analyze various chemical species including explosives, drugs, and chemical warfare agents in 

the ambient conditions.
4,50-52,104

 The mobility of gas phase ions is a measure of how rapidly they 

move through buffer gas under the influence of a weak uniform electric field.
4,53,55

 Therefore, ion 

mobility measurements provide a direct and accurate way of measuring the collision cross-

sections of the mass-selected ions in buffer gas. The motion of the ions through a buffer gas 

under the influence of an externally applied weak electric field depends only upon the ion’s 

collision cross-section with the buffer gas. The collision cross-section is directly related to the 

geometric shapes of the ions.
16,44,81,86

 Thus, mobility measurements can be used to separate 

isomers with different geometries.
2
 Moreover, ion mobility mass spectrometry can be utilized for 

structural characterization of various conformers. Recently, this technique has been utilized to 

examine the effect of the binding of various alkali metals to gramicidin A in the resulting 

conformers.
54
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 In our experiment, ions subjected to an electric field are accelerated along the electric 

field direction axis. However, when the drift cell contains helium buffer gas atoms, the ions get 

decelerated by the frictional force with the buffer gas atoms. If the ions stay in the drift cell for 

enough time and the electric field is uniform throughout the whole drift cell, equilibrium state is 

reached. Under these conditions, ions move in a constant velocity, which is called drift velocity, 

dv


.
105

  

 The cluster ions of interest are mass-selected by the first quadrupole mass filter, focused 

and injected into the drift cell which contains homogeneous pressure of helium buffer gas. The 

injection energy is maintained only slightly higher than that required to introduce the ions into 

the drift cell against the buffer gas outflow. The ions are thermalized at the entrance of the drift 

cell through collisions with buffer gas atoms escaping from the cell entrance orifice. The ions are 

accelerated by applying a uniform drift field while the friction forces resulting from collisions 

with helium atoms decelerate them, causing the ions to move with a constant drift velocity. The 

mobility, K, of an ion is defined as the velocity at which the ions drift through the buffer gas,
 

dv


, 

divided by the electric field across the drift region, E


, as in equation (3.1): 
81

 

E

v
K d



                                                    (3.1) 

 Since the drift velocity, dv


, is inversely proportional to the buffer gas number density, N , 

the mobility, K, is also inversely proportional to N. Therefore, the mobility is often expressed in 

terms of reduced mobility, Ko , rather than K. where Ko  NK, as shown in equation (3.2):
38
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where P is the pressure in Torr and T is the temperature in Kelvin. Po and To are the STP values 

which are 760 Torr and 273.15 K, respectively.  

Equations (3.1) and (3.2) can be combined and rearranged to give: 
106
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where td is the measured mean arrival time of the drifting ion packet taken at the peak maximum, 

l is the drift length (5 cm long for our drift cell), V is the potential difference across the drift cell 

and to is the time the ion spends outside the drift cell before reaching the detector.  

 All the mobility measurements should be carried out in the low-field limit where the ion’s 

drift velocity is small compared to the thermal velocity and the ion mobility is independent of the 

field strength. In fact, the reduced mobility, Ko, can be obtained from the slope of the plot of td 

versus (P/V).Arrival time (td) is measured at different drift cell voltages at constant buffer gas 

pressure or at different buffer gas pressures at constant applied voltage. It is easier to follow the 

former route for ion mobility measurements. 

The resolution of the ion mobility instrument can be measured from equation (3.4):
38
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(3.4) 

Therefore, the resolution of an ion mobility instrument can be directly enhanced by using longer 

drift tubes, where resolution is directly proportional to the drift length, L. Moreover, according to 

equation (3.4), the resolution is enhanced at higher drift voltages and lower temperatures.  The 

resolution, in practice depends on the pulse width, to . The gate width can be adjusted in our 
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experiment via adjusting the gate width, short pulses are always recommended for higher 

resolution results. 

 However, to substantially increase the drift voltage for resolution enhancement, the 

buffer gas density, N, should be increased to avoid arc formation.
107

 Moreover, high buffer gas 

density ensures complete thermalization of gas ions at the cell entrance aperture and prevents the 

neutral molecules from getting into the drift cell.
4
 In fact, the field intensity can be expressed 

using (E/N) parameter where E is the electric field and N is the buffer gas number density.
106

 In 

other words, E/N parameter represents the energy gain from the drift field E and low Field 

conditions are present when E/N<6 Td. E/N is expressed in units of Townsend (Td); where 

1Td=10
-17

 V.cm
2
.  At low field conditions, the ion drift velocity is small compared to the thermal 

velocity. Under these conditions, ion mobility is independent on field strength.
81

 Mobility 

measurements are made by injecting a narrow pulse of ions into the drift cell which is filled with 

2 to 5 Torr of buffer gas. The ion gate located just prior to the cell entrance chops the pulse to 

narrow, 30-50-µs-wide packets which enter the drift cell.
79

 

 Since the temporal spread of ions in the ion mobility experiment depends on ion gate 

width, thermal diffusion and space charge effects, maximum resolving power of the instrument is 

attained by minimizing the gate width. However, very tiny gate width would result in very low 

signal levels. Therefore, a compromise between the signal intensity levels with the resolving 

power is required. The injection energies used in all the experiments are slightly above the 

minimum energies required to introduce the ions into the cell against the helium flow. Below the 

used injection energies, no ions would be able to pass through the counter flow of helium and 

transmitted into the cell. In contrast, if the injection energy was very high, the measured mobility 

constant will be overestimated since the ions will get deep into the drift cell and the arrival time 
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will be shorter than the accurate value. The injection energy was maintained at 12-16 eV 

(laboratory frame). As the ions are injected into the drift cell, the injection energy is dissipated in 

collisions with the helium buffer gas escaping from the drift cell entrance orifice. Inside the drift 

cell, the ions will suffer from two opposing forces, the friction decelerating forces as a result of 

the collisions of the ions with helium atoms and the applied field accelerating force.
4
 Upon 

exiting the cell, the ions are collected and refocused into the second quadrupole for analysis and 

detection. The signal is collected on a multichannel scalar with (2 µs/channel resolution) with the 

zero time for data acquisition set to the midpoint of the ion gate trigger. Mobility is determined 

according to equation (3.3), by plotting td versus P/V, a straight line should be obtained. In other 

words, the applied drift cell voltage is varied at constant buffer gas pressure and temperature and 

the ATDs are collected at the corresponding voltages. The slope of the linear plot is inversely 

proportional to the reduced mobility, Ko, and the intercept represents the time spent within the 

second quadrupole before the detection of the ions (to).
34,108

 The straight line shows that the 

mobility is independent of the drift field so, low-field conditions are satisfied.
4,109

 

 Low-field limit conditions are satisfied when:
108-110

 

(1) Ions are in thermal equilibrium with the buffer gas. (2) Thermal velocity obtained from 

collisions with buffer gas molecules is higher than that obtained from the applied field. This 

condition was satisfied in our measurements. At very high applied field, the effective 

temperature (Teff) was only 9% higher than the buffer gas temperature (Tg) which changed the 

measured reduced mobility by less than 2%. Teff can be measured using equation (3.5), which 

divides Teff into two sources, first is the thermal temperature (Tg) and the second is the drift field 

effect additional temperature.  
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where Mb is the drift gas mass and vd is the drift velocity and kB is Boltzmann constant. (3) 

Velocity distribution is nearly maxwellian. Non-Gaussian shape of the arrival time distortion by 

the drift cell exit aperture can be corrected by the relation: 
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where tobs is the observed arrival time at the peak maximum, td (corrected) is the corrected arrival 

time and D is the diffusion coefficient. The diffusion coefficient can be correlated to the 

measured mobility under low field conditions by Einstein equation (3.7):
109
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where K is the mobility constant, kB is the Boltzmann constant and ze is the number of charges 

times the elementary charge e; e= 1.60x10
-19

 Coulombs. 

3.1.2. Structure determination 

 Ionic collision cross section is a measure of the size of the ion and it can be directly 

obtained from ion mobility measurements; using equation (3.8). Collision cross section 

information is very important for structural and conformational studies in particular for 

biopolymers.
38

 

 The measured reduced mobility can be related to the collision cross-section, Ω, via the 

following equation: 
105
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where Ko is the reduced mobility constant, z is the number of elementary charges, e is the 

electron charge =1.6x10
-19

 C, No is the buffer gas number density, kB is Boltzmann constant, and 

µ is the reduced mass. This relation indicates that difference in the ions’ mobilities is a function 

of ions’ cross section in the buffer gas, its mass and its charge. In other words, the separation of 

molecular conformations through ion mobility experiments requires obvious differences in their 

sizes and/or shapes which lead to noticeable differences in their collision cross sections for their 

interaction with the buffer gas atoms.
1,111

 Ions with open geometries undergo more collisions 

with the buffer gas and thus they will have larger collision cross sections and hence travel 

slowler than compact ones, and reach the detector at longer arrival times than those of compact 

isomers.
112

  

 The ATDs can be calculated via transport theory for a short packet of ions injected into 

cylindrical drift tube with an entrance aperture of area a using equation (3.9):
81,82
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  (3.9) 

 The ions are introduced in the form of thin disk of radius ro and uniform surface density 

s. α represents the reaction frequency which can account for the loss of ions as a result of 

reactions with the drift gas. In fact, α is usually set to zero as helium is unreactive. DL and DT are 

the longitudinal and transverse diffusion coefficients. In case of single isomers, the collected 

ATDs match with those calculated by the transport theory under a particular set of conditions of 
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drift cell voltage, temperature and pressure. Moreover, this can confirm that the center of the 

arrival time peak represents the actual drift time of the Gaussian peak.
2
 

3.1.3. Theoretical methods of calculating mobilities and collision integrals 

 Structural characterization can be performed through the comparison of the measured 

reduced mobility and collision cross section values with those of the calculated structures 

through various methods implemented in the Mobcal program using the input from ab-initio and 

DFT theoretical calculation functionals.
19,58,79

 These methods simulate the collisions among the 

injected ions and the buffer gas atoms. They apply various interaction potentials, namely, exact 

hard sphere, projection approximation and trajectory methods. 

3.1.3.1. Exact hard sphere approximation 

 This procedure employs the hard sphere potential for the interaction of the ions with 

helium atoms where both the ion and the neutral collision partners are considered as hard 

spheres.
113

 This method considers the collision cross section to be equal to the sum of the two 

van der Waals radii of the colliding atoms, as shown in equation (3.10):
114

 

HS )1,1(                                                         (3.10) 

It neglects the long range interactions between the polyatomic ion and buffer gas atoms and 

multiple scattering. However, this potential will be suitable at high temperatures and for convex 

polyatomic ions.
114

  

3.1.3.2. Projection Approximation 

 This method utilizes the 12,6,4-interaction potential and it considers the long-range ion-

induced dipole attractive interaction effects.
113

 Moreover, temperature-dependence was taken 

into the account rather than the hard-sphere model which yields temperature independent 
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collision cross section values. Higher collision cross section values were predicted at low 

temperatures due to the long range attractive interaction of the ions’ individual atoms and the 

bath gas atoms.
113

 However, this model shows asymptotic behavior at large R values.
113

 The 

model employs the interaction potential described by equation (3.11):  
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             (3.11) 

In which, R is the distance between a specific atom in the polyatomic ion and a helium atom. R is 

obtained (as shown below in equation (3.12) from tabulated values of collision integrals of atom-

atom collisions(Ω
(1,1)

(T)).
115

 n is the exponent that describes the ion-neutral repulsion (taken at 

12 as it is commonly used for Lennard-Jones potentials), ɛ is the depth of the potential well, r is 

the position of the potential well while γ is a ratio that defines the relative contributions of  R
-6

 

and R
-4 

terms. 

2/1)1,1(

. )/)(( TRcoll 
                                               

(3.12) 

 For simplicity, potential energy V(r) is presented as the sum of )(6, RVn  
and )(4 RV  as 

shown in equation (3.13), where )(4 RV can be defined using equation (3.14) and )(6, RVn  
is 

defined using equation (3.15). The best fit to the experimental collision integrals is used to 

predict the εLJ and r that best describe the interaction system. Thus, )(6, RVn is completely defined, 

and γ can be obtained by substitution in equation (3.11).   

)()()( 46, RVRVrV n                                                             (3.13) 
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 The molecule is projected randomly into a plane in space and circles corresponding to the 

collision radii are drawn in the plane. Then points are picked randomly in that plane within a 

square with area A, if the point falls within a circle, it is considered a hit. Collision cross section 

of that projection can be then obtained using equation (3.16). 

rectangle
 trialsof # Total

hits of #
A                                                      (3.16)                                    

3.1.3.3. Trajectory calculation 

 This procedure uses a potential composed of (12-6) Lennard-Jones and long-range (ion-

induced dipole) potentials.
116

 The collision integrals are evaluated from the scattering angle and 

from the angle between the trajectory before and after a collision between the ion and a buffer 

gas atom. This method gives the most reliable estimates among the three methods, especially 

when long range attractive interaction gets more significant and in multiple scattering cases. 

However, this method is very tedious and computationally expensive process. 

3.2. Thermochemistry measurements 

 Tandem IMS instrument can be used to bridge the gap between the solution and the 

solvent-free environments on utilizing volatile solvents introduced onto the reaction cell.
23,25,73

 

The guided-ion mass spectrometry can be used efficiently to elucidate thermochemical 

measurements.
117

 The ions of interest are mass-selected via the first quadrupole mass-filter, and 

then injected in 30-50-µs-wide pulses. Low electric field is usually utilized to ensure 

insignificant collisional heating and enough time to reach equilibrium.
38

 Upon injecting the ions 
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onto the drift cell, the high number of collisions, at least 10
4
, with the drift cell gas quickly 

establishes an equilibrium state between the injected ion and product cluster ion. The 

concentrations of both the reactant and product ions are measured via measuring the intensity of 

the selected ATD of the ion of interest by integrating the area under the ATDs peaks.
20,32

 

For the following hydration study of an ion A
+
: 

]).([]).([ 2212 nn OHAOHOHA 



                                                  (3.17) 

When the equilibrium is established, a constant ratio of the integrated intensity of the product to 

the reactant is maintained when the drift voltage is varied at constant pressure and temperature. 

This indicates equilibrium establishment regardless the reaction time.
35

 In addition, ATDs of the 

reactant and product ions are identical indicating equal residence times. Once the equilibrium 

conditions are well-established, the equilibrium constant, Keq, can be measured using equation 

(3.18): 

 
  OHn

n
eq

POHAI

OHAI
K

2
.).(

760).(

12
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                                                           (3.18) 

where
 12 ).( 



nOHAI
,
 nOHAI ).( 2



 are the integrated intensities of ATD of the reactant and 

product cluster ions, respectively and OHP
2

is the pressure of water, in Torr. 

Hence, by using the well-defined concepts of thermodynamics,
43

    

 STHG                                                                  (3.19) 

eqKRTG ln 

                                                                  (3.20) 
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From them, the following relation can be obtained; 




S
T

H
KR eq 


ln                                                           (3.21) 

 Using equation (3.21), van’t Hoff plots can be obtained by plotting RlnKeq as a function 

of 1000/T. A straight line is obtained whose slope represents the enthalpy (ΔH°) while the 

intercept represents the entropy change of the clustering reaction (∆S°).  

3.3. Theoretical calculations  

 The cooperative impacts of experiment and theory extracted from ion mobility and 

equilibrium studies provide important insights into the energetic and structural information of 

organic ions.
38,39

 In fact, binding energy calculations can be used to validate the calculation 

methods.
6
 ab-initio calculations have been utilized at the level of the second order Moller-Plesset  

(MP2) while density functional theory (DFT) calculations have been used at the B3LYP and 

M06-2X levels using Gaussian 03 and Gaussian 09 packages, respectively.
118,119

 These 

calculation levels have been widely used efficiently in the literature and showed strong 

reliability.
66,120,121

 All the geometry optimizations and energy calculations were performed using 

6-311++G(d,p) basis sets which includes d-type and p- type polarization functions on non-

hydrogen and hydrogen atoms, respectively with all the electrons are included.
121

 Moreover, 

vibrational analysis was used to verify the lack of any imaginary frequencies.
66

 Frequency 

calculations have been performed for all the optimized geometries at the same level of theory to 

obtain the zero point vibrational energy (ZPVE). Therefore, all the calculated energies are 

corrected for ZPVE. Moreover, the counterpoise method has been used to correct the calculated 

energies for the basis-set superposition error (BSSE) using counterpoise regime supplied in 
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Gaussian program package.
118,122

 Moreover, total spin <s
2
> value was 0.75-0.77 which illustrates 

the lack of spin contamination for open shell ions.
62,123
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Chapter 4: Hydration of Pyrimidine Radical Cation and protonated 

pyrimidine cations 
 

4.1. Introduction  

 Hydrogen bonding interactions involving ionized aromatics are important in radiation 

chemistry, electrochemistry, polymerization in aqueous solvents, astrochemistry, and in protein 

folding.
15,22,37,74,124-126

 Therefore, an insight into basic molecular interactions is required to be 

extracted from the gas phase energies and structures of the hydrated organic ions since gas phase 

studies can probe elementary reactions under well-defined conditions unperturbed by external 

factors that dominate in the condensed phase reactions.
18,20,84,127

 In fact, the microhydration, or 

the stepwise addition of  water molecules one unit at a time to the ion of the interest can provide 

useful correlation to the factors that determine hydrophobic and hydrophilic hydration in 

macroscopic systems.
37,128

 Organic ions can interact with water molecules by either relatively 

weak carbon-based CH
δ+

---O hydrogen bonds, such as benzene
.+

 and the C3H3
+
 ions, or via 

stronger hydrogen bonds, such as in protonated pyridine where the NH
+
---O hydrogen bonds are 

formed.
17,33,48

 Thus, these systems can be considered as prototypical models for understanding 

the molecular aspects leading to hydrophobic interactions in the condensed phase.
49

  

 Deoxyribonucleic acid (DNA) is at the heart of the molecular biology science, cell 

biology, and genetics.
37,129

 Each DNA strand is composed of repeating nucleotide units.
129

 Each 

nucleotide is composed of a deoxyribose sugar, a phosphate group and a nuceleobase.
129

 

Nuceleobases have either purine or pyrimidine nitrogen bases.
130,131

 In the living organisms, 

DNA molecules interact very strongly with water molecules.
24

 This interaction catalyzes the 
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conversion of A-helix to B-helix form.
37,132

 In fact, hydrogen bonding modulates recognition of 

DNA and RNA bases.
133

       

 Pyrimidine (C4H4N2) represents the main constituent of cytosine and thymine DNA 

nucleotides
 62,134

 It possesses two different proton acceptor sites: the ring π-cloud and the lone 

pairs of the heteroatoms.
62,134,135

 Therefore, pyrimidine solvation can be regarded as a prototype 

for the solvation of heterocyclic aromatic rings containing nitrogen heteroatoms. The hydrogen-

bonded clusters resulting from supersonic expansion of the pyrimidine/water and 

pyrimidine/methanol mixtures have been investigated experimentally using laser photoionization 

time of flight mass spectrometry technique.
62,134

 Moreover, the resultant structures have been 

depicted using theoretical calculations at the B3LYP/6-31+G(d,p) and B3LYP/6-311++G(d,p) 

levels.
62,134,136-138

        

 Although pyrimidine and its derivatives were studied long time ago,
139

 they are still 

interesting for researchers due to their great biological significance.
140-142

 Damaged DNA bases 

differ in structure and features from normal nucleobases. Hence, they intervene with gene 

expression and replication, leading to aging, carcinogenesis, and cell death.
133

 In fact, the 

formation of pyrimidine dimers is the most frequent damage induced by the UV portion of the 

sunlight and they distort the DNA helical structure. Moreover, if DNA contains a pyrimidine 

dimer that can’t be repaired, replication and transcription are blocked at that site.
142,143

 The 

molecular structures of pyrimidine and its protonated analogs have been studied in the gas phase 

using quadrupole mass spectrometry to locate the lowest energy protonation site.
131

 Therefore, it 

is of fundamental interest to study the solvation of pyrimidine and its protonated species with 

polar solvents, such as water, methanol, and acetonitrile in the gas phase. In fact, pyrimidine has 

been detected in the meteorites as well as purine bases and amino acids.
144

 Therefore, the 
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interaction of pyrimidine with the other abundant molecules in the space is of fundamental 

interest. The possibility of formation of the RNA uracil nucleotide through the reaction of 

pyrimidine with two water molecules under space conditions of low density and low 

temperatures was verified.
144

         

 In the present study, we examine the gas phase stepwise hydration of the pyrimidine 

radical cations by 1-4 H2O molecules and for comparison, the stepwise hydration of protonated 

pyrimidine by 1-3 H2O molecules is reported as well. Two kinds of hydrogen bonds can be 

formed through the interaction of the water molecules with the pyrimidine cations, NH
δ+

---O, or 

CH
δ+

---O bonds. Thermochemical equilibrium measurements using the mass-selected ion 

mobility technique in combination with (DFT) functionals are employed to determine the 

solvation sites and to locate the lowest energy isomers. These measurements can provide useful 

information about the individual binding energies of the hydrated cations. Moreover, they 

provide a basis for comparing pyrimidine and protonated pyrimidine in their interaction with 

water molecules.        

 The binary clusters of pyridazine and pyrimidine radical cations with both water and 

methanol have been extensively studied using time of flight mass-spectrometer employing 

multiphoton ionization techniques coupled with ab-initio calculations.
62,134,145,146

 Therefore, it is 

of fundamental interest to examine the structures of the binary clusters of pyrimidine/water 

formed through co-expansion of their mixed vapors. Binary clusters can be of interest not only 

because they simulate multicomponent systems but also, investigating them can clarify the 

structures of hydrogen bonded networks about a protonated ion.
78

 The structures can be then 

identified by comparing the measured collision cross sections of these clusters with the 
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corresponding values of the theoretically predicted structures using sufficiently high levels of the 

theory.
41,147,148

 

4.2. Experimental Section  

 Supersonic beam expansion of ~0.5-2% pyrimidine vapor (Aldrich, 99% purity) seeded 

in 3-4 atm of helium carrier gas, helium in case of pyrimidine
.+

 study. 10% hydrogen in helium is 

used for the study of protonated pyrimidine cation (H
+
pyrimidine). A pulsed conical nozzle (500 

µm diameter) in pulses of 200-300 µs duration at repetition rates of 50-100 Hz is used. The 

neutral cluster beam is ionized by an axial electron-impact ionizer using 50-70 eV electron 

energy. The pyrimidine
.+

 or the H
+
pyrimidine ions are mass-selected via the first quadrupole 

mass-filter, which is operated in either (RF-DC) or (RF only) mode depending on ion intensity 

signal. The ion beam is injected into the drift cell in 30-50-µs-wide packets using injection 

energies of (10-13 eV, laboratory frame). The used injection energies are slightly above the 

required energies to introduce the injected ions against the counter flow of the gas escaping from 

the drift cell entrance aperture. Four temperature controllers are used to keep constant 

temperature within ± 1 K.   

 The drift cell contains the reactant, water vapor either alone or in a mixture with helium 

buffer gas in the binding energy measurements while it contains only helium during mobility 

measurements. After the ions exit the drift cell, they are guided and focused to the second mass-

filter. The second mass filter can be operated either in a fixed (m/z) ion mode to obtain arrival 

time distributions (ATDs) of the reactant and product ions, or in a scan mode to monitor the 

intensity change of all the ions exiting from the drift cell. 
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4.3. Theoretical calculations        

 Although the accuracy of the density functional methods for the study of the hydrogen-

bonded compounds is questionable, the hybrid three parameter B3LYP method provides 

comparable results to the reliable second order Moller-Plesset perturbation theory (MP2) 

ones.
62,149

 Therefore, hybrid (DFT) calculations were carried out using Gaussian 03 software 

packet at the level of the B3LYP/6-311++G (d,p) to get the optimized structures.
119

 Frequency 

calculations and ZPVE corrections have been performed for all the optimized geometries at the 

same level of theory. Moreover, due to the significance of the basis-set superposition error 

(BSSE) in evaluating the hydrogen bonding energies, the counterpoise method has been 

employed to correct the calculated energies for the BSSE.
62,122,134

 This level of the theory was 

sufficient for our computational jobs as the binding energies agree with the corresponding 

measured values within the experimental uncertainty. Moreover, the Mobcal program has been 

used for the mobility and cross-section calculations using the trajectory method. Trajectory 

method employs a potential composed of Lennard-Jones and ion-induced dipole interactions.
58

   

4.4. Results and Discussion 

4.4.1. Binary Pyrimidine-Water Clusters 

4.4.1.1. Mass-Spectra of the binary clusters 

 Mixed clusters of pyrimidine and pyridazine with both water and methanol have been 

extensively studied both theoretically and experimentally using photoionization technique 

employing a time-of-flight mass spectrometer.
62,134,145,146

 In the previous studies, a strong 

dominance of the protonated mixed clusters has been observed while their unprotonated 

analogues weren’t detected.
62,134

 Figure 6 shows a typical mass-spectrum obtained using electron 
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impact ionization of neutral pyrimidine clusters which were formed by supersonic expansion in 

vacuum. In addition to protonated pyrimidine clusters, protonated pyrimidine-water clusters have 

been observed as a result of the presence of trace water in the carrier gas. Supersonic expansion 

of pyrimidine/water mixture is introduced by passing the helium carrier gas through a bubbler 

containing a mixture of pyrimidine and water in a 1 : 2 ratio. This method appeared to be an 

efficient route to obtain mixed binary clusters of pyrimidine/water as shown in Figure 7.
150

 No 

obvious magic number clusters were observed which agrees with previously reported 

results.
62,134

 The proton in protonated hydrated pyrimidine cation [H
+
PyW] is expected to reside 

on the pyrimidine rather than on the water because the proton affinity of pyrimidine is higher 

than that of water (see Table 2).
3,31

 In fact, the observation of protonated pyrimidine cation 

[H
+
Py] in the spectrum shows that the proton resides on the pyrimidine.

3
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Figure 6. Electron impact (27 eV) mass-spectrum of pyrimidine clusters formed by supersonic 

beam expansion using 0.7% pyrimidine vapor in helium (5 atm) 
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Figure 7. Mass-spectrum resulting from injecting the pyrimidine radical cation in the RF-

selection mode into the drift cell which contains 0.93 Torr of helium using injection energy of 

13.4 eV (lab) and drift field of 4.6 V/cm. The temperature of the drift cell was 298 K. The 

sample mixture is composed of pyrimidine: water in a ratio of 1:2 

          

4.4.1.2. Ion mobility measurements 

 The reduced mobilities of the observed clusters, Ko, were measured as explained in the 

section 3.1. Figure 8 illustrates a typical example of ATDs of the protonated pyrimidine-water 

cluster [H
+
pyrimidine.(H2O)] at different applied drift cell voltages. Table 1 has the reduced 

mobilities and their corresponding collision cross-section values in addition to the calculated 

values using the trajectory method of the DFT-structures shown in Figure 9. The protonated 
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pyrimidine dimer ([H
+
Pyrimidine]2) appeared to have a relative exceptional stability with respect 

to its non-protonated analogue ([Pyrimidine
.+

]2), which was not observed, as shown in Figure 7. 

This observation can be attributed to the formation of a stable structure for the protonated dimer 

as shown in Figure 9d. ([H
+
Pyrimidine]2) is predicted to have T-shaped proton bound structure. 
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Figure 8. ATDs of [H
+
pyrimidine (H2O)] on varying the drift voltage from 10 to 21V 
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Figure 9. DFT optimized structures done at the B3LYP/6-311++G(d,p) level of (a) Pyrimidine
.+

 

(b) Protonated pyrimidine [H
+
pyrimidine] (c) Protonated hydrated pyrimidine [H

+
pyrimidine 

(H2O)] (d) Protonated pyrimidine dimer [H
+
pyrimidine2]. The experimental collision cross-

sections and the calculated values obtained at room temperature are indicated. The interatomic 

distances are in Angstrom 
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Cluster ion T
 
(K) K0(exp.)

a
 Ω(exp.)

b
 K0(cal.)

*,a
 Ω(cal.)

*,b
 

Pyrimidine 299 12.20 44.9 12.34 44.4 

H
+
Pyrimidine 301 11.85 46.1 12.16 44.9 

H
+
Pyrimidine(H2O) 300 10.40 52.3 9.93 54.8 

H
+
(Pyrimidine)2 300 7.02 77.0 7.20 74.9 

H
+
(Pyrimidine)2 225 8.05 82.8 7.92 78.8 

 

a 
K0 in cm

2
.V

-1
.s

-1  b
 Ω in Ǻ

2 
* Calculated by DFT (B3LYP/6-311++G(d,p)) 

Table 1. Mobility and cross section values of pyrimidine and pyrimidine/water binary clusters at 

different drift cell temperatures  

 

4.4.2. Gas Phase Hydration of Pyrimidine Radical Cation 

4.4.2.1. Mass Spectra 

 Pyrimidine
.+

 ions were injected into the drift cell containing a mixture of water vapor and 

helium at various drift cell temperatures; between 283 K and 238 K. The lowest attainable 

temperature was 238 K before the freezing of water.
20

 Complete thermalization of the injected 

ions was ensured through collisions with the drift gas escaping through the entrance aperture of 

the cell.
42

 The resultant mass-spectra are shown in Figure 10. At 285 K, [Pyrimidine
.+

(H2O)n]; 

n=1-2 are the major observed products. At 238 K, protonated water clusters, [H
+
.(H2O)m]; m=5-

9, become the major observed products in addition to the [Pyrimidine
.+

(H2O)n]; n=2-5. In 
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addition, the hydrated pyrimidine series is shifted to higher additions at lower drift cell 

temperatures, following the usual clustering trend. 
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Figure 10. Mass spectra resulting upon the injection of mass-selected pyrimidine radical cation 

into a mixture of H2O mixed with helium gas using 12.7 eV (lab) as injection energy and 2.5 

V/cm drift field. Drift cell temperature and pressure are indicated 
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 The high number of collisions, at least 10
5
, with the reactant mixture quickly establishes 

equilibria among the injected ions and hydrated product ions. The concentrations of both the 

reactant and product ions are measured using the integrated intensity of the selected ATD of the 

ion of interest. When the equilibrium is established, a constant ratio of the integrated intensity of 

the product to the reactant is maintained at constant pressure and temperature which indicates 

that the measured equilibrium constant is independent on the residence time. The residence time 

is controlled by the applied drift field. In addition, ATDs of the reactant ions and the hydrated 

product ions identical indicating equal residence times.  

 The equilibrium constant, Keq, of the stepwise hydration reaction of pyrimidine
.+

 (4.1) 

can be measured using equation (4.2). 

]).([]).([ 2

.

244212
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244 nn OHNHCOHOHNHC
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                          (4.2) 

where  12

.

244 ).(NHC 



nOHI ,  nOHI ).(NHC 2

.

244


are the integrated intensities of ATDs of the 

reactant and product cluster ions of the association reaction (4.1), respectively and OHP
2

is the 

pressure of water, in Torr. The equilibrium constant, Keq, was measured at different temperatures 

and from van’t-Hoff equation (4.3), H and
S values are obtained from the slope and 

intercept, respectively. van’t-Hoff plots are obtained by plotting Rln Keq versus 1000/T, where T 

is the drift cell temperature, in Kelvin. 




S
T

H
KR eq 


ln                    (4.3) 
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 Arrival time distributions shown in Figure 11 illustrate identical arrival times of 

[Pyrimidine
+.

(H2O)n]; with n=1-5, which in turn indicate the equilibrium establishment under our 

experimental conditions. However, ATDs of the formed hydrated pyrimidine are divided into 

two separate groups. The [Pyrimidine
+
.(H2O)n] with n=1-3 have equal arrival times while 

[Pyrimidine
+
.(H2O)n] with n=3-5 have equal but longer arrival times. The division of ATDs into 

two groups can be attributed to the disappearance of the small cluster ions at lower drift cell 

temperatures. Moreover, protonated water clusters [H
+
(H2O)n]; n ≥4 have been observed as can 

be seen in the mass-spectra displayed in Figure 10. Their formation can be attributed to the 

dissociative proton transfer reaction as shown in equation (4.4):  

4];).([]).([ 2

.

234212244  

 nOHHNHCOHOHNHC nn  (4.4) 

This reaction is the major source of the observed protonated water cluster series in Figure 10 and 

it has been observed before in the hydration of benzene radical cation.
10,20,33

 The proton transfer 

reaction exhibits a critical cluster size dependence at n≥4 which can be rationalized by the proton 

affinity of (H2O)4 relative to that of the C4H3N2 radical, as shown in Table 2.
9,31
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* Calculated by B3LYP/6-311++G(d,p) 

Table 2. Proton affinities of water clusters in comparison to that of pyrimidine 

 

4.4.2.2. Thermochemistry measurements and structural implications 

 The equilibrium constants of the stepwise hydration reaction (4.1) were measured at 

different temperatures yielding van’t-Hoff plots as can be seen in Figure 12. From van’t-Hoff 

plots, the binding energies and entropy changes were obtained and summarized below in Table 3. 

The binding energies follow the usual decreasing trend as the degree of hydration increases. This 

can be attributed to the decrease in ion-dipole interaction as the number of water molecules 

increases.
22

 Moreover, the entropy loss decreases as n increases which is expected for more and 

more weakly bound solvent molecules. In fact, the largest entropy loss is expected for the first 

Cluster Proton Affinity (kcal/mol) 

H2O 165±1 

(H2O)2 197±1 

(H2O)3 206±1 

(H2O)4 215±1 

(H2O)5 216±1 

Pyrimidine 212±1 

C4H3N2 206* 
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step as a result of significant loss in the degrees of freedom of both the ion and the ligand.
22

 

Moreover, both the binding energy and the measured entropy loss values agree with the expected 

values for hydrogen bonds.
22

 For comparison, thermochemical values of the hydration of 

benzene, pyridine and protonated pyridine cations are shown as well.
17,20,33

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. (Left) ATDs of pyrimidine
.+

 (H2O)n; n=1-3, collected when mass-selected 

pyrimidine
.+ 

is injected into the drift cell contains 0.21 of water vapor in a mixture with 0.22 Torr 

helium buffer gas at 268 K. (Right) ATDs of pyrimidine
.+

 (H2O)n; n=3-5, collected when mass-

selected pyrimidine
.+ 

is injected into the drift cell contains 0.19 Torr of water vapor in a mixture 

with 0.22 Torr of helium buffer gas at 243 K 
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Figure 12. van’t Hoff plots of the established equilibria among pyrimidine
+.

(H2O)n clusters; with 

n= 0-4 resulting from injecting pyrimidine radical cation in the mass-selected mode into the drift 

cell which has 0.24 Torr H2O mixed with 0.23 Torr of helium gas using 12.7 eV injection energy 

and 2.5 V/cm drift field. Drift cell temperature was varied in the range of (238 K-283 K) 

 

 



www.manaraa.com

 

 

51 

 

 Pyrimidine
.+

  Pyridine
.+ d

  PyridineH
+ d

 Benzene
.+ e

  

n  -∆H
o a 

 -∆S
o b

  BE
 c
  BE

 c,*
 -∆H

o a
  -∆S

o b
  -∆H

o a
 -∆S

o b
 -∆H

o a
  -∆S

o b
  

1 11.9 23.6 10.7 9.9 15.2 33.1 15.6 27.0 9.0 19.5 

2 11.4 22.9 9.9 8.8 9.9 19.0 11.5 26.0 8.0 18.9 

3 9.0 19.5 9.1 8.2 8.8 20.2 6.9 17.1 8.0  

4 7.9 17.6 9.0 7.4 7.1 15.3   10.3 22.4 

 a  
∆H°n-1,n units are kcal/mol ,

b
 ∆S°n-1,n units are cal/mol.K, 

c 
Binding energy calculated by 

B3LYP/6-311++G(d,p) (
* 

with BSSE correction included), 
d
 Ref(Pyridine)

17
 and 

e 
Ref 

(Benzene)
20,33

  

Table 3. Measured Thermochemistry (-∆H
°
n-1,n and -∆S

°
n-1,n) of the formation of 

Pyrimidine
.+

.(H2O)n clusters; with n=1-4 for pyrimidine radical cation in comparison to the 

corresponding values of benzene, pyridine and protonated pyridine cations and the corresponding 

calculated binding energies  

 

 Pyrimidine
.+

 can bind to water molecules via two different types of hydrogen bonds. One 

via CH
δ+

---O hydrogen bonds, which would be relatively weak as reported in  benzene
.+

 

hydration example.
20,33  

It can bind also via NH
+
---O hydrogen bonds, which would be stronger 

than the former case; similar to the protonated pyridine hydration example.
17

 On comparing the 

experimentally measured values, reported in Table 3, it can be noticed that pyrimidine 

thermochemical values are more similar to the benzene
.+

 example rather than the pyridine
.+

 case. 

Pyridine
.+

 shows similar hydration pattern to that of H
+
pyridine. So, it was concluded the 
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distonic ions are formed in [pyridine
.+

(H2O)n].
151

 In particular, the first added water molecule 

shows a weaker binding to the pyrimidine than to the pyridine cation. This suggests that the first 

hydration site does not involve the N-site but rather C-H sites. This observation suggests that the 

formation of distonic pyrimidine ion in the pyrimidine.H2O complex can be ruled out. 

4.4.2.3. Theoretical calculations and structures  

 Density functional theory (DFT) was employed at the B3LYP/6-311++G(d,p) level to 

calculate the total energies and to optimize the structures of [pyrimidine
.+

(H2O)n] ions.
152-154

 

From the thermochemistry comparisons of pyrimidine
.+

 with both benzene
.+

 and pyridine
.+

, the 

first water molecule binds more weakly to the pyrimidine cation than the corresponding one in 

the pyridine cation case. Thus, the most likely hydration site is not expected to the N-site but 

rather C-H sites. This can be attributed to the charge localization on the aromatic H-atoms is 

higher than the charge on N-atoms. Therefore, NBO distribution of charges on pyrimidine
.+

, 

H
+
pyrimidine and H2O is shown below in Table 4. The charge distribution perceives that the 

water interaction with pyrimidine
.+

 will be through the O-atom to H2 which has a charge number 

of +0.27 which is a little higher than that assigned for H1 which has +0.25. Moreover, partial 

charge transfer from the ion to the water moiety can occur as shown in Figure 13. As shown in 

Table 3, the predicted binding energies using B3LYP/6-311++G(d,p) agree well with the 

experimental values.  

 The lowest energy isomer of [pyrimidine
.+

(H2O)] predicted by B3LYP/6-311+G(d,p) 

level calculations is listed as (1-a) in Table 5. (1-a) structure has a bifurcated structure which has 

the O-atom of water molecule bound to two aromatic hydrogen atoms through 1.92 Ǻ and 3.70 Ǻ 

hydrogen bonds. This bifurcated structure of (1-a) resembles the predicted structure of 

[C6H6
.+

(H2O)].
20,33

 Structure (1-b) is predicted to be 0.4 kcal/mol less stable than (1-a) structure 
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and it has simple 1.93 Ǻ hydrogen bond formation with the H1-atom. The third isomer listed in 

Table 5 is (1-c) which has a single hydrogen bond with the pyrimidine
.+ 

(H3) of 2.00 Ǻ length 

and 9.5 kcal/mol binding energy.  

 The optimized structures of the [pyrimidine
.+

(H2O)2] isomers are displayed in Table 6. 

Structure (2-a) is the lowest energy isomer; it has external hydration pattern in which the two 

water molecules are connected by a hydrogen bond. The newly formed bond is predicted to be of 

1.78 Ǻ length and 9.9 kcal/mol binding energy. The internal hydration structures (2-b) and (2-c) 

are 0.3 and 0.5 kcal/mol higher in energy, respectively than (2-a). Structure (2-b) has a 

symmetric geometry with the two water molecules forming bifurcated structure with the 

aromatic H-atoms of the pyrimidine ion core. Structure (2-c) has the second water molecule to 

hydrogen bond with H1-atom through 1.96 Ǻ and 9.4 kcal/mol binding energy. 

 Table 7 displays the lowest energy structures predicted at the B3LYP/6-311++G(d,p) 

level of [pyrimidine
.+

(H2O)3]. The lowest energy structure [pyrimidine
.+

(H2O)3] is (3-a). (3-a) 

has third water molecule to bind to the pyrimidine ion core through two aromatic hydrogen 

bonds forming a bifurcated structure. (3-a) isomer shows 9.1 kcal/mol binding energy for the 

third water molecule. (3-b) is the second stable structure for [pyrimidine
.+

(H2O)3]. It has the third 

water molecule to be hydrogen bonded through 1.97 Ǻ bond to H1 which results in a binding 

energy of 9.1 kcal/mol. The third stable structure in the [pyrimidine
.+

(H2O)3] list has the structure 

shown in (3-c) of Table 7. Structure (3-c) expresses external hydration pattern in which the three 

water molecules are hydrogen bonded to each other forming a symmetric structure. Interestingly, 

(3-c) was predicted to be only 0.2 kcal/mol less stable than (3-a) at the B3LYP/6-311++G(d,p) 

level of the theory.  
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 The three lowest energy isomers predicted for [pyrimidine
.+

(H2O)4] are shown below (see 

Table 8). (4-a) has the lowest energy. Isomer (4-a) has external hydration pattern which 

elucidates the hydrogen abstraction process by the water clusters to form [H
+
(H2O)n], which 

starts to be formed at n=4. However, internally hydrated structures [(4-b) and (4-c)] are only 0.2 

kcal/mol and 0.6 kcal/mol higher in energy than (4-a), respectively; (see Table 8) 

Name Optimized Structure Total Charge 

C4H4N2
.+ 

 

1.0 

H
+
C4H4N2 

 

 

1.0 

H2O 

 

0.0 

Table 4. Theoretically optimized structures using B3LYP/6-311++G(d,p) with NBO charge 

distribution of C4H4N2
.+

, H
+
(C4H4N2) and H2O 

H2 

H3 H1 

H2 

H4 

H1 

H2 H3 

H5 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

 

0.0 10.7 (*9.9) 

1-b 

 

 

0.4 10.3 (*9.5) 

1-c 

 

 

1.2 9.5 (*8.8) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 5. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O). 

Distances are in Angstroms 

 

 

 

1.92 

3.70  

1.93 

2.00 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

2-a 

 

0.0 9.9 (*8.8) 

2-b 

 

 

0.3 9.6 (*8.8) 

2-c 

 

 

0.5 9.4 (*8.7) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 6. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O)2. 

Distances are in Angstroms 

 

 

 

1.96  

1.96  

3.72                        

3.72 

1.95  

1.96 

3.70 

1.80 

1.78 

3.53 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 9.1 (*8.1) 

3-b 

 

 0.0 9.1 (*8.2) 

3-c 

 

 

0.2 8.9 (*7.6) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 7. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O)3. 

Distances are in Angstroms 

 

  

1.67

1.80

1.80

1.98  

1.84 

3.72 

3.57 

1.80 

1.84  

3.54 

1.79  

1.97 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

4-a 

 

 

0.0 9.0 (*7.4) 

4-b 

 

 

0.2 8.8 (*7.8) 

4-c 

 

 

0.6 8.4 (*7.5) 

 
a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 8. Theoretically optimized structures using B3LYP/6-311++G(d,p) of C4H4N2
.+

(H2O)4. 

Distances are in Angstroms 

 

 

 

1.81 

1.87  

1.87 

3.59 

3.59                                    

1.81 

1.99  

1.79  

3.48 

1.71 
1.80  

1.77 1.77 

1.63 

1.97 1.97 

3.48 
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Figure 13. Charge transfer from pyrimidine radical cation to water cluster as hydration degree n 

evolves  

 

4.4.3. Gas Phase Hydration of Protonated Pyrimidine  

4.4.3.1. Mass-spectra 

 Figure 14 displays the mass-spectra resulting upon injecting the protonated pyrimidine 

into the drift cell which contains a mixture of water vapor and helium gas at various drift cell 

temperatures. The temperature is varied between 300 K and 235 K, which is the lowest attainable 

temperature before water freezing. 10% H2 in He was used as a carrier gas to generate the 

protonated pyrimidine cation. At 300 K, [H
+
pyrimidine.(H2O)] was the only observed product 



www.manaraa.com

 

 

60 

 

while at 235 K, the hydrated protonated pyrimidine series is shifted to higher additions, 

following the usual clustering trends.  
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Figure 14. Mass spectra resulting upon protonated pyrimidine cation (H
+
Py) injection into a 

mixture of water vapor (W) and helium gas using 13.9 eV (laboratory frame) injection energy 

and 2.2 V/cm drift field. Drift cell temperature and pressure are varied as indicated 

  



www.manaraa.com

 

 

61 

 

4.4.3.2. Thermochemical Measurements   

 The high number of collisions, at least 10
5
, with the drift cell gas quickly establishes 

equilibria among the injected ions and their hydrated product ions. The concentrations of both 

the reactant and product ions are measured using the integrated intensity of the selected ATD of 

the ion of interest. When the equilibrium is established, a constant ratio of the integrated 

intensity of the product to the reactant ion is maintained at constant pressure and temperature.  

This indicates that the measured equilibrium constant is independent on the reaction time which 

is controlled by the applied drift field. In addition, identical ATDs of the reactant ions and the 

hydrated product ions are indicating equal residence times.  

 The equilibrium constant, Keq, of the stepwise hydration reaction of H
+
pyrimidine (4.5) 

can be measured using equation (4.6): 

]).([]).([ 2244212244 nn OHNHCHOHOHNHCH 



                      (4.5) 

 
  OHn

n
eq

POHI

OHI
K

2
.).(NHCH

760).(NHCH

12244

2244





 
                (4.6)      

where  12244 ).(NHCH 



nOHI ,  nOHI ).(NHCH 2244

 are the integrated intensities of ATDs of 

the reactant and product cluster ions of the association reaction (4.5), respectively and OHP
2

is the 

pressure of water, in Torr. The equilibrium constant, Keq, is measured at different temperatures 

and from van’t-Hoff equation (4.3), H and
S values are obtained from the slope and 

intercept, respectively. van’t-Hoff plots are obtained by plotting Rln Keq versus 1000/T, where T 

is the drift cell temperature, in Kelvin. 

 Arrival time distributions shown in Figure 15 illustrate identical arrival times of 

[H
+
Pyrimidine.(H2O)n]; with n=0-3. This matching indicates the equilibria establishments under 
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our experimental conditions. However, ATDs of the formed hydrated pyrimidine are divided into 

two separate groups; in each an equilibrium state was established. The division of the ATDs into 

two groups occurs as a result of disappearance of the small clusters at low temperatures. 

 On the other hand, the formation of the observed protonated water clusters (see Figure 

14) can be attributed to the dissociative proton transfer reaction as shown in equation (4.7):
20,33

 

4];).([]).([ 2

.

244212244  



 nOHHNHCOHOHNHCH nn                 (4.7) 

The proton transfer reaction represents critical cluster size dependence which can be rationalized 

by the proton affinities of the water clusters versus that of pyrimidine as shown in Table 2. As 

for reaction (4.7) to become feasible, a minimal number of four water molecules is required in 

order to extract the proton from the aromatic cation. These results agree excellently with the 

previously reported DFT calculations which investigated the proton transfer process 

quantitatively. These theoretical studies followed the electron density motion among the relevant 

subunits and showed the gradual movement of the proton from the pyrimidine to the water 

subunit side.
62

   

 The equilibrium constants of the stepwise hydration reaction (4.5) were measured at 

different temperatures yielding van’t-Hoff plots shown in Figure 16 as explained in the 

experimental section. From van’t-Hoff plots depicted in Figure 16. The binding energies (-ΔH˚) 

and entropy changes (ΔS˚) of the stepwise hydration steps were obtained and summarized below 

in Table 9, which also includes the theoretically calculated corresponding values. The binding 

energies follow the usual decreasing trend as the degree of hydration increases due to the 

repulsion among the water molecules and charge delocalization.
22

 For comparison, 

thermochemical values of the hydration of protonated pyridine cations are shown as well.
17

 It 

also worth noting that the calculated binding energies are in good agreement with their 
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corresponding measured values within the experimental uncertainty (±1 kcal/mol) which 

elucidates the sufficiency of the employed calculation level.  

 

 

 

Figure 15. (Left) ATDs of protonated pyrimidine cation (H
+
Py) and [H

+
pyrimidine (H2O)] 

collected at 344 K and drift cell field of 2.5 V/cm. (Right) ATDs of [H
+
pyrimidine (H2O)n]; n=1-

3, collected at 242 K and 2.5 V/cm as drift cell field 
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Figure 16. van’t Hoff plots of the established equilibria among [H
+
pyrimidine.(H2O)n] clusters; 

with n= 0-3 resulting from injecting the mass-selected protonated pyrimidine cation into the drift 

cell which has 0.47 Torr H2O mixed with 0.44 Torr of helium gas using 13.9 eV injection energy 

(lab) and 2.5 V/cm drift field. Drift cell temperature was varied in the range of (235 K-333 K) 

 

 

 

 



www.manaraa.com

 

 

65 

 

 

 

 

 

 

 

a
 ∆H°n-1,n units are kcal/mol ,

b
 ∆S°n-1,n units are cal/mol.K, 

c 
Binding energy calculated by 

B3LYP/6-311++G(d,p) (
* 
with BSSE correction) , and 

d 
Ref. (Pyridine)

17
.
  

Table 9. Measured Thermochemistry values (-∆H
°
n-1,n and -∆S

°
n-1,n) of the formation of 

H
+
pyrimidine.(H2O)n clusters; with n=1-3 for protonated pyrimidine cation in comparison to the 

corresponding values of protonated pyridine cations and the calculated binding energy values 

 

4.4.3.3. Theoretically calculated structures 

 H
+
pyrimidine can bind to water molecules via two different types of hydrogen bonds. 

One via CH
δ+

---O hydrogen bonds, which would be relatively weak as reported in  benzene
.+

 

hydration example
20,33  

or via NH
δ+

---O hydrogen bonds, which are stronger similar to the 

hydration of the protonated pyridine.
17

 By checking the experimentally measured values, 

reported in Table 9, it can be noticed that the protonated pyrimidine binding energy values are 

very similar to the protonated pyridine example especially in the first two additions. This implies 

a strong similarity in the resultant structures in both cases. This can be explained by the 

similarity in the charge distribution in their optimized structures. The charge distribution in 

protonated pyrimidine, shown in Table 4, shows more localized charge on the proton (H4) which 

 Protonated Pyrimidine Protonated Pyridine
d
 

n -∆H
o a

 -∆S
o b

 BE
 c
 -∆H

o a
 -∆S

o b
 

1 15.3 34.1 17.1 
*
(16.0) 15.6 27.0 

2 12.7 35.6 12.2 
*
(11.1) 11.5 26.0 

3 11.0 34.9 10.5 
*
(9.5) 6.9 17.1 
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resembles the example of the protonated pyridine as the protonation occurs exclusively on the N-

atom.
17,135

 Moreover, our calculation results agree excellently with previous high level 

calculation studies in locating the lowest energy protonated isomer.
17,131,151

 In fact as shown in 

Table 10, in the lowest energy [H
+
pyrimidine (H2O)], the water molecule is attached to the NH 

via a NH
+
---O hydrogen bond which simulates the hydration pattern of protonated pyridine 

cations.
17,131,151

 Structure (1-a) has a 1.69 Å hydrogen bond with 17.1 kcal/mol binding energy. 

This accounts for the binding energy similarity between the hydrated pyrimidine with the 

protonated pyridine. The second water molecule binds to the first water molecule by a 1.73 Å 

hydrogen bond forming a linear chain while the first hydrogen bond shortens to be 1.59 Å, see 

(2-a) in Table 10. Moreover, when two water molecules bind to the H
+
pyrimidine through 

internal hydration pattern, the optimized structure (2-b) was found to be 3.6 kcal/mol higher in 

energy than (2-a) at the B3LYP/6-311++G(d,p). 

 The third water molecule binds to the first one by 1.77 Å hydrogen bond; forming the 

symmetric structure, shown in Table 11 as (3-a). Therefore, external hydration pattern seems to 

be more energetically favorable; which can explain the proton transfer from the protonated 

pyrimidine cation to the water moiety, explained in detail in Table 12. Proton transfer process 

from the pyrimidine moiety to the water cluster can be depicted in the N---H bond length versus 

H---W one, as appears in Tables 10 and 11. As the number of added water molecules (n) 

increases, the former bond weakens while the later one strengthens as can be pointed out from 

the structures shown below. This eventually leads to the protonated water clusters formation 

noticed in Figure 14. Moreover, two additional less stable structures are considered, namely, (3-

b) and (3-c). In fact, structures (3-a) through (3-c) present external hydration pattern. Moreover, 
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slow partial charge transfer is accompanying the hydration of H
+
pyrimidine cation with the 

increasing number of water molecules n as shown in Figure 17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 10. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2(H2O)n]; n=0-2. Distances are in Angstroms 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

H
+
py 

 

0.0  

1-a 

 

 

0.0 17.1 (*16.0) 

2-a 

 

 

0.0 12.2 (*11.1) 

 

2-b 

 

 

3.6 8.6 (*7.8) 

(a) H
+
pyrimidine 

1.02  

1.05  1.69  

1.59 

1.06  

1.73 

1.04  

1.72  

3.32  

2.03  
3.93 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 11. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2

.+
(H2O)3]. Distances are in Angstroms 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 10.5 (
*
9.5) 

3-b 

 

 

0.7 9.8 (
*
8.8) 

3-c 

 

 

1.0 9.5 (
*
8.5) 

 

 

1.49 

1.09  

1.77  

1.77  

2.66 

1.52 

1.76  
1.08  

1.88  

1.54 

1.64 

1.78  

1.07  
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n N---H4 (Å) O---H4 (Å) 

0 1.02 ∞ 

1 1.05 1.69 

2 1.06 1.59 

3 1.09 1.49 

 

Table 12. Intracluster proton transfer in [H
+
pyrimidine. (H2O)n] from H

+
pyrimidine to water 

cluster as a function of hydration degree n. 
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Figure 17. Partial charge transfer from H
+
pyrimidine to (water)n as a function of hydration 

degree n 
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4.5. Conclusions 

 Using ion mobility measurements, structures of the binary pyrimidine-water have been 

identified. Moreover, it was observed that the protonated species are more predominant over 

their corresponding unprotonated ions. This observation is consistent with the previously 

reported results which investigated the proton transfer reactions in these clusters.
62,145,146

  

 Equilibrium measurements have been used to investigate the hydration of pyrimidine 

radical cation on a molecular level. Stepwise association of water molecules onto the injected 

mass-selected pyrimidine
.+

 results in the formation of [pyrimidine
.+

(H2O)n]; with n=1-5. 

Thermochemistry measurements and theoretical calculations verified the similarity of the 

pyrimidine
.+

 hydration to that of benzene
.+

 rather than pyridine
.+

. In both the pyrimidine
.+

 and 

benzene
.+

 hydration studies, hydrogen bonding with the aromatic H-atoms was observed. For 

comparison, the thermochemistry of stepwise hydration of the protonated pyrimidine using 

hydration equilibrium measurements is reported. Comparing the hydration of the protonated 

pyrimidine with the protonated pyridine suggests a strong similarity in the hydrated structures of 

H
+
pyrimidine with those of H

+
pyridine. In both cases, the hydrated structures involve NH

+
---O 

bonds. In fact, theoretical calculations identified the protonation site to be on the N-atom similar 

to the H
+
pyridine

 
example.

17
  

 In addition, we have attributed the observed series of protonated water clusters to 

dissociative proton transfer reactions previously reported in the hydration of the benzene
.+

.
33
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Chapter 5: Sequential solvation of Protonated pyrimidine cation 

with methanol and acetonitrile molecules in the gas phase 
 

5.1. Introduction  

 The replacement of water (H2O) with Methanol (CH3OH) in the H
+
pyrimidine(solvent)n 

clusters probes the distinct hydrogen bonding properties of the two solvents. The loss of half the 

hydrogen bonding hydrogen atoms in methanol (CH3OH) relative to H2O can be expected to 

promote the chain-like growth over the cyclic hydrogen bonded structures common for water 

clusters. On the other hand, the presence of acetonitrile (CH3CN) in the H
+
pyrimidine(CH3CN)n 

clusters should show blocked structures that prevent the formation of extended hydrogen bonded 

chains.
78

 

 Moreover, both of CH3OH and CH3CN have higher proton affinities than H2O; 186 

kcal/mol for CH3CN, 180 kcal/mol for CH3OH versus 165 kcal/mol for H2O.
31

 The dipole 

moments of H2O (1.85 D) is slightly higher than that of CH3OH (1.69 D).
31

 This would lead to 

different intermolecular interaction preference toward hydrogen bonded interactions over the 

charge-dipole ones in the H
+
pyrimidine(CH3OH)n clusters.

9
 Acetonitrile, in addition to having 

higher proton affinity than both water and methanol, it has distinctly higher dipole moment than 

both of them as well (3.92 D).
155

  

 In the present study, the gas phase stepwise solvations of protonated pyrimidine by 1-3 

CH3OH, and CH3CN molecules are examined. Two kinds of hydrogen bonds can be formed 

through the interaction of the methanol and acetonitrile molecules with the protonated 

pyrimidine, NH
δ+

---O, or CH
δ+

---O bonds in case of methanol while NH
δ+

---N, or CH
δ+

---N 
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bonds in case of acetonitrile. These systems are studies by employing the thermochemical 

equilibrium measurements using the mass-selected ion mobility technique in combination with  

(DFT) computational methods to determine the solvation sites and to locate the lowest energy 

isomers.
156

 Such studies provide useful information about the individual binding energies and 

structures of the solvated cations. Moreover, it provides a basis for comparing CH3OH and 

CH3CN with H2O in their hydrogen bonding affinities to the protonated pyrimidine cation.  

5.2.  Mobility measurements and structure determination of the binary 

clusters 

5.2.1. Mass-spectra of the binary pyrimidine-methanol and pyrimidine-acetonitrile 

clusters            

 Supersonic expansion of a mixture of pyrimidine/solvent introduced by passing helium 

carrier gas through a glass bubbler contains a mixture of liquid pyrimidine and methanol or 

acetonitrile in a ratio of 1 to 2. This appeared to be an efficient route to get mixed binary clusters 

of pyrimidine/methanol as shown in Figure 18 while the binary clusters of 

pyrimidine/acetonitrile are shown in Figure 19.
150
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Figure 18. Mass-spectrum resulting from injecting the protonated pyrimidine cation in the RF-

selection mode into the drift cell which contains 0.83 Torr of helium using an injection energy of 

13.9 eV (lab) and drift voltage of 4.6 V/cm. The temperature of the drift cell was 300 K. The 

sample mixture is composed of pyrimidine: methanol in a ratio of 1:2  
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Figure 19. Binary clusters of pyrimidine-acetonitrile resulting from injecting the pyrimidine 

radical cation in the RF-selection mode into the drift cell which contains 1.23 Torr of helium 

using injection energy of 13.9 eV (lab) and drift voltage of 4.0 V/cm. The temperature of the 

drift cell was 302 K. The sample mixture is composed of pyrimidine: acetonitrile in a ratio of 1:2 

 

5.2.2. Ion mobility measurements         

 The reduced mobility constants of the observed clusters were measured under low field 

conditions (E/N<5.1 Td) at 300 K using 14 eV (lab. Frame) as injection energy. Figure 20 

illustrates typical examples of ATDs of the protonated pyrimidine solvated by a single methanol 

molecule at different applied drift cell voltages. Figure 21 illustrates the ATDs of protonated 

pyrimidine solvated by a single acetonitrile molecule at different applied drift cell voltages. The 
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reduced mobilities and their corresponding collision cross-section values are tabulated in Table 

13 in addition to those calculated via the trajectory method of the lowest energy DFT-structures 

shown below in Figure 22. Moreover, the protonated pyrimidine dimer (H
+
Py2) appeared to have 

relative exceptional stability with respect to its non-protonated analogue (Py2
.+

). Pyrimidine 

dimer (Py2
.+

) was not observed in cases of water, methanol, or acetonitrile mixed clusters. This 

observation can be rationalized to a stable structure for the protonated species (see Figure 22e). 
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Figure 20. ATDs of [H
+
pyrimidine (CH3OH)] on varying the drift voltage from 10 to 24V 
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Figure 21. ATDs of [H
+
pyrimidine (CH3CN)] on varying the drift voltage from 22 to 28V 

resulting from injecting [H
+
pyrimidine (CH3CN)] in the RF-mode using injection energy of 15 

eV(laboratory frame). The measurement was done at 303 K 
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Figure 22. B3LYP/6-311++G(d,p) optimized structures of (a)Pyrimidine
.+

 (b)Protonated 

pyrimidine [H
+
pyrimidine] (c)[H

+
pyrimidine (CH3OH)] (c)[H

+
pyrimidine (CH3CN)] (e) 

Protonated pyrimidine dimer [H
+
(Pyrimidine)2]. The experimental collision cross-sections and 

the calculated values are indicated for the room temperature measurements 

  

(a) 

Ω (calc.) =44.4 Ǻ
2
 

Ω (exp.) =44.9 Ǻ
2
 

1.02  

(b) 

Ω (calc.) =44.9 Ǻ
2
 

Ω (exp.) =46.1 Ǻ
2
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2
 

Ω (exp.) =66.8 Ǻ
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Cluster ion T
 
(K) K0(exp.)

a
 Ω(exp.)

b
 K0(cal.)

*,a
 Ω(cal.)

*,b
 

Pyrimidine 299 12.20 44.9 12.34 44.4 

H
+
Pyrimidine 301 11.85 46.1 12.16 44.9 

H
+
Pyrimidine(CH3OH) 300 8.62 63.0 8.84 61.5 

H
+
Pyrimidine(CH3CN) 302 8.09 66.8 8.18 66.0 

H
+
(Pyrimidine)2 300 7.02 77.0 7.20 74.9 

H
+
(Pyrimidine)2 225 8.05 82.8 7.92 78.8 

 

a 
K0 in cm

2
.V

-1
.s

-1  b
 Ω in Ǻ

2 
* Calculated by DFT (B3LYP/6-311++G(d,p))

 

Table 13. Mobility and cross section values for various binary clusters obtained using 

pyrimidine/methanol and pyrimidine/acetonitrile solvent mixtures 

 

5.3. Gas-Phase Thermochemical Equilibrium Measurements 

5.3.1. Gas-Phase Solvation of Protonated Pyrimidine Cation by Methanol 

 On injecting pyrimidine radical cation into the drift cell containing a gas mixture of 

methanol vapor and helium gas, only the protonated series; [H
+
pyrimidine (CH3OH)n]; with n=0-

3 could be observed as shown below in Figure 23. The protonation of the injected pyrimidine 

occurs exclusively even at very low concentrations of methanol and very short residence times.  
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This implies that proton transfer reaction is very fast which can be rationalized to the fact that the 

proton affinity of pyrimidine is higher than that of methanol by about 30 kcal/mol.
22,31
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Figure 23. Mass spectra resulting upon pyrimidine radical cation (Py
.+

) injection via 12.7 eV 

(lab) injection energy and 2.2 V/cm drift field into a mixture of methanol (M) and helium gas. 

Drift cell temperature and total pressure are varied as indicated 
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5.3.1.1. Thermochemistry measurements and structural implications 

 Injecting the mass-selected pyrimidine radical cation into the drift cell under mild 

conditions of weak drift field of 2.5 V/cm, and low injection energy of 13 eV (laboratory frame) 

helps to lengthen the residence times in the drift cell. Therefore, the number of collisions is 

increased dramatically which enhances the establishment of equilibrium. The high number of 

collisions, at least 10
5
, with the drift cell gas quickly establishes equilibria among the injected 

ions and their solvated product ions. The concentrations of both the reactant and product ions are 

measured using the integrated intensity of the selected ATD of the ion of interest. When the 

equilibrium is established, a constant ratio of the integrated intensity of the product to the 

reactant is maintained at constant pressure and temperature. This indicates that the measured 

equilibrium constant is independent on the reaction time which is controlled through the applied 

drift field. In addition, ATDs of the reactant ions and the solvated product ions are identical 

indicating equal residence times.  

 The equilibrium constant, Keq, of the stepwise association reaction of methanol molecules 

with H
+
pyrimidine (5.1) can be measured using equation (5.2): 

]).([]).([ 3244313244 nn OHCHNHCHOHCHOHCHNHCH 



 
         

 (5.1) 

       
 

  OHCHn

n
eq

POHCHI

OHCHI
K

3
.).(NHCH

760).(NHCH

13244

3244





 
                                                             (5.2) 

                


S
T

H
KR eq 


ln                                                                                  (5.3) 

where  13244 ).(NHCH 



nOHCHI ,  nOHCHI ).(NHCH 3244

 are the integrated intensities of 

ATDs of the reactant and product cluster ions of the association reaction (5.1), respectively and 
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OHCHP
3  

is the pressure of methanol, in Torr. The equilibrium constant, Keq, is measured at 

different temperatures and from van’t-Hoff equation (5.3), H and
S values are obtained from 

the slope and intercept, respectively. van’t- Hoff plots are obtained by plotting Rln Keq versus 

1000/T, where T is the drift cell temperature in Kelvin. 

 Arrival time distributions shown in Figure 24 illustrate identical arrival times of 

[H
+
Pyrimidine.(CH3OH)n]; with n=0-3. This matching indicates the equilibria establishments 

under our experimental conditions. However, ATDs of the formed solvated pyrimidine are 

divided into two separate groups; in each an equilibrium state was established. 

 On the other hand, the formation of the observed protonated methanol clusters; with n=3-

6 (see Figure 23) can be attributed to the dissociative proton transfer reaction previously 

observed in the H
+
pyrimidine hydration example, Figure 14, according to equation (5.4):

20,33
 

3];).([]).([ 3

.

244313244  



 nOHCHHNHCOHCHOHCHNHCH nn             (5.4) 

The proton transfer reaction (5.4) exhibits critical cluster size dependence at n≥3 which can be 

rationalized by the proton affinities of the solvent clusters as shown in Table 14.
31,150

 For 

reaction (5.4) to become feasible, a minimal number of three methanol molecules is needed in 

order to extract the proton from the protonated pyrimidine cation yielding protonated methanol 

cluster and pyrimidine radical. These results agree well with the previously reported DFT 

calculations which investigated the proton transfer process quantitatively by following the 

electron density motion among the relevant subunits and showed the gradual movement of the 

proton from the pyrimidine to the methanol subunit side.
62
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Cluster Proton Affinity (kcal/mol) 

CH3OH 182±1 

(CH3OH)2 211±1 

(CH3OH)3 224±1 

(CH3OH)4 231±1 

(CH3OH)5 234±1 

Pyrimidine 212±1 

 

Table 14. Proton affinities of methanol clusters in comparison to that of pyrimidine  

 

 Equilibrium constants have been measured over a wide range of drift cell temperatures 

which yields the van’t-Hoff plots. The experimental values of binding energies and entropy 

changes are obtained from the slope and intercept, respectively of van’t-Hoff plots shown in 

Figure 25. Equilibrium was confirmed to be established under our conditions by obtaining 

identically matching ATDs of the reactants and products as shown in Figure 24. The resulting 

values are shown in Table 15 along with the corresponding calculated values. The calculated 

binding energies match well with the experimental measurements within the uncertainty range 

for the first two additions. The predicted binding energy for the third step is 2 kcal/mol less than 

the experimentally measured binding energy which can be attributed to that the level of 

calculations could not locate the lowest energy structure of [H
+
C4H4N2.(CH3OH)3].  
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Figure 24. (a) ATDs of [H
+
pyrimidine] and [H

+
pyrimidine (CH3OH)] collected at 373 K and 

drift cell field of 2 V/cm (b) ATDs of [H
+
pyrimidine (CH3OH)n]; n=1-3, collected at 264 K and 

2.5 V/cm as drift cell field 
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Figure 25. van’t Hoff plots of the established equilibria among [H
+
pyrimidine.(CH3OH)n] 

clusters; with n= 0-3 resulting from injecting pyrimidine radical cation into the drift cell which 

has 0.24 Torr CH3OH mixed with 0.52 Torr of helium gas using 12.7 eV injection energy (lab) 

and 2.5 V/cm drift field. Drift cell temperature was varied between 249 K and 432 K 
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a  
∆H°n-1,n units are kcal/mol, 

b
 ∆S°n-1,n units are cal/mol.K, and 

c 
Binding energy calculated by 

B3LYP/6-311++G(d,p) (
* 
with BSSE correction). 

Table 15. Binding energies and entropy changes from van’t-Hoff plots (Figure 25) along with 

calculated binding energies using B3LYP/6-311++G(d,p) 

 

5.3.1.2. Theoretical calculations 

 Methanol binds to the protonated pyrimidine core by relatively stronger hydrogen bond 

of 1.63 Å than the water example, as displayed in Table 17 as (1-a). However, (1-b) structure has 

a bifurcated structure in which the O-atom of methanol is hydrogen bonded to two CH- aromatic 

hydrogen atoms. (1-b) structure was predicted to lie at 10.3 kcal/mol higher in energy than (1-a).  

 The second methanol molecule binds to the first by 1.70 Å hydrogen bond favoring 

external solvation pattern while the first hydrogen bond shortens to 1.52Ǻ; see structure (2-a) in 

Table 18. (2-b) structure was predicted at B3LYP/6-311++G(d,p) to be 4.3 kcal/mol higher in 

energy than (2-a). Isomer (2-c) showed internally solvated structure. However it is 5.4 kcal/mol 

less stable than (2-a).   

n -∆H
o a

 -∆S
o b

 BE
 c
 

1 18.2 26.9 19.4 
*
 (18.0) 

2 12.8 27.4 13.3 
*
 (12.7)

 

3 11.8 31.3 9.9 
*
 (8.8) 
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 The third methanol molecule binds to the second one by a weaker 1.85 Å hydrogen bond 

and forms a cyclic solvent structure with the pyrimidine ring through the formation of a new 

hydrogen bond to an aromatic hydrogen atom of 2.36 Å; as displayed as structure (3-a) in Table 

19. This cyclic structure (3-a) supports the large entropy loss observed in the third step (31.3 

cal/mol. K). (3-b) structure was predicted to be at 2.0 kcal/mol higher in energy than (3-a).  

Structure (3-b) has the second methanol molecule to be hydrogen bonded to an aromatic 

hydrogen atom. Structure (3-c) isomer has a very similar structure to that of (3-b) with the new 

methanol molecule is hydrogen bonded to another H-atom. (3-c) is predicted to be 2.5 kcal/mol 

higher in energy than (3-a).  

5.3.1.3. Proton transfer 

 Table 20 shows quantitative transfer of the proton from the H
+
pyrimidine to the methanol 

cluster resulting in eventual release of pyrimidine radical and H
+
(CH3OH)n with n≥3. These 

results show the N—H bond is stretched while O—H bond is shortened with the solvation degree 

n increase. The N—H bond was stretched from 1.02 Å to 1.06 Å at n=1 and to 1.08 Å at n=2 and 

further lengthened to 1.09 Å at n=3, while the O—H hydrogen bond was shortened from 1.63 Å 

to 1.52 Å and eventually to 1.49 Å as n increases from 1 to 3. Moreover, the ionic charge moves 

from the H
+
pyrimidine partially as the number of attached methanol molecules increase, as can 

be seen from Figure 26.  
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Name Optimized Structure Total Charge 

H
+
C4H4N2 

 

 

1.0 

CH3OH 

 

0.0 

CH3CN 

 

0.0 

 

Table 16. Theoretically optimized structures using B3LYP/6-311++G(d,p) with NBO charge 

distribution of H
+
(C4H4N2), CH3OH and CH3CN 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 17. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2(CH3OH)]. Distances are in Angstroms 

 

 

 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

 

0.0 19.4 (*18.0) 

1-b 

 

 

10.3 9.1 (*8.6) 

1.63 

1.06 

2.53 

2.32 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

2-a 

 

 

0.0 13.3 (
*
12.7) 

2-b 

 

 

4.3 9.0 (
*
8.9) 

2-c 

 

 

5.4 7.9 (
*
7.9) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol 

*
(corrected for ZPE and BSSE) 

Table 18. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2(CH3OH)2]. Distances are in Angstroms 

 

 

 

 

1.08 

1.52 

1.70 

3.30 

1.05 

2.01 

1.66 

1.65 

2.34 

2.56 1.05 
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1.55 

1.07 1.72 

2.04 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 19. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2(CH3OH)3]. Distances are in Angstroms  

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 9.9 (*8.8) 

3-b 

 

 

2.0 7.9 (*7.5) 

3-c 

 

 

2.5 7.4 (*6.8) 

1.49 

1.09 

1.85 

1.85 
2.36 

1.56 

1.72 

1.07 

2.04 
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n N---H4 (Å) O---H4 (Å) 

0 1.02 ∞ 

1 1.06 1.63 

2 1.08 1.52 

3 1.09 1.49 

Table 20. Intracluster proton Transfer in [H
+
pyrimidine. (CH3OH)n] from H

+
pyrimidine to 

methanol 
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Figure 26. Partial charge transfer from H
+
pyrimidine to (methanol)n as a function of n 
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5.3.2. Gas-Phase Solvation of Protonated Pyrimidine Cation by Acetonitrile 

 Acetonitrile is extensively used as an aprotic organic solvent in various processes in 

chemical industries. It is also widely involved in research laboratories for amino acid separation, 

synthesis of DNA and peptide sequencing.
75

 Moreover, acetonitrile (CH3CN) was found to be 

present in the stratosphere in the form of protonated hydrates.
78

 Injection of pyrimidine radical 

cations in the mass-selected mode, into a mixture of acetonitrile and helium yielded in exclusive 

formation of the protonated adducts; [H
+
pyrimidine.(CH3CN)n] where n=1-3, The formation of 

protonated adducts seen in Figure 27 can be attributed to the proton affinity difference which is 

25 kcal/mol. This behavior is similar to the methanol example, however, no protonated 

acetonitrile clusters were observed. 

 Recently, clustering studies has been done on protonated amino acids with CH3CN and 

H2O molecules which showed higher solvation power of acetonitrile versus water. This behavior 

has been ascribed to the larger electrostatic factors of acetonitrile.
31

 The dipole moment and 

polarizability of CH3CN are 3.92 D and 4.45 Ǻ
3
, respectively.

157
 The dipole moment and 

polarizability of water are1.85 D and 1.45 Ǻ
3
, respectively.

157
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Figure 27. Mass-spectra obtained upon injection of pyrimidine radical cations in the mass-

selection mode, into a mixture of acetonitrile and helium yielded in exclusive formation of the 

protonated adducts; [H
+
pyrimidine.(CH3CN)1-3]. Pressure and temperature are indicated 
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5.3.2.1. Thermochemistry measurements and structural implications 

 The reaction investigated in the present study was the stepwise association of acetonitrile 

molecules to protonated pyrimidine at different temperature according to equation (5.5): 

]).([]).([ 3244313244 nn CNCHNHCHCNCHCNCHNHCH 



               (5.5) 

 The equilibrium constant, Keq, of the stepwise association reaction of acetonitrile 

molecules with H
+
pyrimidine (5.5) can be measured using equation (5.6): 

 
  CNCHn

n
eq

PCNCHI

CNCHI
K

3
.).(NHCH

760).(NHCH

13244

3244





 
                                 (5.6) 

where  13244 ).(NHCH 



nCNCHI ,  nCNCHI ).(NHCH 3244

 are the integrated intensities of 

ATDs of the reactant and product cluster ions of the association reaction (5.5), respectively and 

CNCHP
3

is the pressure of acetonitrile, in Torr. The equilibrium constant, Keq, was measured at 

different temperatures and from van’t-Hoff equation (5.3), H and
S values were obtained 

from the slope and intercept, respectively. van’t-Hoff plots of H
+
pyrimidine(CH3CN)n; n=1-3 are 

shown below in Figure 29. 

 Arrival time distributions shown in Figure 28 illustrate identical arrival times of 

[H
+
pyrimidine.(CH3CN)n]; with n=1-3. This matching indicates the equilibria establishments 

under our experimental conditions. The H
+
pyrimidine(CH3CN)/H

+
pyrimidine equilibrium wasn’t 

established under our conditions. This study probably has required higher temperatures ranges 

than the highest temperature used here, namely, 303 K.  
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Figure 28. ATDs of H
+
pyrimidine(CH3CN)n; n=1-3 obtained by injecting mass-selected 

pyrimidine radical cation into the drift cell contains 0.12 Torr CH3CN mixed with 0.19 Torr of 

helium using 12 eV injection energy (lab. frame) and 2.5 V/cm drift field 
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Figure 29. van't-Hoff plots obtained as a result of injecting pyrimidine radical cation in the 

mass-selection mode into the drift cell contains 0.16 Torr of acetonitrile mixed with 0.19 Torr of 

helium using injection energy of 12 eV(lab. frame) and 2.5 V/cm drift field. The drift cell 

temperature was varied between 247 K and 303 K 
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a  
∆H°n-1,n units are kcal/mol, 

b
 ∆S°n-1,n units are cal/mol.K, and 

c 
Binding energy calculated by 

B3LYP/6-311++G(d,p) (
* 
with BSSE correction). 

Table 21. Binding energies and entropy changes from van’t-Hoff plots for [H
+
Pyrimidine 

(CH3CN)n] along with the corresponding calculated binding energies using B3LYP/6-

311++G(d,p) 

 

5.3.2.2. Theoretical calculations  

 B3LYP/6-311++G(d,p) level of DFT was used to examine the structures and the 

corresponding binding energies. First acetonitrile binds exclusively to the proton of the 

H
+
pyrimidine cation through a hydrogen bond of 1.73 Å. The corresponding corrected predicted 

binding energy of [H
+
pyrimidine(CH3CN)] was 22.5 kcal/mol.  

 The second acetonitrile molecule prefers internal solvation pattern. This behavior is 

different from the hydration as well as the methanol solvation examples, both showed preference 

of external solvation over the internal solvation in the second step. This can be attributed to the 

acetonitrile blocked structure which suppresses the probabilities of formation of extended 

structure with acetonitrile molecules hydrogen bonded to each other.
78

 Structure (2-a) has the 

second CH3CN molecule hydrogen bonded through bifurcated structure through 2.35 Å and 2.81 

n -∆H
o a

 -∆S
o b

 BE
 c
 

1 N/A N/A 22.8 
*
 (22.5) 

2 13.1 27.3 11.0 
*
 (10.8)

 

3 11.2 27.9 8.9 
*
 (8.7) 
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Å hydrogen bonds to two aromatic hydrogen atoms. Structure (2-b) has a similar structure but it 

was predicted to be 0.9 kcal/mol higher in energy than (2-a). However, the third most stable 

structure (2-c) is degenerate with (2-b). In (2-c), both the CH3CN molecules are forming 

bifurcated structures, as shown in Table 22.  

 The most stable structure predicted for [H
+
pyrimidine(CH3CN)3] has the structure (3-a) 

shown in Table 23. Structure (3-a) has an asymmetric structure in which two CH3CN molecules 

are forming bifurcated hydrogen bonds with aromatic hydrogen atoms while the third is 

hydrogen bonded to the H
+
pyrimidine cation ‘s proton. The (3-b) structure was predicted to be 

0.6 kcal/mol higher in energy than (3-a) and it shows that the three CH3CN molecules are 

forming bifurcated hydrogen bonds with aromatic hydrogen atoms. The third most stable 

structure of [H
+
pyrimidine(CH3CN)3]  (3-c) has the third CH3CN hydrogen bonded to the first 

one via a weak hydrogen bond of 3.14 Å. The third CH3CN molecule in (3-c) shows predicted 

binding energy of 6.6 kcal/mol. Therefore, all three lowest energy structures of 

[H
+
pyrimidine(CH3CN)3] are predicted to have internal solvation geometries so the lack of the 

protonated acetonitrile clusters can be explained. 

 In addition, partial charge transfer from the aromatic cation to (CH3CN)n moiety as n 

increases is shown in Figure 30. The charge transfer pattern shows that most of the positive ion 

(~90%) stays focused on the ionic core. 
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1.05 
1.73 

 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 22. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2(CH3CN)n]; n=1,2. Distances are in Angstroms 

  

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

 

0.0 22.8 (*22.5) 

2-a 

 

 

0.0 11.0 (*10.8) 

2-b 

 

 

0.9 10.1 (*9.9) 

2-c 

 

 0.9 10.1 (*9.8) 

 

2.14 

2.28 

2.41 

1.05 

Ǻ 

1.03 

2.52 

1.05 

1.76 

2.35 2.81  

1.05 

1.76 

2.49 

2.60 
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1.04 

2.80 2.39 

3.95 
2.17 

1.79 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 8.9(*8.7) 

3-b 

 

 

0.6 8.3 (*8.0) 

3-c 

 

 

2.3 6.6 (*6.4) 

 
a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 23. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[H
+
C4H4N2(CH3CN)3]. Distances are in Angstroms 

 

2.06 

2.54 2.62 

2.40 

2.39 

2.67 

1.73 

1.05 

3.14 

2.38 2.77 
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Figure 30. Charge distribution on H
+
pyrimidine versus CH3CN moiety as n increases 

 

5.4. Conclusions     

 Preferential binding of CH3CN to H
+
pyrimidine over H2O and CH3OH can be attributed 

to the difference in the proton affinities in which acetonitrile is about 6 kcal/mol higher than 

methanol and 21 kcal/mol higher than water. Theoretically calculated structures show 

preferential external solvation as all the low energy structures of [H
+
pyrimidine.(H2O)n] and 

[H
+
pyrimidine.(CH3OH)n] are exclusively externally solvated. In addition, the calculated binding 

energies are in good agreement with the experiment.         

 In addition, we have attributed the observed series of protonated methanol clusters to the 

dissociative proton transfer reactions previously reported in the hydration of the benzene
.+

.
33
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Moreover, this reaction wasn’t observed with acetonitrile, which has been attributed to the 

blocked structure of acetonitrile which prevents the formation of linear solvent cluster structure. 

This can be seen clearly in the theoretical calculated structures of [H
+
pyrimidine(CH3CN)n] by 

B3LYP/6-311++G(d,p) level.  
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Chapter 6: Stepwise Solvation of Benzene
.+

 and Phenyl acetylene
.+

 

Radical Cations by HCN molecules 
 

6.1.  Introduction 

To date, astronomers and molecular astrophysicists have identified and spectroscopically 

characterized more than 100 gaseous interstellar molecules.
67

 Among them, the gaseous 

hydrogen cyanide (HCN) molecule and its metastable isomer (HNC) are thought to be ubiquitous 

in both cold, dark molecular clouds and in some comets.
68

 The HCN formation in the titan 

atmosphere was initiated by the dissociation of the nitrogen and methane.
74,158

 

 HCN molecule has received great attention from biochemists as well 
69-71

 because of its 

possible role in the synthesis of prebiotic compounds, such as amino acids, peptides, and purine 

bases.
68,72-76

 It was reported by Matthews and co-workers that HCN can act as a precursor for the 

formation of a mixture of amino acids through reaction of its oligomers with water.
77

 Moreover, 

they accounted for the presence of protein/nucleic acid ancestors on the early Earth to the 

presence of hydrogen cyanide polymers.
77

 Recently, Terlouw and coworkers carried out 

extensive theoretical studies of hydrogen cyanide dimer and trimer to investigate their structures 

and to locate their global minima.
159,160

 Moreover, they studied the formation of pyrimidine and 

its isomers from reactions of HCN with C3H3N
.+

 isomers.
161,162

 

6.2. Stepwise Solvation of Benzene
.+ 

by HCN and CH3CN molecules
                                                                                                                                                                                                                                                                                                               

 

 The formation of the complex polycyclic aromatic nitrogen containing hydrocarbons 

(PANHs) was theoretically predicted to be feasible through the reaction of benzene radical cation 

and hydrogen cyanide molecules.
163

 This reaction was theoretically predicted to be initiated via 
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an aromatic hydrogen atom abstraction from benzene; forming phenyl cation which further 

interacts with HCN molecules.
163

 Therefore, the interaction of aromatic organic cations with 

hydrogen cyanide is of fundamental experimental and theoretical importance.  

 In this work, the stepwise solvation of benzene radical cations on a molecular level by 

several HCN molecules is reported. Thermochemical equilibrium measurements have been 

utilized to measure the enthalpy and entropy changes accompanying the individual solvation 

steps yielding benzene
.+

 (HCN)n; with n =1- 4.
164

  

 Acetonitrile (CH3CN) is extensively used as an aprotic organic solvent in various 

processes in chemical industries. It is also widely involved in research laboratories for amino 

acid separation, synthesis of DNA and peptide sequencing.
75

 Thus, for comparison purposes, 

solvation of benzene radical cation by acetonitrile (CH3CN) was investigated using 

thermochemistry equilibrium measurements. Enthalpy and entropy changes are measured 

experimentally for benzene (CH3CN)n; where n=1-3, the results are then compared with those 

experimentally measured and theoretically predicted for the benzene (HCN)n.
164

             

6.2.1. Experimental Section 

 The molecular ions of benzene (C6H6
.+

) are formed by electron impact ionization using 

electron energy of 60-70 eV following the supersonic adiabatic expansion. The supersonic 

expansion of 40 psi (2.8 bar) of ultra high pure helium seeded with about 1-4% benzene vapor. 

The expansion occurs through a pulsed supersonic nozzle (500 µm) to the source chamber which 

has 10
-7

mbar background pressure.  C6H6
.+

 ions are mass-selected by the first quadrupole mass-

filter and injected in (30-50 µs pulses) into the drift cell. The drift cell contains the neutral HCN 

gas or CH3CN vapor (sigma-Aldrich, 99.9%) mostly in a mixture with helium buffer gas.
73

 The 
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temperature of the drift cell can be controlled better than ±1 K using four temperature 

controllers. The pressure can be controlled in the drift cell by using mass flow controllers (MKS 

# 1479A) within ±1 mTorr, and monitored using a baratron (MKS-626A). 

 The product and unreacted ions were then scanned using the second quadrupole mass-

filter and detected by electron multiplier detector. Arrival time distributions (ATDs) of the ions 

were collected by monitoring their intensities as a function of time. 

 HCN is prepared by firstly adding 8 g of sodium cyanide (NaCN) (Sigma-Aldrich, 97%) 

into a 500 ml stainless steel bubbler. The bubbler is tightly closed and evacuated off air under 

liquid nitrogen temperature. Then 4 ml of ultra high pure sulfuric acid (H2SO4) (Aldrich, 

99.999%) are added through a 4 cm stainless steel tube extension of the inlet valve of the 

bubbler. Then, the sulfuric acid is allowed to get into the bubbler as a result of pressure 

difference and to react with the sodium cyanide salt. HCN evolves when the bubbler is allowed 

to warm up to room temperature.
164

 The pressure in the HCN line is monitored by a baratron 

(MKS-626A). 

For the following association reaction: 

   nn RCNHCRCNRCNHC )()(
.

661

.

66






                              (6.1) 

where R=H,CH3 for HCN and CH3CN, respectively. 

Equilibrium establishment is verified when: 

(1) A constant ratio of the integrated intensity of the product to the reactant ions is maintained 

when the residence time is varied at constant pressure and temperature.  This confirms the 

equilibrium establishment regardless the reaction time. 
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(2) ATDs of the reactant and product ions are identical indicating equal residence times.     

If the equilibrium conditions are well-established, the equilibrium constant, Keq, can be measured 

using equation (6.2):  

  
  

 
  RCNn

n

n

n

eq

PRCNHCI

RCNHCI

RCNRCNHC

RCNHC
K

.).(

).(

.).(

.

166

66

166

66















                  

(6.2) 




S
T

H
KR eq 


ln                                    (6.3) 

                                 

where  166 ).( 



nRCNHCI ,  nRCNHCI ).(66


 are the integrated intensities of ATDs of the 

reactant and product cluster ions, respectively and RCNP is the pressure of HCN or CH3CN in 

atmosphere. The equilibrium constant, Keq, is measured at different drift cell temperatures and 

from van’t-Hoff plots (equation (6.3), ΔH
º
 and ΔS

º
 values are obtained from the slope and 

intercept, respectively. The measured values are at least three measurements average. 

6.2.2.  Theoretical Calculations 

 Density functional theory (DFT) calculations have been employed at the B3LYP and 

M06-2X levels using Gaussian 03 and Gaussian 09 packages, respectively.
118,119

 DFT 

calculations at these calculation levels have been widely used efficiently in the literature and 

showed great reliability.
123,165

 All the geometry optimizations and energy calculations were 

performed using a 6-311++G(d,p) basis set. Frequency calculations have been performed for all 

the optimized geometries at the same levels of theory to obtain the zero point vibrational energy 

(ZPVE) and to verify the absence of any imaginary frequencies. Therefore, all the calculated 

energies are corrected for ZPVE. In addition, total spin <s
2
> =0.75-0.76 which confirms the lack 
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of any spin contamination.
62

 Moreover, the counterpoise method has been used to correct the 

calculated energies for the basis-set superposition error (BSSE).
122

             

6.2.3.  Benzene
.+

(HCN)n Cluster System 

6.2.3.1.  Mass-Spectra 

 Figure 31 displays a comparison of the product distributions after injecting C6H6
.+

 into 

(0.08-0.11) Torr of pure HCN gas at different temperatures between 298 K and 175 K. The study 

was stopped at 175 K because it is the lowest achievable temperature before freezing of HCN.
164

 

At 298 K, the main observed ions were C6H6
.+

(HCN)n; where n =0-2. At lower temperatures, the 

population is shifted to higher clusters, following the usual association trends. The main 

observed products at 175 K were C6H6
.+

(HCN)n; n=3,4. These ions are formed according to the 

association reaction (6.4): 

   nn HCNHCHCNHCNHC )()(
.

661

.

66






  (6.4) 
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Figure 31. Mass-spectra resulting from injecting benzene radical cation in the mass-selection 

mode using injection energy of 13.8 eV (lab) into the drift cell which contains pure hydrogen 

cyanide gas and by applying a drift field of 4 V/cm. The drift cell temperature and pressure are 

varied as indicated  
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6.2.3.2.  Thermochemistry measurements and structural implications: 

 Thermochemical studies were done upon injecting the mass-selected C6H6
.+

 using 14 eV 

injection energy into a mixture of HCN and He gases in the reaction cell upon applying weak 

field of 4 V/cm. The displayed ATDs illustrated in Figure 32 show very good matching among 

the reactant and product cations. Therefore, they are in equilibrium state. ATDs are displayed in 

two sets as the bigger cluster ions were observed after partial disappearance of the smaller ones 

as can be seen in Figure 31.   

 Equilibrium constants, Keq, were measured at different temperatures using equation (6.5), 

which yielded van’t-Hoff plots shown in Figure 33. van’t-Hoff plots resulted in ΔH
o
 and ΔS

o
 

values obtained from the slope and intercept, respectively. 

 
  HCNn

n
eq

PHCNHCI

HCNHCI
K

.)(

)(

1

.

66

.

66









                                    

(6.5) 

where  166 ).( 



nHCNHCI ,  nHCNHCI ).(66


 are the integrated intensities of ATDs of the 

reactant and product cluster ions, respectively and HCNP is the pressure of HCN, in atmosphere. 

 Table 24 provides the experimentally measured 
H and 

S . The consecutive binding 

energies follow the usual decreasing trends. This behavior is expected for association reactions 

as a result of charge delocalization and the repulsion among added HCN molecules.
22

 Moreover, 

the entropy loss values (18-22 cal/mol. K) are expected for hydrogen bonds formation where 

internal rotation and low frequency vibrations are retained.
22

 Theoretically calculated values 

were found to match the experimental results excellently. Thus, we consider the B3LYP/6-

311++G(d,p) calculation level to be satisfactory for our computation jobs. 
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Figure 32. ATDs of benzene (HCN)n; n=0-4 collected upon injecting mass-selected benzene 

radical cations into the drift cell which contains hydrogen cyanide gas mixed with helium buffer 

gas using an injection energy of 13.8 eV (lab.) and by applying a drift field of 4 V/cm. (Left) 

ATDs matching of n=0-2, collected at 263 K. (Right) ATDs matching of n=2-4, collected at 210 

K 
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Figure 33. van’t- Hoff plots yielded by injecting benzene radical cations in the mass-selection 

mode into a mixture of hydrogen cyanide and helium gases using an injection energy of 14.4 eV 

(lab. frame) and by applying a drift field of 4 V/cm. The temperature of the reaction cell was 

varied between 187 K and 333 K 
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n -∆H
o a

 -∆S
o b

 BE
 c
 BE

 d
 

1 9.2 19.1 9.4 9.2 

2 8.0 17.8 8.2 7.8 

3 7.5 19.4 7.5 7.3 

4 7.3 21.7 7.3 7.1
 

a
 ∆H°n-1,n units are kcal/mol ,

b
 ∆S°n-1,n units are cal/mol. K, 

c
 Binding energy calculated by 

B3LYP/6-311++G(d,p); units are kcal/mol (corrected for ZPE), and 
d
 Binding energy calculated 

by B3LYP/6-311++G(d,p); units are kcal/mol (with BSSE counterpoise correction included). 

Table 24. Measured thermochemistry (-∆H
°
n-1,n and -∆S

°
n-1,n) of the formation of C6H6

.+
.(HCN)n 

clusters; with n=1-4 and the corresponding calculated binding energy values at the B3LYP/6-

311++G (d,p) 

 

6.2.3.3.   Theoretical Calculations of the solvated benzene radical cations by HCN 

molecules 

6.2.3.3.1. B3LYP/6-311++G(d,p) level calculations 

 Tables (25-28) display the optimized structures of the most stable solvated benzene 

isomers, C6H6
.+

(HCN)n (n=1-4), calculated by the hybrid DFT B3LYP method, using the 

standard basis-set of 6-311++G(d,p). Moreover, Table 24 displays the resulting binding energies 

of the lowest energy isomers corrected for (ZPVE) and for (BSSE).
122

 It is obvious that the 

theoretically calculated binding energy values are indistinguishable from the experimental ones 

within the experimental accuracy (ΔH
o
n-1,n ± 1.0 kcal mol

-1
). Therefore, we consider this level of 

theory to be enough for our computational jobs. 
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C6H6
.+

(HCN): The lowest energy isomer has a bifurcated structure with HCN bonding to two 

CH hydrogen atoms by 2.5 Ǻ and 2.6 Ǻ bonds as shown in Table 25. This geometry is very 

similar to that previously predicted for C6H6
.+

(H2O). As depicted in Table 24, its corrected 

binding energy is indistinguishable from the experimentally measured value. The second most 

stable isomer (1-b) shown in Table 25 is about 0.4 kcal/ mol higher in energy than (1-a). This 

structure shows the HCN molecule’s nitrogen atom bonding to an aromatic hydrogen atom via a 

hydrogen bond of 2.2 Ǻ forming a planar complex. The third most stable isomer (1-c) is 

degenerate with (1-b). It shows the HCN molecule to be nearly perpendicular to the benzene 

cation plane by 76.5º angle and binds to an aromatic carbon by 2.7 Ǻ bond, as shown in Table 

25.  

 C6H6
.+

(HCN)2: Upon addition of the second HCN molecule at the B3LYP/6-311++G(d,p) level, 

the lowest energy isomer (2-a) shows external solvation where the second HCN molecule binds 

to the first one rather than binding to the C6H6
.+

 core ion. As shown in Table 26, the second HCN 

molecule binds to the first one by a 2.1Ǻ hydrogen bond forming a linear chain.  

The second most stable isomer (2-b) shown in Table 26 is only about 0.1 kcal/mol higher in 

energy than (2-a). Interestingly, it shows internal solvation in which both of HCN molecules are 

hydrogen bonded to the C6H6
.+

 aromatic hydrogen atoms. The second HCN molecule binds to an 

aromatic CH hydrogen atom by 2.2 Ǻ bond. 

The third most stable isomer (2-c) is 0.2 kcal/ mol less stable than (2-a). As shown in Table 26, 

internal solvation pattern is again employed in (2-c). However, (2-c) shows a bifurcated structure 

in which the second HCN molecule is bound to aromatic hydrogen atoms by 2.4 Ǻ and 2.8 Ǻ. 
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C6H6
.+

(HCN)3: The third HCN molecule addition shows preference for the internal solvation, 

see structure (3-a) in Table 27. In (3-a), the third HCN molecule‘s nitrogen atom binds to an 

aromatic hydrogen atom by 2.2 Ǻ hydrogen bond. This behavior is very similar to C6H6
.+

(H2O)n 

example in which internal hydration was preferred starting at C6H6
.+

(H2O)3. 

The second most stable isomer (3-b) shows external solvation pattern where the three HCN 

molecules form a linear cluster as displayed in Table 27. This structure is predicted to be 0.7 

kcal/ mol higher in energy than (3-a). The third HCN molecule is hydrogen bonded to the second 

HCN molecule by 2.1 Ǻ hydrogen bond. 

(3-c) shows internal solvation where the third HCN molecule adds to CH aromatic hydrogen by a 

2.3 Ǻ hydrogen bond. This isomer is 0.9 kcal/ mol higher in energy than (3-a). 

C6H6
.+

 (HCN)4: The addition of four HCN molecules to C6H6
.+ 

showed dominance of the 

internal solvation pattern as shown in Table 28. (4-a) is the most stable C6H6
.+

(HCN)4 isomer; it 

has two HCN molecules bound to the core C6H6
.+

 from each side. The fourth HCN molecule 

binds to the third by a 2.1 Ǻ hydrogen bond. 

(4-b) is the second most stable isomer; it is 0.4 kcal/mol higher in energy than the lowest energy 

isomer, (4-a). As displayed in Table 28, (4-b) has a sort of symmetric structure, in which the 

fourth HCN molecule binds to C6H6
.+

 aromatic hydrogen atom by a 2.3 Ǻ bond.  

(4-c) is the third most stable isomer. It is less stable than (4-a) by 0.6 kcal/mol. It shows three 

HCN molecules hydrogen bonded to each other forming a linear cluster chain from one side 

while having the fourth molecule binds to an aromatic CH hydrogen atom by 2.2 Å hydrogen 

bond. 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 25. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C6H6
.+

(HCN)]   

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 
 

0.0 9.4 (*9.2) 

1-b 
 

0.4 9.0 (*8.8) 

1-c 
 

0.4 9.0 (*8.5) 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

2-a 

 

0.0 8.2 (*7.8) 

2-b 
 

0.1 8.1 (*7.6) 

2-c  

 

0.2 8.0 (*7.6) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 26. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C6H6
.+

(HCN)2]  
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 27. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C6H6
.+

(HCN)3]  

 

 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 
 

0.0 7.5 (*7.3) 

3-b 

 

0.7 6.8 (*6.6) 

3-c 

 

0.8 6.6 (*7.1) 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

4-a 
 

0.0 7.3 (*7.1) 

4-b 
 

0.4 6.9 (*6.7) 

4-c 
 

0.6 6.7 (*6.5) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 28. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C6H6
.+

(HCN)4]  
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6.2.3.3.2. M06-2X/6-311++G(d,p) level calculations 

 In order to validate the B3LYP/6-311++G(d,p) calculation level, we used the M06-2X 

method which is known to be very reliable functional especially in non covalent interactions.
61

 

The results are shown in Table 29.  

 The lowest energy isomer for C6H6
.+

(HCN) has the expected bifurcated structure, in 

which HCN bonding to two CH aromatic hydrogen atoms by 2.4 Ǻ and 2.5 Ǻ bonds. This 

structure is very similar to that predicted by the B3LYP/6-311+G(d,p). Although the predicted 

corrected energy is a 1.4 kcal/mol higher in the case of M06-2X functional than in the B3LYP 

functional case, the relatively large uncertainty in the experimental  value (±1 kcal/mol) rules out 

any meaningful  discussion of  the accuracy of  the calculated binding energies using the B3LYP 

and the M06-2X functions. The excellent agreement of B3LYP/6-311+G(d,p) predicted binding 

energy values with experimental values suggest that M06-2X/6-311+G(d,p) level overestimates 

the binding energies. B3LYP/6-311+G(d,p) is more suitable for our calculations. 

 The second lowest energy isomer (1-b) is only 0.2 kcal/mol higher in energy than the 

most stable isomer (1-a). It has a symmetric structure in which the Nitrogen pole of HCN 

molecule is bonded to the C6H6
.+

 ring by ion-dipole interaction forces. The distance between the 

N-atom and any aromatic C-atom is 3.2 Å. 

 The hydrogen bonding isomer for C6H6
.+

(HCN) was predicted to be 0.8 kcal/mol higher 

in energy than (1-a) at the M06-2X/6-311++G(d,p); as displayed as structure (1-c) in Table 29. It 

shows the HCN molecule to be hydrogen bonded to an aromatic hydrogen atom via 2.2 Å 

hydrogen bond. 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

a
 

1-a 
 

0.0 10.8 (*10.6) 

1-b 
 

0.2 10.6 (*10.2) 

1-c 
 

0.8 9.8 (*9.5) 

a 
M06-2X/6-311++G(d,p) results in kcal/mol(corrected for ZPE) * corrected for BSSE and ZPE 

Table 29. [C6H6
.+

 (HCN)] predicted structures at the M06-2X/6-311++G(d,p) level. Binding 

energies are corrected for ZPE and BSSE 
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6.2.4. Benzene
.+

/CH3CN reaction study 

6.2.4.1. Mass-Spectra 

 For comparison, solvation study of the benzene radical cation by acetonitrile (CH3CN) 

was carried out in our laboratory and reported here. CH3CN has only one bonding site and thus, 

it can’t form linear hydrogen bonded chains due to the presence of the methyl group.
73

 Figure 34 

displays a comparison of the product distribution at different reaction cell temperatures. These 

spectra are obtained upon injecting C6H6
.+ 

in the mass-selection mode into the drift cell which 

contains pure acetonitrile vapor. The product distribution of [C6H6
.+

 (CH3CN)n] was shifted from 

n=1 at 419 K to be n=3,4 at 226 K, following the usual association trends. 
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Figure 34. Mass-spectra obtained upon injecting benzene radical cation in the mass selection 

mode using injection energy of 16 eV (lab. frame) and 5 V/cm drift cell field. The reaction cell 

temperature and pressure are varied as indicated 
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6.2.4.2.  Thermochemistry measurements and structural implications: 

The association reaction under investigation is: 

   nn CNCHHCCNCHCNCHHC )()( 3

.

66313

.

66








                                 
(6.6) 

Thermochemical studies were carried out upon injecting the mass-selected C6H6
.+

 into 0.06-0.23 

Torr of pure CH3CN vapor in the reaction cell upon applying weak field of 3-5 V/cm. 

Equilibrium state is ensured to be established as the intensity ratio [C6H6
.+

(CH3CN)n/ 

C6H6
.+

(CH3CN)n-1] is constant regardless the reaction time, which is controlled by the applied 

field. Equilibrium constants, Keq, were measured at different temperatures using equation (6.7), 

which yielded van’t-Hoff plots shown in Figure 35. van’t-Hoff plots resulted in ∆H
o
 and ∆S

o
 

values obtained from the slope and intercept, respectively. 

 
  CNCHn

n

eq

PCNCHHCI

CNCHHCI
K

3
.)(
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(6.7) 

 Table 30 provides the experimentally measured ΔH
o
 and ΔS

o
 values. The consecutive 

binding energies follow the usual decreasing trends which can be expected for association 

reactions as a result of charge delocalization and the repulsion among added CH3CN 

molecules.
22

 Moreover, the entropy loss values (18-22 cal. mol
-1

. K
-1

) are expected for the 

formation of hydrogen bonds where internal rotation and low frequency vibrations are 

retained.
22,84

 Theoretically calculated values for the lowest energy isomers employing B3LYP/6-

311++G(d,p) level are shown in Table 30 as well. 
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Figure 35. van’t-Hoff plots for the association equilibria (6.6) obtained by injecting mass-

selected benzene radical cations C6H6
.+

 into pure acetonitrile (CH3CN) vapor. The reaction cell 

temperature was varied between 234 K and 428 K. Thermochemical measured values are shown 

in Table 30 
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n -∆H
o
 
a
 -∆S

o
 
b
 BE

 c
 BE

 d
 

1 14.0 19.9 13.0 12.7 

2 10.7 18.4 10.5 10.6 

3 9.2 21.8 9.2 9.7 

a
 ∆H°n-1,n units are kcal/mol ,

b
 ∆S°n-1,n units are cal/mol.K, 

c
 Binding energy calculated by 

B3LYP/6-311++G(d,p). Units are kcal/mol, and 
d
 Binding energy calculated by B3LYP/6-

311++G(d,p). Units are kcal/mol (with BSSE counterpoise correction included) 

Table 30. Measured Thermochemistry (-∆H
°
n-1,n and -∆S

°
n-1,n) of the formation of 

C6H6
.+

.(CH3CN)n cluster ions; with n=1-3 and the corresponding calculated binding energy 

values 

 

6.2.4.3.  Theoretical Calculations of the solvated benzene radical cations by CH3CN 

molecules 

6.2.4.3.1. B3LYP/6-311++G(d,p) level calculations 

 Tables (31-33) display the optimized structures of the most stable solvated benzene 

isomers, C6H6
.+

(CH3CN)n, with n=1-3, calculated by the hybrid DFT B3LYP/6-311++G(d,p)  

method. Moreover, they include the resulting binding energies corrected for zero-point 

vibrational energy (ZPVE) and for basis-set superposition error (BSSE) corrected by 

counterpoise procedure.
122

 

C6H6
.+

(CH3CN): The lowest energy isomer has a bifurcated structure with CH3CN bonding to 

two aromatic CH hydrogen atoms by 2.4 Ǻ and 2.5 Ǻ bonds as shown as structure (1-a) in Table 
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31. This geometry is very similar to that previously predicted for C6H6
.+

(H2O) and 

C6H6
.+

(HCN).
20,33

  

The second most stable (1-b) isomer shown in Table 31 is nearly degenerate with 1-a; it shows 

the CH3CN molecule to be nearly perpendicular to the benzene cation plane by 78.4º angle and it 

binds to an aromatic carbon by 2.6 Ǻ bond. 

The third most stable isomer is (1-c). This structure shows the CH3CN molecule’s nitrogen atom 

bonding to an aromatic hydrogen atom via a hydrogen bond of 2.1 Ǻ. Moreover, the calculation 

at B3LYP/6-311++G (d,p) level shows (1-c) to be higher in energy than (1-a) by about 0.7 

kcal/mol. 

C6H6
.+

(CH3CN)2: Upon addition of the second CH3CN molecule, the most stable structure at the 

B3LYP/6-311++G(d,p) level shows dominance of internal solvation which can be attributed to 

the blocked structure of CH3CN.
73,78

 The most stable theoretically predicted isomer for 

C6H6
.+

(CH3CN)2 is (2-a). In (2-a), the second CH3CN molecule is hydrogen bonded to the C6H6
.+

 

aromatic hydrogen atom in the β- position from the first binding site. The new hydrogen bond is 

2.2 Ǻ as shown in Table 32. 

 (2-b) isomer is 1.0 kcal/mol higher in energy with respect to (2-a). (2-b) has the second CH3CN 

molecule hydrogen bonded to the C6H6
.+

 aromatic hydrogen atom in the α-position from the first 

aromatic binding site. The hydrogen bond is predicted to be of 2.2 Ǻ length.  

The third most stable [C6H6
.+

(CH3CN)2] isomer (2-c) is 1.2 kcal/mol less stable than (2-a). As 

shown in Table 32, (2-c) shows two bifurcated bonds to CH-aromatic hydrogen atoms of 

benzene
.+

.
 
The second CH3CN molecule is bound to aromatic hydrogen atoms by 2.4 Ǻ and 2.7 

Ǻ. 
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 C6H6
.+

(CH3CN)3: As displayed in Table 33, the third CH3CN molecule addition shows 

dominance of the internal solvation where the third CH3CN molecule‘s nitrogen atom binds to 

two aromatic hydrogen atoms forming a bifurcated structure via 2.6 Ǻ and 2.5 Ǻ hydrogen 

bonds, as shown in structure (3-a). 

The second most stable isomer, (3-b); displayed in Table 33 has a bifurcated structure as well. 

This structure is about 0.5 kcal/mol higher in energy than (3-a). The third CH3CN molecule is 

hydrogen bonded to the CH aromatic hydrogen by 2.2 Ǻ hydrogen bonds. 

In (3-c) structure, the third CH3CN molecule adds to CH aromatic hydrogen atom by a 2.2 Ǻ 

hydrogen bond. This isomer is 0.6 kcal/ mol higher in energy than (3-a). 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

0.0 13.0 (*12.7) 

1-b 

 

0.0 13.0 (*12.4) 

1-c 

 

0.7 12.3 (*12.0) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol (*corrected for ZPE and BSSE) 

Table 31. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C6H6
.+

(CH3CN)] 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

2-a 
 

0.0 10.5 (*10.6) 

2-b 
 

1.0 9.5 (*9.5) 

2-c 

 

1.2 9.3 (*9.1 ) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol (*corrected for ZPE and BSSE) 

Table 32. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C6H6
.+

(CH3CN)2] 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

0.0 9.2 (*9.7) 

3-b 
 

0.6 8.6 (*9.2) 

3-c 
 

0.6 8.6 (*8.3) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol (*corrected for ZPE and BSSE) 

Table 33. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C6H6
.+

(CH3CN)3] 
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6.2.4.3.2. M06-2X/6-311++G(d,p) level calculations 

 In order to validate the B3LYP/6-311++G(d,p), we used the M06-2X method which is 

recognized to be very reliable functional especially in non covalent interactions.
61

 M06-2X/6-

311++G(d,p) calculations of C6H6
.+

(CH3CN) have resulted in the optimized structures and 

energies displayed in Table 34. In the lowest energy isomer (1-a), the CH3CN binds nearly 

perpendicular (80˚) on the C6H6
.+

 plane by a 2.6 Å bond. The bifurcated structure was predicted 

to be 1.0 kcal/mol higher in energy than (1-a); the CH3CN molecule binds to two aromatic CH 

hydrogen atoms via 2.3 Å and 2.5 Å hydrogen bonds in (1-b).  

Name Optimized Structure Relative Energy 
a
 Binding energy 

a
 

1-a 

 

0.0 15.1 (*14.4) 

1-b 
 

1.0 14.2 (*13.8) 

a 
M06-2X/6-311++G(d,p) results in kcal/mol(corrected for ZPE) * corrected for BSSE and ZPE 

Table 34. [C6H6
.+

 (HCN)] predicted structures at the M06-2X/6-311++G(d,p) level. Binding 

energies are corrected for ZPE and BSSE 
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6.2.4.3.3.Charge transfer from benzene
.+

 to (RCN)n 

 The evolution of the charge distribution on the C6H6
.+ 

moiety versus the solvent moiety 

(HCN)n  is monitored by employing the natural bond orbital (NBO) charge distribution from 

Gaussian 03 package.
 119

 As displayed in Figure 36, minor charge is transferring from the C6H6
.+ 

to HCN molecules. It shows that the very little charge is transmitted from the C6H6
.+ 

moiety to 

the solvent moiety slowly as the charge intensity on the cation core is reduced slightly to 98% 

after additions of four HCN molecules; which reflects the weakness of the interaction while the 

charge goes to 97% for C6H6
.+

(CH3CN)3.  
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Figure 36. Charge distribution on both benzene
.+

 versus (HCN)n as solvation degree n is 

proceeding  
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6.3. Stepwise Solvation of Phenyl acetylene
.+

 by HCN molecules in the gas- 

phase. Binding energies and structures of [Phenyl acetylene
.+

 (HCN)n] clusters 

6.3.1. Introduction 

 Phenyl acetylene represents the simplest multifunctional molecule to investigate the 

competitive hydrogen bonding among the -acceptors of benzene ring and the activated 

acetylenic C—H bond which acts as a σ-donor.
124

 Therefore, in order to investigate the 

competitive solvation by HCN molecules of benzene versus acetylene, it is of paramount 

importance to examine the stepwise solvation of phenyl acetylene radical cation by several HCN 

molecules. In this study, the stepwise solvation of phenyl acetylene radical cations (C8H6
.+

) on a 

molecular level by several HCN molecules is reported. Thermochemical equilibrium studies 

have been utilized to measure the enthalpy and entropy changes accompanying the individual 

solvation steps. The solvation products of the form [C8H6
.+

 (HCN)n] were observed with n=1-4.  

6.3.2. Experimental Section 

 The molecular ions of (C8H6
.+

) were formed by electron impact ionization using electron 

energy of 50-70 eV following the supersonic expansion of 40 psi (2.8 bar) of ultra high pure 

helium seeded with about 1-4% of phenyl acetylene vapor. The expansion occurs through a 

pulsed supersonic nozzle (500 µm) to the source chamber which has 10
-7

mbar background 

pressure. The phenyl acetylene sample was heated to 360 K to increase its vapor pressure.
166

 

C8H6
.+

 is mass-selected by the first quadrupole mass-filter and injected in (30-50 µs pulses) into 

the drift cell which contains the neutral hydrogen cyanide gas (HCN) mostly in a mixture with 

helium buffer gas.
73

 The temperature of the drift cell can be controlled better than ±1 K using 
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four temperature controllers. The pressure can be controlled in the drift cell by using mass flow 

controllers (MKS # 1479A) within ±1 mTorr. 

6.3.3. Theoretical Calculations 

 Density functional theory (DFT) calculations have been utilized via the hybrid functional 

(B3LYP) using Gaussian03 package.
119

 All the geometry optimizations and energy calculations 

were performed using a 6-311++G(d,p) basis set. Frequency calculations have been performed 

for all the optimized geometries at the same level of theory to obtain the zero point vibrat ional 

energy (ZPVE) and to verify the absence of any imaginary frequencies. Therefore, all the 

calculated energies are corrected for ZPVE. In addition, the total spin <s
2
> =0.75-0.76 which 

confirms the lack of any spin contamination.
62

 Moreover, the counterpoise procedure has been 

used to correct the calculated energies for the basis-set superposition error (BSSE).
122

  

6.3.4. Results and Discussion 

6.3.4.1. Thermochemistry measurements and structural implications 

 This study is interested in the association reaction between the mass-selected phenyl 

acetylene radical cations (C8H6
.+

) and hydrogen cyanide (HCN) molecules under equilibrium 

conditions (6.8). Thus, this study aims to measure the binding energies and the corresponding 

entropy changes accompanying the formation of the product ions of the form C8H6
.+

(HCN)n 

experimentally. DFT calculations at the B3LYP/6-311++G(d,p) level have been used to predict 

the lowest energy isomers and their corresponding binding energies.  

 Equilibrium establishment in association reaction (6.8) is verified when a constant ratio 

of the integrated intensity of the product to the reactant is maintained even if the residence time 

is varied at constant pressure and temperature. Moreover, equilibrium establishment could be 
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verified qualitatively when ATDs of the reactant and product ions are identical indicating equal 

residence times.     

nn HCNHCHCNHCNHC )()(
.

681

.

68






                      (6.8)                    

 Thermochemical measurements were done at different temperatures upon injecting the 

mass-selected phenyl acetylene radical cation (C8H6
.+

) into the drift cell using low injection 

energy of 14 eV (laboratory frame). This injection energy is just enough to introduce the injected 

cations against the escaping flow of HCN gas from the entrance aperture of the drift cell. The 

resulting mass-spectra at different temperatures are shown below in Figure 37. The study has 

been stopped at 184 K because of hydrogen cyanide freezing temperature was reached. As 

displayed in Figure 37, at 298 K, the only observed ions are C8H6
.+

 (HCN)n; where n=0,1. At 194 

K, the intensity is shifted to higher clusters; to C8H6
.+

(HCN)n ;where n=1-4; following the usual 

association reactions trends. 

 In order to check for equilibrium establishment, good test is to check for the matching 

among the ATDs of both the reactants and adducts indicating equal residence times. Good 

matching was found as can be seen in Figure 38. 

 Upon measuring the relative integrated intensities of the reactants and products for each 

sequential addition at different temperatures, the equilibrium constants have been measured, 

using equation (6.9):                                      

 
  HCNn

n
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PHCNHCI

HCNHCI
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                  (6.9) 
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where,                                      and                                  are the integrated intensities of ATDs of 

the reactant and product cluster ions, respectively and        is the pressure of HCN in atmosphere. 

The measured equilibrium constants were subsequently used to plot the van’t-Hoff plots. The 

binding energies and entropy changes are obtained from the slope and intercept of van’t-Hoff 

plots as can be seen in Figure 39 and Table 35. 

 The binding energy values and entropy changes follow the usual trends of decreasing as 

the degree of the solvation increases within the experimental accuracy.
22,25

 The measured 

binding energies (7- 10 kcal/mol) agree with  the expected range for CH
δ+ …

NCH interaction. In 

addition, these bond strengths are similar to that measured for phenyl acetylene hydration.  

Whereas, the entropy loss values (20-25 cal/mol.K) are expected for the formation of hydrogen 

bonds where internal rotation and low frequency vibrations are retained.
18,22

  

 

 

 

HCNP

 nHCNHCI ).(68

 168 ).( 



nHCNHCI



www.manaraa.com

 

 

137 

 

80 120 160 200

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

P.(HCN)
4

P.(HCN)
3

P.(HCN)
2

 

m/z

P.(HCN)
3

P.(HCN)
2

P

 
 

P=0.82 Torr He

T=299 K

 

 

P.(HCN)

P=0.23 Torr HCN

T=194 K

P.(HCN) P=0.23 Torr HCN

T=225 K

P.(HCN)

P P=0.25 Torr HCN

T=298 K

P=C
8
H

6

.+

P

 

Figure 37. Mass-spectra resulting from injecting the phenyl acetylene radical cations into the 

drift cell containing different concentrations of hydrogen cyanide, the drift field is 4 V/cm while 

the injection energy was 14.4 eV (lab.). The drift cell temperature and pressure were varied as 

indicated 
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Figure 38. ATDs of [phenyl acetylene
.+

  (HCN)n] (Left) where n=0-2; collected at 293 K with 

the drift cell containing 0.25 Torr of hydrogen cyanide. (Right) where n=2-4; collected at 194 K 

with the drift cell containing 0.23 Torr of hydrogen cyanide. The cell field and the injection 

energy were maintained at 4 V/cm and 14.4 (lab.), respectively 
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Figure 39. van’t- Hoff plots for injecting C8H6
 .+

 into HCN gas using an injection energy of 12.4 

eV (lab.) and applied field of 4 V/cm. The drift cell temperature was varied between 184 K and 

298 K 
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a 
 ∆H°n-1,n units are kcal/mol (± 1 kcal/ mol),

 b  
∆S°n-1,n units are cal/mol.K (± 2 cal/mol. K), 

c 

Binding energy in  kcal/ mol calculated
  

by B3LYP/6-311++G(d,p) with ZPE included, and 
d
  

Binding energy in  kcal/ mol calculated
  
by B3LYP/6-311++G(d,p) (with BSSE correction) 

Table 35. Measured Thermochemistry (-∆H
°
n-1,n and -∆S

°
n-1,n) of the formation of phenyl 

acetylene.(HCN)n clusters; with n=1-4 and the corresponding calculated binding energy values 

 

6.3.4.2. Theoretical Calculations of the solvated phenyl acetylene radical cations 

 The lowest energy isomers calculated structures at the B3LYP/6-311++G (d,p) for 

[C8H6
.+

 (HCN)1-4] clusters are shown in Tables (36-39). In addition, charge delocalization is 

tracked as the solvation (n) increases, as displayed in Figure 40, which shows that the charge 

stays on phenyl acetylene
.+

 even upon addition of four HCN molecules.  

 For the monosolvated phenyl acetylene cation [C8H6
.+

 (HCN)], the lowest energy isomer 

(1-a). In which the N-atom of the HCN molecule is bound to the acetylenic CH by 2.0 Å 

hydrogen bond. (1-b) isomer is predicted to be at 1.7 kcal/mol higher level in energy than (1-a). 

It has the HCN molecule to be hydrogen bonded to two aromatic CH hydrogen atoms by 2.5 Å 

and 2.7 Å hydrogen bonds. The third stable isomer (1-c) is predicted at the B3LYP/6-

311++G(d,p) to be at 1.8 kcal/mol higher energy level than the most stable C8H6
.+

(HCN) isomer 

n -∆H
o
 
a
 -∆S

o b
 BE 

c
 BE 

d
 

1 10.5 24.6 9.5 9.3 

2 9.0 22.1 7.6 7.4 

3 8.2 23.0 6.9 6.7 

4 7.2 20.4 6.9 6.8 
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(1-a). (1-c) has HCN to be hydrogen bonded to an aromatic hydrogen atom in the para position 

from the acetylenic group.  

 The addition of the second HCN molecule showed preference for external solvation; in 

(2-a) the second HCN molecule is bound to the first HCN molecule by 2.1 Å hydrogen bond. 

Noteworthily, the internal solvation structure (2-b) is only at 0.5 kcal/mol higher level in energy 

than the lowest energy isomer (see Table 37). (2-b) has the two HCN molecules are hydrogen 

bonded in the para position from each other to the C8H6
.+

 core ion via two hydrogen bonds of 2.0 

Å and 2.3 Å. The third most stable isomer (2-c) is 0.9 kcal/mol higher in energy than the most 

stable [C8H6
.+

(HCN)2] isomer (2-a). In (2-c) the second HCN molecule forms a bifurcated 

structure in which the newly added HCN molecule is hydrogen bonded to two aromatic hydrogen 

atoms via 2.3 Å and 3.7 Å. 

 As shown in Table 38, the lowest energy isomer for [C8H6
.+

 (HCN)3]  (3-a) has showed 

internal solvation pattern. The third HCN molecule binds to the phenyl ring forming a bifurcated 

where it binds to CH aromatic hydrogen atoms by 2.5 Å and 2.7 Å hydrogen bonds. The second 

most stable isomer of [C8H6
.+

(HCN)3] (3-b) expresses internal solvation in which the newly 

added HCN molecule is hydrogen bonded to the para position of the first two HCN molecule. (3-

b) is only 0.1 kcal/mol higher in energy than (3-a) as theoretically predicted at the B3LYP/6-

311++G(d,p) level of the theory. (3-c) shows external solvation in which all the three HCN 

molecules are hydrogen bonded to each other forming a linear chain rather than to the C8H6
.+

 

core ion. Noteworthily, (3-c) is only at 0.3 kcal/mol higher level in energy than the most stable 

isomer (3-a). 
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 In [C8H6
.+

 (HCN)4], the lowest energy isomer (4-a) has the fourth HCN molecule bound 

to the third molecule by 2.1 Å hydrogen bond. The second most stable C8H6
.+

(HCN)4 isomer 

shows a symmetric structure in which the four HCN molecules are symmetrically hydrogen 

bonded to the C8H6
.+

 core ion, two from each side as displayed in (4-b) structure in Table 39. 

Interestingly, (4-b) is only 0.1 kcal/mol higher in energy than (4-a). The third most stable isomer 

is (4-c) is predicted to be 0.4 kcal/mol higher in energy than (4-a) at the B3LYP/6-311++G(d,p) 

level. (4-c) has three HCN molecules on one side while the fourth HCN molecule binds through 

a 2.3 Å hydrogen bond to an aromatic hydrogen atom.  
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Isomer Optimized Structure Relative 

Energy 
a
 

Binding 

Energy 
a 

1-a 
 

0.0 9.5 (*9.3) 

1-b 
 

1.7 7.8 (*7.7) 

1-c 
 

1.8 7.7 (*7.6) 

a 
calculated by DFT at the B3LYP/6-311++G(d,p) (corrected for ZPE) 

 *(corrected for ZPE and BSSE) 

Table 36. Structures of [C8H6
.+

 (HCN)] calculated by DFT at the B3LYP/6-311++G (d,p) 

corrected for zero-point energies and basis-set super position errors. Energies are in kcal/mol. 

Distances are in Angstroms 

 

 

 

2.0  

2.2 

Å 

 

 2.5 

Å 

 

2.7 

Å 
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Isomer Optimized Structure Relative 

Energy 
a
 

Binding 

Energy 
a 

2-a 
 

0.0 7.6 (*7.4) 

2-b 
 

0.5 7.1 (*6.9) 

2-c 
 

0.9 6.7 (*6.5) 

a 
calculated by DFT at the B3LYP/6-311++G(d,p) (corrected for ZPE) 

 *(corrected for ZPE and BSSE) 

Table 37. Structures of [C8H6
.+

 (HCN)2] calculated by DFT at the B3LYP/6-311++G (d,p) 

corrected for zero-point energies and basis-set super position errors. Energies are in kcal/mol. 

Distances are in Angstroms 

 

 

 

2.0 2.1 

2.3 2.0 

 

2.0 

2.3 
3.7 
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a 
calculated by DFT at the B3LYP/6-311++G(d,p) (corrected for ZPE) 

 *(corrected for ZPE and BSSE) 

Table 38. Structures of [C8H6
.+

(HCN)3] calculated by DFT at the B3LYP/6-311++G (d,p) 

corrected for zero-point energies and basis-set super position errors. Energies are in kcal/mol. 

Distances are in Angstroms 

 

 

 

 

Isomer Optimized Structure Relative 

Energy 
a
 

Binding 

Energy 
a
 

3-a 
 

0.0 6.9 (*6.7) 

3-b 
 

0.1 

 

6.8 (*6.7) 

3-c 
 

0.3 6.6 (*6.4) 

2.0 2.1 

2.5 

2.7 

 
2.3 2.0 2.1 

 

1.9 2.0 2.1 
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a 
calculated by DFT at the B3LYP/6-311++G(d,p) (corrected for ZPE) 

 *(corrected for ZPE and BSSE) 

Table 39. Structures of [C8H6
.+

 (HCN)4] calculated by DFT at the B3LYP/6-311++G (d,p) 

corrected for zero-point energies and basis-set super position errors. Energies are in kcal/mol. 

Distances are in Angstroms 

 

 

 

Isomer Optimized Structure Relative 

Energy 
a
 

Binding 

Energy 
a
 

4-a 
 

0.0 6.9 (*6.8) 

4-b 
 

0.1 6.8 (*6.6) 

4-c 
 

0.4 6.5 (*6.3) 

2.0 

Å 

 

2.0 

Å 

 

2.3 

2.0 2.0 2.1 

2.1 2.0 

2.6 

2.5 

2.1 

2.0 2.1 2.1 2.2 
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Figure 40. Charge evolution as a function of solvation degree n which shows that the charge 

stays on phenyl acetylene
.+ 

in [phenyl acetylene
.+

(HCN)n] clusters 

 

6.4. Summary and Conclusions 

 Thermochemical equilibrium measurements have been utilized to investigate the binding 

energies and entropy changes involved in the stepwise additions of HCN and CH3CN molecules 

into the mass-selected benzene radical cation resulting in the formation of C6H6
.+

 (HCN)m and 

C6H6
.+

 (CH3CN)n; where m=1-4 and n=1-3.
164

  

 The measured binding energy values follow the usual descending trend for association 

reactions. Moreover, the experimentally measured entropy values fall in the usual range for 

hydrogen bonding where internal rotations and low-frequency vibrations are retained. In 
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addition, theoretical studyies of the structures and binding energies have been done using DFT at 

the B3LYP and M06-2X levels. Excellent agreement could be seen among the measured and 

calculated values. Thus, the employed theory levels are satisfactory for the current studies. 

 Theoretical frequency calculations of the lowest energy structures identify that C6H6
.+

  

prefers external solvation in the first two HCN steps. The internal solvation requires more than 

two solvent molecules. This behavior is very similar to that observed in the hydration of 

C6H6
.+

.
20

 However, internal solvation was prefered in the solvation via CH3CN molecules 

starting from the second addition. This discrepancy can be attributed to the blocked structure of 

CH3CN molecules which prevents solvent chains formation.
78,164

 

 For comparison, the solvation of phenyl acetylene radical cations by several hydrogen 

cyanide molecules in the gas-phase was investigated and reported. Thermochemical equilibrium 

measurements have been utilized. The binding energies and entropy changes involved in the 

stepwise additions of the first four HCN molecules onto the mass-selected phenyl acetylene 

radical cation resulting in the formation of C8H6
.+

 (HCN)n; where n=1-4 are measured. The 

measured binding energies (7-10 kcal/mol) reflect weak hydrogen bonding interactions where 

HCN molecule is hydrogen bound to the hydrogen of the acetylene group of the phenyl acetylene 

cation as predicted by the theory to be the most stable isomer. In fact, the measured binding 

energy values follow the usual descending trend for association reactions. In addition, the 

measured values are correlated with the calculated lowest energy isomers. Good agreement has 

been seen among the measured and calculated values. Thus, the used theory level is satisfactory 

for the current study. 
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Moreover, a theoretical investigation of the charge distribution upon stepwise solvation of the 

phenyl acetylene radical cation with the HCN molecules showed the charge on the C8H6
.+

 in 

[C8H6
.+

 (HCN)4] reached 96% at the B3LYP/6-311++G(d,p). 

 In fact, theoretical frequency calculations of the lowest energy structures identify that 

C8H6
.+

 prefers external solvation in the first two HCN steps. The internal solvation requires more 

than two HCN molecules. This behavior is very similar to that observed in the hydration and 

HCN solvation of C6H6
.+

.  
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Chapter 7: Sequential Association of HCN molecules with 

Pyridine
.+

, Pyrimidine
.+

 and H
+
Pyridine. Binding Energies and 

Structures 

 

7.1. Introduction 

 The formation of the complex polycyclic aromatic nitrogen containing hydrocarbons 

(PANHs) was theoretically predicted to be feasible through the reaction of benzene radical cation 

and hydrogen cyanide molecules as well as through the reaction of pyridine radical cation with 

acetylene molecules.
163

 Therefore, the interaction of aromatic organic cations with HCN is of 

fundamental experimental and theoretical importance. In this work, we report the stepwise 

solvation of pyridine radical cations on a molecular level by several HCN molecules. 

Thermochemical equilibrium measurements have been utilized to measure the enthalpy and 

entropy changes accompanying the individual solvation steps yielding pyridine
.+

 (HCN)n; with 

n=1- 4. The main goal is to compare the solvation binding energies and structures with those 

previously measured and theoretically predicted for pyridine radical cation hydration, where the 

distonic ions were formed and stabilized.
17

 The distonic ions behave very similarly to the 

protonated species. Therefore, to further check the possibility of formation of distonic ions, the 

solvation of protonated pyridine cation by several HCN molecules was investigated under 

equilibrium conditions.  

 For comparison purposes, gas-phase stepwise solvation of pyrimidine radical cation via 

HCN molecules was investigated under equilibrium measurements. Enthalpy and entropy 
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changes were measured experimentally for pyrimidine (HCN)n; where n=1-4. Moreover, 

thermochemistry measurements have been employed to examine the identity of C4H4N2
.+

 formed 

through the reaction of C2H2
.+

 with two HCN molecules and pyrimidine-like structure is 

proposed. 

7.2. Experimental Section 

 The molecular ions of pyridine (C5H5N
.+

), pyrimidine (C4H4N2
.+

) are formed by electron 

impact ionization using electron energy of 60-80 eV following the supersonic expansion of 40 

psi (2.8 bar) of ultra high pure helium seeded with about 0.5-2% of pyridine or pyrimidine vapor.  

The expansion occurs through a pulsed supersonic nozzle (500 µm) to the source chamber which 

has 10
-7

mbar background pressure. In order to form the H
+
pyridine (C5H5NH

+
), 10% H2 in 

helium was used as carrier gas. C5H5N
.+

, C5H5NH
+ 

or C4H4N2
.+

 ions were mass-selected by the 

first quadrupole mass-filter according to their (m/z) ratios. The ions of interest are injected in 

(30-50 µs pulses) into the drift cell which contains the neutral pre-prepared HCN gas mostly in a 

mixture with helium buffer gas. The temperature of the drift cell is controlled better than ±1 K 

using four temperature controllers. The pressure can be controlled in the drift cell by using mass 

flow controllers (MKS # 1479A) within ±1 mTorr. The product and unreacted ions were then 

scanned using the second quadrupole mass-filter and detected by electron multiplier detector. 

Arrival time distributions (ATDs) of the ions were collected by monitoring their intensities as a 

function of time. 

 HCN is prepared by firstly adding 8 g of sodium cyanide (NaCN) (Sigma-Aldrich, 97%) 

into a 500 ml stainless steel bubbler. The bubbler is tightly closed and evacuated off air under 

liquid nitrogen temperature. Then 4 ml of ultra high pure sulfuric acid (H2SO4) (Aldrich, 

99.999%) are added through a 4 cm stainless steel tube extension of the inlet valve of the 
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bubbler. Then, the sulfuric acid is allowed to get into the bubbler as a result of pressure 

difference and to react with the sodium cyanide salt. HCN evolves when the bubbler is allowed 

to warm up to room temperature. The pressure in the HCN line is monitored by a baratron 

(MKS-626A).
164

 

For the following association reaction: 

   nn HCNAHCNHCNA )()( 1





                                                      (7.1) 

where A
+
= C5H5N

.+
 ,C5H5NH

+ 
or C4H4N2

.+
 for pyridine, protonated pyridine and pyrimidine 

cations, respectively. 

Equilibrium establishment is verified when: 

(1) A constant ratio of the integrated intensity of the product to the reactant ions is maintained 

when the residence time is varied at constant pressure and temperature.  

(2) ATDs of the reactant and product ions are identical indicating equal residence times.     

If the equilibrium conditions are well-established, the equilibrium constant, Keq, can be measured 

using equation (7.2):  

  
  

 
  HCNn

n

n

n
eq

PHCNAI

HCNAI

HCNHCNA

HCNA
K

.).(

).(

.).(

.

11 













                                          (7.2) 

where  1).( 



nHCNAI ,  nHCNAI ).(  are the integrated intensities of ATDs of the reactant and 

product cluster ions, respectively and HCNP is the pressure of HCN in atmosphere. The 

equilibrium constant is measured at different reaction cell temperatures. From van’t-Hoff plots, 
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ΔH
º
 and ΔS

º
 values are obtained from the slope and intercept, respectively.

18,34,60
 The reported 

values are at least three measurements average. 

7.3. Theoretical Calculations 

 Density functional theory (DFT) calculations have been used at the B3LYP hybrid 

functional level using Gaussian 03 package.
119

 DFT at this calculation level has been widely 

used efficiently in the literature and showed great reliability in such studies.
37,121,123,165

 All the 

geometry optimizations and energy calculations were performed using a 6-311++G(d,p) basis 

set, where all the electrons are included.
37

 Frequency calculations have been performed for all 

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

(ZPVE) and to verify the absence of any imaginary frequencies. Therefore, all the calculated 

energies are corrected for ZPVE. In addition, the total spin <s
2
> was 0.75-0.76 which confirms 

the lack of any spin contamination for the unrestricted calculations.
62

 Moreover, the counterpoise 

method has been used to correct the calculated energies for the basis-set superposition error 

(BSSE).
122

  

7.4. Results and discussion 

7.4.1. Solvation of Pyridine
.+

 and H
+
pyridine by HCN molecules 

7.4.1.1. Thermochemistry measurements and structural implications of Pyridine
.+

/HCN 

reaction 

 Pyridine, the simplest of the azasubstituted benzenes or azines, has been the subject of 

numerous experimental and theoretical investigations over the last few decades.
167

 In fact, 

pyridine and its derivatives were detected in the heavy petroleum and they are emitted into the 

atmosphere as a result of coal combustion.
168,169

 Moreover, the protonated ions of pyridine and 
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its derivatives have been observed at significant levels in measurements of  the background ion 

composition of the lower troposphere.
170

 

 The mass-spectra shown in Figure 41 display the solvation of the injected pyridine 

radical cations in the mass-selection mode under different drift cell temperatures. The clusters 

are shifted to bigger cluster sizes as the temperature of the drift cell is reduced following the 

usual association reaction trends. The lowest attainable drift cell temperature was 194 K to avoid 

HCN freezing.  

This study investigated association reaction:  

   nn HCNNHCHCNHCNNHC )()( .

551

.

55





                                    (7.3) 

Reaction (7.3) was investigated under weak field conditions of 4 V/cm and low injection energy. 

The used injection energy was slightly above the required energy to introduce the C5H5N
.+ 

against the outflow of the reactant gas. Equilibrium conditions were confirmed quantitatively via 

verifying that a constant ratio of the integrated intensity of the product to the reactant ions is 

maintained when the residence time is varied at constant pressure and temperature. Qualitative 

verification was achieved when ATDs of the reactant and product ions are identical indicating 

equal residence times. This can be seen obviously in Figure 42, where the ATDs of 

pyridine
.+

(HCN)n; n=0-3 are in excellent matching. Equilibrium constant was measured at 

different temperatures utilizing equation (7.4): 

  
  

 
  HCNn

n

n

n
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PHCNNHCI
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HCNHCNNHC
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                         (7.4) 

where  1

.

55 ).( 



nHCNNHCI ,  nHCNNHCI ).(.

55

  are the integrated intensities of ATDs of the 

reactant and product cluster ions of reaction (7.3), respectively and HCNP is the pressure of HCN 
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in atmosphere. van’t-Hoff plots were then obtained by plotting the Rln Keq versus 1000/T , as 

displayed in Figure 43. From equation (7.5), ΔH˚ and ΔS˚ can be readily obtained from the slope 

and intercept of Figure 43, respectively. 




S
T

H
KR eq 


ln                                             (7.5) 

 The binding energies and entropy changes involved in the association reaction (7.3), are 

tabulated in Table 40 along with theoretically calculated binding energies assigned for the lowest 

energy isomers. The very good agreement among the experimentally measured and theoretically 

calculated binding energies within the experimental uncertainty (ΔH˚= ±1 kcal/mol) verifies the 

adequacy of the employed calculation levels.  

 Distonic ions formation possibility can be ruled out since distonic ions are expected to 

have strong hydrogen bonds which can be of similar strength to that formed with the protonated 

pyridine cation; as a result of the similarity among the structures of the distonic pyridine radical 

cations with that of protonated pyridine cation.
17

 

 In addition, to further investigate that possibility in depth, solvation of protonated 

pyridine was studied under similar conditions. The resulting thermochemistry values are 

compared with those obtained in the pyridine radical cation case as well as with the theoretically 

obtained energies. The mass-spectra obtained for protonated pyridine study are shown in Figure 

44. All the experimentally measured thermochemistry values and calculated binding energies of 

[H
+
pyridine (HCN)n] clusters formation are shown in Table 45. van’t-Hoff plots for 

H
+
pyridine(HCN)n are depicted for n=1-4 in Figure 45. In addition, the theoretically predicted 

structures of H
+
pyridine(HCN)n; n=1-4 are tabulated in Tables (46-48). 
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Figure 41. Mass-spectra resulting from injecting pyridine radical cation in the mass-selection 

mode using injection energy of 13.8 eV (lab) and on applying a drift field of 4 V/cm. The drift 

cell temperature and pressure are varied as indicated 
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Figure 42. ATDs of pyridine
.+

 (HCN)n; n=0-3 collected upon injecting mass-selected pyridine 

radical cations into the drift cell which contains hydrogen cyanide gas mixed with helium buffer 

gas using an injection energy of 13.8 eV (lab.) and by applying a drift field of 4 V/cm (Left) 

ATDs matching of n=0,1 collected at 263 K, the concentration of hydrogen cyanide was 0.27 

Torr. (Right) ATDs matching of n=1-3, collected at 255 K, the concentration of hydrogen 

cyanide was 0.22 Torr 
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Figure 43. van’t-Hoff plots for the association reaction yielding C5H5N
.+

(HCN)n; with n=1-4. 

The drift cell temperature was varied between 182 K and 322 K. The injection energy and drift 

field were maintained at 14 eV (laboratory frame) and 4 V/cm, respectively 
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n -∆H
o
 -∆S

o
 BE

 c
 BE

 d
 

1 11.4 21.8 11.0 10.6 

2 8.8 19.3 9.4 9.2 

3 7.8 20.4 7.7 7.5 

4 6.4 16.5 7.3 7.1 

a 
 ∆H°n-1,n units are kcal/mol (± 1 kcal/ mol), 

b  
∆S°n-1,n units are cal/mol.K (± 2 cal/mol. K), 

c 
BEn-

1,n in  kcal/ mol calculated
  
by B3LYP/6-311++G(d,p) with ZPE included, and 

d
  BEn-1,n in  kcal/ 

mol calculated
  
by B3LYP/6-311++G(d,p) (with BSSE correction) 

Table 40. Thermochemistry values measured for the association reaction resulting in C5H5N
.+ 

(HCN)n; where n=1-4. The study was done in the drift cell temperature range of 182 K-322 K. 

The injection energy was 13.8 eV (lab. frame) while the applied drift field was 4 V/cm. 

Theoretically calculated binding energies are shown as well, from B3LYP/6-311++G(d,p) 

calculations 

   

7.4.1.2. Theoretical Calculations of the solvated pyridine radical cations by HCN molecules 

 Tables (41-44) display the optimized structures of the most stable HCN solvated pyridine 

radical cation isomers by 1-4 HCN molecules. [C5H5N
.+

(HCN)n] isomers are calculated by the 

hybrid DFT B3LYP method, using the standard basis-set of 6-311++G(d,p). Moreover, Table 40 

displayed the resulting binding energies corrected for zero-point vibrational energy (ZPVE) and 

for basis-set superposition error (BSSE).
122

 It is obvious that the theoretically calculated binding 

energy values are in very good agreement with the experiment within the experimental accuracy 
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(ΔH
o
n-1,n ± 1.0 kcal mol

-1
). Therefore, we consider this level of theory to be enough for our 

computational jobs. 

C5H5N
.+

(HCN): As displayed in Table 41, the lowest energy isomer for C5H5N
.+

(HCN) is (1-a). 

(1-a) has ion-dipole nature of interaction in which the N-atom of HCN molecule binds weakly to 

the N-atom of the C5H5N
.+ 

ion via 2.4 Å bond. This structure is possible as a result of the 

difference in charge signs between the pyridine and HCN nitrogen atoms. The N-atom of 

C5H5N
.+ 

has a positive charge while that of HCN molecule has a negative charge. 

The second lowest energy [C5H5N
.+

(HCN)] is (1-b). Isomer (1-b) has 2.0 Å hydrogen bonding 

interaction between the N-atom of the HCN molecule and the ortho-aromatic hydrogen atom. 

This isomer was predicted at the B3LYP/6-311++G (d,p) level to be 0.4 kcal/mol higher in 

energy than (1-a). 

The third most stable isomer at the B3LYP/6-311++G (d,p) level was predicted to have the 

structure (1-c) shown in Table 41 and to be 2.3 kcal/mol higher in energy. (1-c) has the HCN 

molecule to bind to the para-aromatic hydrogen atom via 2.2 Å hydrogen bond. 

C5H5N
.+

(HCN)2 : As displayed in Table 42, the lowest energy isomer for [C5H5N
.+

(HCN)2]  is 

(2-a). In which head to tail hydrogen bonded linear chain where the second HCN molecule binds 

to the first one via 2.0 Å hydrogen bond. Noteworthily, (2-a) expresses external solvation in 

which the HCN molecules bind to each other rather than binding to the core C5H5N
.+

 ion. This 

behavior was observed in the solvation of several cations with HCN molecules, such as, 

benzene
.+

 and phenyl acetylene
.+

.  
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The second lowest energy isomer for [C5H5N
.+

(HCN)2]  was predicted to be at only 0.3 kcal/mol 

higher energy level than (2-a). Internal solvation was predicted for (2-b) in which the two HCN 

molecules bind through 2.1 Å hydrogen bonds to the ortho aromatic hydrogen atoms. 

(2-c) is the third most stable [C5H5N
.+

(HCN)2] isomer at the B3LYP/6-311++G(d,p) level of the 

theory and it was predicted to be 0.9 kcal/mol higher in energy than (2-a). The second HCN 

molecule binds to the C5H5N
.+ 

core ion forming a bifurcated structure in which the N-atom of the 

secondly added HCN molecule forms two hydrogen bonds with two CH- aromatic hydrogen 

atoms. The hydrogen bonds were of 2.2 Å and 3.7 Å length. 

C5H5N
.+

(HCN)3 : As displayed in Table 43, the most stable [C5H5N
.+

(HCN)3] isomer is (3-a) 

which has internal solvation pattern to be more energetically favorable. Thus, three HCN 

molecules were required to get the internal solvation pattern as predicted for benzene
.+

 and 

phenyl acetylene
.+

 before. The third HCN molecule forms a bifurcated structure in which the N-

atom of HCN molecule binds to two CH-aromatic hydrogen atoms through 2.2 Å and 3.6 Å 

hydrogen bonds. 

The second most stable [C5H5N
.+

(HCN)3] isomer is (3-b) which has external solvation pattern. 

External solvation was predicted to be only 0.3 kcal/mol higher in energy than (3-a) at the 

B3LYP/6-311++G(d,p) level of the theory. The three HCN molecules form a linear hydrogen 

bonded chain in which the third HCN molecule is hydrogen bonded to the second one via 2.1 Å 

hydrogen bond.  

(3-c) is the third lowest energy [C5H5N
.+

(HCN)3] isomer; it is predicted to be 0.6 kcal/mol higher 

in energy than the (3-a) isomer. In (3-c), the third HCN molecule binds to the core C5H5N
.+

 via 
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2.3 Å hydrogen bond between the N-atom of the HCN molecule and the meta CH-aromatic 

hydrogen atom. 

C5H5N
.+

(HCN)4 : The lowest energy isomer (4-a) shows internal solvation in which the fourth 

HCN molecule binds to the third one via 2.1Å hydrogen bond, See (4-a) in Table 44. 

The second stable isomer (4-b) was predicted at the B3LYP/6-311++G(d,p) level to be only 0.1  

kcal/mol higher in energy than (4-a). In (4-b), the fourth HCN molecule binds to the first two 

HCN molecules via 2.1 Å hydrogen bond forming a linear hydrogen bonded chain. 

(4-c), the third most stable C5H5N
.+

(HCN)4 isomer has the fourth HCN molecule formed a 

symmetrically bifurcated structure in which the N-atom of the HCN molecule forms two 

hydrogen bonds with two CH-aromatic hydrogen atoms using 2.3 Å and 3.6 Å hydrogen bonds. 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 41. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C5H5N
.+

(HCN)]. 

Distances are in Angstrom 

  

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

 

0.0 11.0  (*10.6) 

1-b 

 

 

0.4 10.6  (*10.4) 

1-c 

 

 

2.3 8.7 (*8.5) 

2.4 

2.2 

2.0 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

2-a 

 
 

0.0 9.4  (*9.2) 

2-b 

 

 

0.3 9.1  (*9.1) 

2-c 

 

 

0.9 8.5 (*8.3) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 42. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C5H5N
.+

(HCN)2]. 

Distances are in Angstroms 

  

2.02.3

2.1 

Å 

2.1 

Å 

2.5 

Å 

2.2 

Å 

3.7 

Å 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 43. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C5H5N
.+

(HCN)3]. 

Distances are in Angstroms 

 

  

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 7.7  (*7.5) 

3-b 

  

0.3 7.4  (*7.2) 

3-c 

 

 

0.6 7.1  (*6.9) 

2.4 2.0

2.2
3.6

2.1 2.3 1.9 

2.4 2.0

2.3
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

4-a 

 

 

0.0 7.3  (*7.1) 

4-b 

 

 

0.1 7.2  (*7.0) 

4-c 

 

  

0.3 7.0  (*6.9) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 44. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C5H5N
.+

(HCN)4]. 

Distances are in Angstroms 

 

 

2.1

2.02.4

2.13.7

2.4 

Å 

2.0 

Å 

2.1 

Å 

3.6 

Å 

2.2 

Å 

3.5 
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2.3 

Å 

2.1 

Å 

2.3 

Å 
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Figure 44. Mass-spectra obtained upon injecting H
+
pyridine in the mass-selection mode into the 

drift cell using injection energy of 15.8 eV (laboratory frame) and by applying a weak electric 

field of 4 V/cm. The drift cell temperature and HCN concentrations are varied as indicated 
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Figure 45. van’t-Hoff plots for the association reaction yielding C5H5NH
+
(HCN)n; with n=1-4. 

The drift cell temperature was varied between 194 K and 364 K. The injection energy and drift 

field were maintained at 16 eV (laboratory frame) and 4 V/cm, respectively 
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n -∆H
o
 
a
 -∆S

o
 
b
 BE

 c
 BE 

d
 

1 13.2 24.3 15.6 15.3 

2 9.7 22.9 9.5 9.3 

3 8.5 23.2 7.4 7.2 

4 6.1 14.5 6.9 6.7 

a 
 ∆H°n-1,n units are kcal/mol (± 1 kcal/ mol), 

b  
∆S°n-1,n units are cal/mol.K (± 2 cal/mol. K), 

c 

Binding energy in  kcal/ mol calculated
  

by B3LYP/6-311++G(d,p) with ZPE included, and 
d
  

Binding energy in  kcal/ mol calculated
  
by B3LYP/6-311++G(d,p) (with BSSE correction) 

Table 45. Thermochemistry values measured for the association reaction resulting in [C5H5NH
+ 

(HCN)n]; where n=1-4. The study was done in the drift cell temperature range of 194 K-364 K. 

The injection energy was 15.8 eV (lab. frame). The applied drift field was 4 V/cm. Theoretically 

calculated binding energies are shown as well, from B3LYP/6-311++G(d,p) 

 

7.4.1.3. Theoretical Calculations of the solvated protonated pyridine cations by HCN 

molecules 

 Tables (46-48) display the optimized structures of the most stable solvated H
+
pyridine 

isomers by 1-4 HCN molecules. [C5H5NH
+
(HCN)n] are calculated by the hybrid DFT B3LYP 

method, using a standard basis-set of 6-311++G(d,p). Moreover, Table 45 displayed the resulting 

binding energies corrected for zero-point vibrational energy (ZPVE) and for basis-set 

superposition error (BSSE) which has been corrected by counterpoise procedure.
122

 It is obvious 

that the theoretically calculated binding energy values are in good agreement with the 

experiment within the experimental accuracy (ΔH
o
n-1,n ± 1.0 kcal mol

-1
). Therefore, we consider 

this level of theory to be enough for our computational jobs. 
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C5H5NH
+
(HCN): The protonation of pyridine occurs exclusively on the N-atom at the 

B3LYP/6-311++G(d,p) calculation level. This is expected because the N-atom is the most basic 

center in pyridine.
171

  The lowest energy isomer for [C5H5NH
+
(HCN)], as displayed in Table 46 

is (1-a). (1-a) has hydrogen bonding nature of interaction in which the N-atom of HCN molecule 

binds strongly to the proton of the C5H5NH
+ 

ion via 1.8 Å bond. 

C5H5NH
+
(HCN)2: (2-a) is the most stable [C5H5NH

+
(HCN)2] isomer. The second HCN 

molecule binds through a 2.0 Å hydrogen atom to the first one following the external solvation 

regime.  

Internal solvation pattern was expressed in the isomer (2-b) where the second HCN molecule 

forms a bifurcated structure in which the N-atom binds to two CH aromatic hydrogen atoms 

through 2.2 Å and 3.9 Å hydrogen bonds. However, (2-b) is 1.9 kcal/mol higher in energy than 

the lowest energy [C5H5NH
+
(HCN)2] (2-a). 

C5H5NH
+
(HCN)3: The lowest energy [C5H5NH

+
(HCN)3] is isomer (3-a). It has the external 

solvation pattern in contrast to all the previously investigated cations. The third HCN molecule 

forms a linear hydrogen bonded chain with the first two HCN molecules via 2.1 Å hydrogen 

bond as displayed in Table 47. 

The second lowest energy isomer (3-b) follows the internal solvation regime. The third HCN 

molecule forms a bifurcated structure with two CH-aromatic hydrogen atoms through 2.3 Å and 

3.8 Å hydrogen bonds. (3-b) is 0.3 kcal/mol higher in energy than the lowest energy 

[C5H5NH
+
(HCN)3] isomer.  

The third more stable isomer is (3-c) which was predicted at the B3LYP/6-311++G(d,p) to be 0.8 

kcal/mol higher in energy than the most stable isomer (3-a). The third HCN molecule binds to 
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the C5H5NH
+
 core ion in the para position from the N-atom via 2.3 Å hydrogen bond to the 

aromatic hydrogen atom. 

C5H5NH
+
(HCN)4: As displayed in Table 48, the lowest energy isomer for [C5H5NH

+
(HCN)4] 

has internally solvated pattern; see (4-a). The fourth HCN molecule binds through bifurcated 

structure in which the N-atom of the HCN molecule through two hydrogen bonds to two CH-

aromatic hydrogen atoms via 2.3 Å and 3.8 Å hydrogen bonds. 

The second lowest energy isomer (4-b) was predicted to be 0.2 kcal/mol higher in energy than 

(4-a). Moreover, (4-b) has the fourth HCN molecule hydrogen bound to the third HCN molecule 

via 2.1 Å hydrogen bond. 

Interestingly, the third lowest energy isomer (4-c) has externally solvated structure in which all 

the four HCN molecules form a linearly hydrogen bonded chain. The fourth HCN molecule is 

hydrogen bonded to the third HCN molecule via 2.1 Å hydrogen bond. (4-c) is only 0.4 kcal/mol 

higher in energy than (4-a) as predicted at the B3LYP/6-311++G(d,p) level of theory. 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 46. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[C5H5NH
+
(HCN)n]; n=1,2. Distances are in Angstroms 

 

 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

 

 

0.0 15.6  (*15.3) 

2-a 

 

 

0.0 9.5  (*9.3) 

2-b 

 

 

1.9 7.6  (*7.4) 

1.8 

Å 

1.8 

Å 

2.0 

Å 

1.9 

Å 

2.2 

Å 

3.9 

Å 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 
 

0.0 7.4  (*7.2) 

3-b 

 

  

0.3 7.1  (*6.9) 

3-c 

   

0.8 6.5  (*6.4) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 47. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[C5H5NH
+
(HCN)3]. Distances are in Angstroms 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 48. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[C5H5NH
+
(HCN)4]. Distances are in Angstroms 

 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

4-a 

 

 

0.0 6.9  (*6.7) 

4-b 

 

 

0.2 6.7  (*6.6) 

4-c 

 
 

0.4 6.5  (*6.3) 

2.0 1.8 

3.8 2.3 

2.1 

2.1 

2.2 3.9 

1.8 2.0 

2.0 2.1 1.9 1.8 
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7.4.2. Solvation of Pyrimidine Radical cations by HCN molecules 

 Pyrimidine (C4H4N2) represents the main constituent of cytosine and thymine DNA 

nucleotides.
37,130

 It possesses two different proton acceptor sites: the ring  -cloud and the lone 

pairs of the heteroatoms.
62,134,136,172,173

 Therefore, pyrimidine solvation can be regarded as a 

prototype for the solvation of heterocyclic aromatic rings containing nitrogen heteroatoms. In 

fact, the hydrogen-bonded clusters resulting from supersonic expansion of the pyrimidine/water 

and pyrimidine/methanol mixtures have been investigated experimentally using laser 

photoionization time of flight mass spectrometry technique.
62,134

 In addition, hydration of 

pyrimidine radical cation was investigated under equilibrium conditions where binding energies 

along with the entropy changes were measured in our laboratory. Moreover, high level 

theoretical calculations were utilized and compared with the experimentally determined values. 

The current study aims to investigate the association reaction between the injected pyrimidine 

radical cations and HCN molecules under equilibrium conditions. The binding energies and the 

corresponding entropy changes accompanying their formation are measured experimentally. 

 Pyrimidine
.+

 can bind to HCN molecules via two different types of hydrogen bonds. One 

via CH
δ+

---N hydrogen bonds, which would be relatively weak as reported in benzene
.+

 hydration 

example
20,33  

or via NH
+
---N hydrogen bonds , which are stronger than the former case; such as , 

in protonated pyridine example.
17

 In order to check experimentally and theoretically which 

binding site is favored by hydrogen cyanide molecules, this reaction study results will be 

compared to the corresponding results obtained in the cases of benzene and protonated pyridine 

cations solvation with HCN molecules.  
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7.4.2.1. Mass-spectra 

 Mass-spectra obtained from injecting C4H4N2
.+

  into the drift cell which has HCN gas at 

various drift cell temperatures are shown in Figure 46. The cluster distribution is shifted to 

bigger clusters as the drift cell temperature is reduced following the usual association reaction 

trends. The major observed ions at 274 K were [Pyrimidine
.+

(HCN)n]; where n=0,1. At 188 K, 

the observed ions were [Pyrimidine
.+

(HCN)n] where n=2,3. The study has been stopped at 184 K 

because of hydrogen cyanide freezing temperature was reached. 
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Figure 46. Mass-spectra resulting from injecting the pyrimidine radical cations into the drift cell 

containing different concentrations of hydrogen cyanide. The applied drift field was 4V/cm 

while the injection energy was 12.4 eV (lab. frame). The drift cell temperature and pressure were 

varied as indicated 
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7.4.2.2.  Thermochemistry measurements and structural implications 

The investigated association reaction in this study is: 

nn HCNNHCHCNHCNNHC )()(
.

2441

.

244






                                           (7.6) 

The reaction (7.6) was investigated under weak field conditions of 4 V/cm and low injection 

energy of 12.4 eV (laboratory frame). This injection energy is slightly above the required energy 

to introduce the C4H4N2
.+ 

against the outflow of the drift gas into the drift cell. 

 Equilibrium conditions were verified quantitatively via verifying that a constant ratio of 

the integrated intensity of the product to the reactant ions is maintained when the residence time 

is varied at constant pressure and temperature. Qualitative verification was carried out since 

ATDs of the reactant and product ions are identical indicating equal residence times. This can be 

seen through Figure 47, where the ATDs of pyrimidine
.+

(HCN)n; n=0-4 are matching. 

Equilibrium constant was measured at different temperatures following equation (7.7): 
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                         (7.7) 

where  1

.

244 ).( 



nHCNNHCI ,  nHCNNHCI ).(
.

244


 are the integrated intensities of ATDs of the 

reactant and product cluster ions of reaction (7.6), respectively and HCNP is the pressure of HCN 

in atmosphere. van’t-Hoff plots are then obtained by plotting the Rln Keq versus 1000/T, as 

displayed in Figure 48. From equation (7.5), ΔH˚ and ΔS˚ are readily obtained from the slope 

and intercept of Figure 48, respectively. 
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 The binding energies and entropy changes involved in the association reaction (7.6) are 

tabulated in Table 49 which also includes the theoretically calculated binding energies. The good 

agreement among the experimentally measured and theoretically calculated binding energies 

verifies the adequacy of the used calculation level.   

 The binding energy values follow the usual descending trends as the degree of the 

solvation (n) increases which can be attributed to the repulsion of the HCN molecules and the 

delocalization of the positive charge.
22

 The entropy loss values (20-23 cal/mol. K) agree with the 

expected entropy loss accompanying the hydrogen bonds formation.
22,25

 Moreover, the measured 

binding energies fall in the usual range of the hydrogen bonding with aromatic hydrogen atoms 

rather than forming any stronger hydrogen bonds with distonic ions. Moreover, the measured 

binding energies of [Pyrimidine
.+

(HCN)n] (7-12 kcal/mol) are very similar to those measured in 

the solvation of benzene
.+

, phenyl acetylene
.+

 and pyridine
.+

 rather than stronger hydrogen bonds 

observed in the solvated [H
+
pyridine(HCN)n] clusters. 
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Figure 47. ATDs of [Pyrimidine
.+

 (HCN)n] (Left) where n=0-2; collected at 298 K with the drift 

cell containing 0.23 Torr of hydrogen cyanide. (Right) where n=2-4; collected at 213 K with the 

drift cell containing 0.16 Torr of hydrogen cyanide. The applied cell field and the injection 

energy were maintained at 4 V/cm and 12.4 (lab. frame), respectively 
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Figure 48. van’t- Hoff plots for injecting pyrimidine radical cations into hydrogen cyanide (7.6) 

using an injection energy of 12.4 eV (lab.) and applied field of 4 V/cm. The drift cell temperature 

was varied between 184 K and 298 K 
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n -∆H
o a

 -∆S
o b

 BE
 c
 BE

 d
 

1 12.0 23.3 10.8 10.6 

2 10.2 22.8 9.5 9.3 

3 8.6 21.1 8.5 8.3 

4 7.4 20.2 7.5 7.3 

a 
 ∆H°n-1,n units are kcal/mol (± 1 kcal/ mol), 

b  
∆S°n-1,n units are cal/mol.K (± 2 cal/mol. K), 

c 

Binding energy in  kcal/ mol calculated
  

by B3LYP/6-311++G(d,p) with ZPE included, and 
d
  

Binding energy in  kcal/ mol calculated
  
by B3LYP/6-311++G(d,p) (with BSSE correction) 

Table 49. Binding energy and entropy loss values for the association reaction (7.6) yielding  

C4H4N2
.+

(HCN)n; where n=1-4 

7.4.2.3. Theoretical Calculations of the solvated pyrimidine radical cations by HCN 

molecules 

 Tables (50-53) display the optimized structures of the most stable solvated pyrimidine 

isomers C4H4N2
.+

(HCN)n ;where n=1-4, calculated by the hybrid DFT B3LYP method, using the 

standard basis-set of 6-311++G(d,p).
123

 Moreover, Table 49 displays the resulting binding 

energies corrected for zero-point vibrational energy (ZPVE) and for basis-set superposition error 

(BSSE).
122

 It is obvious that the theoretically calculated binding energy values are in good 

agreement with the experiment within the experimental accuracy (ΔH
o

n-1,n ± 1.0 kcal mol
-1

). 

Therefore, we consider this level of theory to be enough for our computational jobs. 

C4H4N2
.+

(HCN): The lowest energy isomer for [C4H4N2
.+

(HCN)] as displayed in Table 50 is (1-

a). (1-a) has hydrogen bonding nature of interaction in which N-atom of HCN molecule binds to 
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an aromatic H-atom (H2) of the C4H4N2
.+ 

ion via 2.1 Å hydrogen bond. This site was expected to 

have the strongest bond between the N-center of the dipolar HCN molecule and the pyrimidine 

radical cation since (H2) was predicted to have the most intense positive charge on C4H4N2
.+ 

at 

the B3LYP/6-311++G(d,p) calculation level (see Table 4). 

The second lowest energy isomer (1-b) is another hydrogen bonded complex. The interaction of 

the N-center occurs with the CH-aromatic hydrogen atom (H1) via 2.1 Å hydrogen bond. (1-b) 

was predicted to be only 0.4 kcal/mol higher in energy than the lowest energy isomer (1-a).  

The third lowest energy isomer is (1-c) which has hydrogen bonded complex via 2.2 Å hydrogen 

bond between the aromatic H-atom (H4) and the N-atom of the HCN molecule. (1-c) is higher 

than (1-a) by about 1.0 kcal/mol as predicted by the B3LYP/6-311++G(d,p) level of calculations. 

C4H4N2
.+

(HCN)2 : As displayed in Table 51, the lowest energy isomer predicted by B3LYP/6-

311++G(d,p) calculations is (2-a) which has a symmetric hydrogen bonded structure. (2-a) has 

the two HCN molecules to be hydrogen bonded through their N-atoms to both of aromatic 

hydrogen atoms (H2) via 2.1 Å hydrogen bonds. Therefore, internal solvation is preferred in 

[C4H4N2
.+

(HCN)2], in contrast to the previously investigated cations, benzene, phenyl acetylene , 

pyridine and H
+
pyridine, which all required three HCN molecules or more to have internal 

solvation energetically favored over the external solvation pattern. 

The second lowest energy isomer has the structure of (2-b) in which the two HCN molecules are 

hydrogen bonding to two CH-aromatic hydrogen atoms in the meta position to each other via 2.1 

Å hydrogen bonds. This isomer was predicted to be at only 0.2 kcal/mol higher level in energy 

than the lowest energy C4H4N2
.+

(HCN)2 isomer.   
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The externally solvated isomer is predicted to be at 1.1 kcal/mol higher in energy than (2-a), as 

displayed in structure (2-c) in Table 51. In (2-c), the second HCN molecule binds through a 2.1 

Å hydrogen bond to the first one. 

C4H4N2
.+

(HCN)3 : As displayed in Table 52, (3-a) is the lowest energy isomer predicted to have 

a symmetrically hydrogen bonded complex with 2.1 Å hydrogen bonds. The three HCN 

molecules are hydrogen bonded to three CH-aromatic hydrogen atoms in the meta-position to 

each other. 

The second lowest energy isomer (3-b) is predicted to be 0.6 kcal/mol higher in energy than (3-a) 

at the B3LYP/6-311++G(d,p) level of theory. Internal solvation pattern is expressed in (3-b) 

where the third HCN molecule is hydrogen bonded to an ortho-HCN molecule forming a linear 

hydrogen bonded chain via 2.1 Å hydrogen bond. 

(3-c) isomer is the third lowest energy C4H4N2
.+

(HCN)3 isomer, in which the three HCN 

molecules are hydrogen bonded to three different CH-aromatic hydrogen atoms, namely, to (H2 

and H3) of the core C4H4N2
.+

. (3-c) is predicted to be 1.5 kcal/mol higher in energy than the 

lowest energy isomer (3-a). 

C4H4N2
.+

(HCN)4 : As displayed in Table 53, the lowest energy isomer (4-a) has the fourth HCN 

molecule to be hydrogen bonded to another HCN molecule forming a linear hydrogen bonded 

chain via 2.1 Å hydrogen bond.  

The second lowest energy isomer (4-b) has very similar structure to (4-a). However, the fourth 

HCN molecule was predicted to be hydrogen bonded to the HCN molecule hydrogen bonded to 

another aromatic hydrogen atom (H1) forming a linear hydrogen bonded chain via 2.1 Å 
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hydrogen bond. Due to the similarity in structures between (4-a) and (4-b), the latter is less stable 

than the former by only 0.3 kcal/mol. 

The third lowest energy [C4H4N2
.+

(HCN)4] isomer has the structure displayed in Table 53 for (4-

c). In (4-c) all the four HCN are hydrogen bonded to all the available four CH-aromatic 

hydrogen atoms filling the first solvation shell of the pyrimidine radical cation. (4-c) is 1.2 

kcal/mol higher in energy than (4-a) as predicted from the B3LYP/6-311++G(d,p) calculations. 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 50. Theoretically optimized structures using B3LYP/6-311++G(d,p) of [C4H4N2
.+

(HCN)]. 

Distances are in Angstroms 

 

  

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

1-a 

 

 

0.0 10.8  (*10.6) 

1-b 

 

 

0.4 10.4  (*10.2) 

1-c 

 

 

1.0 9.8  (*9.6) 

2.1 

2.1 

2.2 
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Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

2-a 

 

 

0.0 9.5  (*9.3) 

2-b 

 

 

0.2 9.3  (*9.1) 

2-c 

 

 

1.1 8.4  (*8.2) 

a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 51. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[C4H4N2
.+

(HCN)2]. Distances are in Angstroms 

2.1 

2.1 

2.0 

2.1 

2.1 

2.1 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE)  

 

Table 52. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[C4H4N2
.+

(HCN)3]. Distances are in Angstroms 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

3-a 

 

 

0.0 8.5  (*8.3) 

3-b 

 

 

0.6 7.9  (*7.7) 

3-c 

 

1.5 7.0  (*6.8) 

2.1 

2.0 

2.1 

2.1 

2.2 

2.1 

2.1 

2.1 

2.1 
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a
 in kcal/mol (corrected for ZPE) 

b
 in kcal/mol *(corrected for ZPE and BSSE) 

Table 53. Theoretically optimized structures using B3LYP/6-311++G(d,p) of 

[C4H4N2
.+

(HCN)4]. Distances are in Angstroms 

 

Name Optimized Structure Relative Energy 
a
 Binding energy 

b
 

4-a 

 

 

0.0 7.5  (*7.3) 

4-b 

 

 

0.3 7.2  (*7.0) 

4-c 

 

 

1.2 6.3  (*6.2) 

2.2 

2.2 

2.1 

2.1 

2.2 

2.1 2.1 

2.2 

2.2 

2.2 2.3 

2.2 
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7.5. Reaction of Acetylene radical cation and Hydrogen cyanide molecules in 

the gas phase 

7.5.1. Introduction 

 HCN is a commonly observed molecule in the interstellar clouds. In fact, after N2, HCN 

is one of the most common nitrogen containing interstellar species.
163

 Moreover, HCN is formed 

in combustion processes and therefore HCN reactions can be involved in soot formation by 

either neutral or cationic reactions.
163

 

 Rotational and rovibrational spectroscopy have been used to identify more than 150 

molecular species in space. Some direct attempts to find interstellar pyrimidine haven’t 

conclusively proved its presence.
174

 A line fits nicely to pyrimidine spectrum was located but it is 

not yet enough to prove the presence of pyrimidine in space.
175

 However, pyrimidine was 

detected in the meteorites and new experiments verified pyrimidine to be a possible source of 

uracil RNA bases under space like conditions.
144

 

 Ion-molecule reactions represent one of the main sources of the large molecules’ 

formation. They occur in faster rates than neutral-neutral reactions due to the electrostatic nature 

of the interaction between the ions and the molecular electron clouds. Moreover, ion-molecule 

reactions don’t typically include reaction barriers.
11,174

  

 The presence of high energy isomers was proven in the interstellar medium. Isomers 

rather than the global minimum can be formed and take a part in subsequent reactions.
174

 For 

example, hexapentaenyldiene (C6H2) has been detected in space although it is less stable than the 

corresponding global minimum by more than 50 kcal/mol. Therefore, thermodynamic 

considerations may be irrelevant in low temperature interstellar chemistry.
174
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 The C2H2
.+ 

and HCN reaction has been experimentally investigated to get the rate 

constants for the various production channels. For instance, McEwan and co-workers, have 

reported a rate constant of 3.6x10
-10

 cm
3
 molecule

-1
 s

-1
 and the reaction expressed two major 

channels. Namely the proton transfer channel (66%) leading to H2CN
+ 

and the adduct formation 

channel (34%) leading to C3H2N
+
.
176

 Moreover, Schiff and Bohme have reported a similar rate 

constant of 3.9x10
-10

 cm
3
.molecule

-1
.s

-1
 but the association adduct [C2H2

+
.HCN] was formed at a 

branching ratio of 0.9 in the presence of He as a third body. The collisions with He atoms have 

stabilizing effect that leads to the predominance of the adduct formation. In addition, Knight et 

al. have reported a similar rate of that reaction of 3.7x10
-10

 cm
3
.molecule

-1
.s

-1
. However, they 

estimated the branching ratios to be (80% for [C2H2
.+

.HCN], 15% for H2C3N
+
, and 5% for 

H2CN
+
)

177
 

From the previously reported studies, the reaction of HCN with C2H2
+
 can be represented by the 

following mechanism: 

*)(
.

22

.

22 HCNHCHCNHC


                                            (7.8) 

*)(*)(
.

22

.

22 HeHCNHCHeHCNHC 


                                   (7.9) 

In the second step of the mechanism, the excited adduct formed in the first step is stabilized by 

helium atom collisions against unimolecular dissociation. 

 A fast ion-dipole reaction between C2H2
.+ 

and HCN occurs to yield C3H3N
.+

. C3H3N
.+ 

was 

presumed to yield the acrylonitrile ion. However, acrylonitrile is more than 45 kcal/mol less 

stable than the global minimum.
174

 Bera et al. have studied theoretically the reaction of C2H2
.+

 

with HCN molecule extensively. Their study showed that although HCC(H)NCH isomer is about 

18 kcal/mol higher in energy than the global minimum, it can be formed in the interstellar 
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conditions since it represents the product of the direct association reaction of acetylene ion with 

hydrogen cyanide.
31

 

 In the current study, we examine the interaction of HCN molecules with the injected 

acetylene radical cation (C2H2
.+

). Such an experimental study can shed light on the possible 

formation of pyrimidine which can be formed from C2H2
.+

 and two HCN molecules. HCN
+
 

reaction with C2H2 was not examined because the ionization potential of HCN is higher (13.6eV) 

than that of C2H2 (11.2 eV). Therefore, charge transfer is expected to be the exclusive reaction 

channel.
31,176

 Although HCN
+
 can be formed by cosmic ray ionization of HCN, the reactions of 

HCN
+
 are insignificant in the interstellar reactions because its rapid removal through reactions 

with the predominant H2 molecules which has a rate constant of 9x10
-10

 cm
3
.molecule

-1
.s

-1
.
178

 

HCNHHHCN  

22                                             (7.10) 

7.5.2. Results and discussion 

 C2H2 
.+

 reacts with HCN molecules to give H
+
(HCN) through proton transfer channel and 

C3H3N
.+

 through the adduct formation channel which is greatly favored in the presence of buffer 

gas as shown in the bottom panel of Figure 49. This agrees with the previous studies reported by 

Schiff and Bohme, which estimated 90% of the product to be the association adduct 

(C2H2
.+

.HCN).
179
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Figure 49. Mass-spectra obtained upon injecting acetylene radical cation in the mass-selection 

mode into the drift cell which contains a mixture of hydrogen cyanide (HCN) and helium buffer 

gas using injection energy of 11.8 eV(lab. frame) at room temperature and by applying a drift 

field of 6 V/cm 

 

 C2H2 
.+

 reacts with HCN molecules to give C3H3N
.+

 through the adduct formation channel 

which further reacts with an additional HCN molecules and results in C4H4N2
.+

 as shown in 

Figure 50. C4H4N2
.+

 reacts once again with HCN molecule to form [C4H4N2
.+

.(HCN)] adduct 

which doesn’t survive at higher drift cell temperatures as shown in the bottom channel of Figure 
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50 and it dissociates to yield C4H4N2
.+

. However, C4H4N2
.+

 shows exceptional thermal stability 

as it survives at high temperatures such as 625 K. Therefore, aromatic nature is claimed for 

C4H4N2
.+ 

adduct rather than [C4H4N2
.+

.(HCN)]. However, further evidence is required to prove 

the identity of C4H4N2
.+

. 
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Figure 50. Mass-spectra resulting from the injection of acetylene radical cation (C2H2
.+

) in the 

mass-selection mode into hydrogen cyanide gas mixed with helium buffer gas in the drift cell at 

different temperatures using injection energy of 11.8 eV(lab.) and by applying a drift field of 

6V/cm 
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7.5.2.1. Thermochemistry measurements 

 In order to investigate the identity of the C4H4N2 radical cation, thermochemical 

measurements have been carried. The results are then compared with the previous results that we 

have obtained from solvation of the pyrimidine radical cation reaction with HCN molecules 

(section 7.4.2. ) 

 As shown below in Figure 51, the addition trend looks very similar to what was observed 

in the pyrimidine case displayed above in Figure 46. Moreover, the binding energy and entropy 

loss have been experimentally measured by measuring the equilibrium constant of the reaction 

(7.11) at different temperatures.  

3

.

222

.

22 )()( HCNHCHCNHCNHC


  (7.11) 

 Moreover, as a good check for equilibrium state establishments, the overlap in ATDs of 

the C4H4N2
.+

/ C4H4N2
.+

(HCN) couple can be used. An excellent matching between the ATDs can 

be seen in Figure 52. Equation (7.12) has been used to get the equilibrium constant at different 

temperatures. By using the resultant Keq values, van't-Hoff plot was constructed and it is 

displayed below in Figure 53 and Table 54. 

  
  

  
  HCN

eq

PHCNHCI

HCNHCI

HCNHCNHC

HCNHC
K

.).(

.

.).(

.

2

.

22

3

.

22
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.

22

3

.

22









   (7.12)  
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Figure 51. Mass-spectra obtained through thermochemistry measurements of association 

reaction (7.11) upon injecting acetylene radical cation in the mass-selection mode into a mixture 

of HCN and helium gases at different temperatures 
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Figure 52. ATDs matching of C2H2
.+

(HCN)2 and C2H2
.+

(HCN)3 obtained at 309 K by applying a 

drift field of 4 V/cm and using an injection energy of 11.8 eV(lab. frame)  
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Figure 53. van't-Hoff plot for reaction (7.11) obtained upon injecting acetylene radical cation 

into the drift cell which contains HCN and He mixture at different drift cell temperatures 

 

Source Investigated ion  -ΔH
o a

 -ΔS
o b

 

C2H2(HCN)2 C2H2(HCN)3 11.2 28.9 

Pyrimidine C4H4N2.(HCN) 12.0 23.3 

a 
 ∆H°n-1,n units are kcal/mol (± 1 kcal/ mol), 

b  
∆S°n-1,n units are cal/mol.K (± 2 cal/mol. K) 

Table 54. Comparison of the thermochemistry values obtained for formation of C4H4N2
.+

(HCN) 

complex from two different sources 
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7.5.2.2. Coexpansion of acetylene and hydrogen cyanide mixture 

 As a further check for the aromatic identity for the preformed C4H4N2
.+

 through the 

C2H2
.+

/HCN reaction, coexpansion of the two gases has been launched and it resulted in the 

mass-spectrum displayed in Figure 54. Exceptional stability of the peak at m/z=80 amu; 

[C4H4N2
.+

] can be inferred from its abundance in the mass-spectrum and it implies its aromatic 

nature. Moreover, the base peaks observed at m/z=159 amu;
 
[C4H4N2.C5H5N]

+
 which is expected 

to have an aromatic nature, similar to that observed in the previously reported stable benzene-

pyridine adduct.
16

 Other peaks are observed as a result of acetone stabilizer that is mixed with 

acetylene. 
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Figure 54. A representative mass-spectrum obtained upon injecting hydrogen cyanide in the RF-

mode after coexpansion of HCN and C2H2 (from 1% C2H2/He) at 335 K. The drift cell contains 

4.4 Torr of helium buffer gas  
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7.6. Summary and Conclusions 

 Equilibrium measurements have been utilized to investigate the association reactions of 

HCN molecules with pyridine, protonated pyridine and pyrimidine cations in the gas phase. 

Pyridine radical cation can bind to HCN molecules either through weak CH
+δ...

N or NH
+…

N 

stronger hydrogen bonds forming distonic ions. Binding energies and entropy changes were 

measured for pyridine radical cation sequential interactions with four HCN molecules showed 

that weak ion-dipole interaction between HCN molecule’s N-atom and the aromatic N-atom is 

formed. In contrast, the binding of HCN with protonated pyridine cation occurs through stronger 

NH
+…

N hydrogen bonds. The difference in binding energies of HCN molecules with pyridine 

and H
+
pyridine cations reflects the variation of the solvated structures. Therefore, pyridine 

radical cation is not expected to have a distonic ion structure in the resulting [C5H5N
.+

(HCN)n].  

 In addition, the binding energies and entropy changes of the association reaction of four 

HCN molecules with pyrimidine radical cation were measured for the individual solvation steps 

in the gas phase. Similar binding strength of the formed hydrogen bonds between HCN and 

pyrimidine radical cations with benzene and phenyl acetylene was noticed. Moreover, 

thermochemistry measurements have been employed to examine the identity of C4H4N2
.+

 yielded 

through the reaction of C2H2
.+

 with HCN molecules and pyrimidine-like structure is proposed. 

 DFT calculations were employed to investigate the theoretically predicted structures. The 

calculated binding energies of the step wisely added HCN molecules are compared with the 

corresponding measured values. Very good agreement among the theoretically predicted values 

and the corresponding experimentally measured values verifies the adequacy of our calculation 

level of the theory.   
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Chapter 8: Conclusions and future outlooks 

 

 The research covered in this dissertation focuses on two dimensional study of different 

ion-molecule reactions. Experimental mobility and thermochemistry measurements and 

theoretical calculations have been combined to comprehend the parameters that can control the 

interaction process clearly. The first route examined the interaction of three different solvents in 

interaction with the same cation. Namely, experimental and theoretical studies investigated the 

interaction of water, methanol and acetonitrile solvents with the mass-selected protonated 

pyrimidine cation. The ion was selected to be protonated pyrimidine because it biological 

significance where pyrimidine constitutes base blocks of DNA bases. Thus, its interaction with 

polar solvents is of fundamental interest from chemical and biochemical points of view. These 

experiments showed that the proton affinity controls the ion-molecule binding energies and thus 

increases in the order of water<methanol<acetonitrile. Moreover, these studies accounted for the 

protonated solvent clusters observed in both of water and methanol cases, with clear size 

dependence. In contrast, they weren't observed in the acetonitrile study at all. Theoretical studies 

accounted for the observed protonated clusters where water or methanol molecules bind to each 

other forming a cluster with higher proton affinities than pyrimidine. The formed solvent clusters 

are able to abstract the proton yielding the observed protonated solvent cluster ion and neutral 

pyrimidine following dissociative proton transfer reaction scheme.  
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 The second investigation route was based on examination of the ion-molecule starting 

from various ions in their interactions with the same solvent. Namely, the interactions of HCN 

molecules with benzene, phenyl acetylene, pyridine, protonated pyridine, and pyrimidine cations 

in the gas-phase have been investigated.
164

 HCN molecule has been chosen due to its presence in 

interstellar medium and its possible involvement in the prebiotic synthesis. These studies 

employed theoretical calculations to support and account for the experimentally observed results 

through thermochemistry measurements. Weak hydrogen bonds were formed between the HCN 

molecule and the investigated cation in most of the cases implying the formation of hydrogen 

bonds with the aromatic hydrogen atoms. Whereas, strong hydrogen bond interaction was 

employed in the protonated pyridine interaction with HCN molecules, similar to its hydration 

study. Also, ion-dipole interaction was observed in pyridine radical cation solvation by HCN 

molecules. Moreover, thermochemistry measurements and high temperatures studies have been 

employed to examine the identity of C4H4N2
.+

 ion resulting from the reaction of C2H2
.+

 with two 

HCN molecules; pyrimidine like structure possibility was verified.  

 The electrostatic nature of the ion-molecule complexes investigated in the current 

research promotes further studies to be launched. One study will examine the electrostatic 

portion of the ion-molecule interaction in detail where an ion with various charge intensities will 

interact with the same molecule and the interaction energy is expected to vary in direct 

proportionality with the charge state of the investigated ion. Such study was initiated for phenyl 

acetylene cation in different charge intensities. Namely, the charge is considered to be controlled 

by the size of the specified ion; assuming even distribution of charges. The study includes the 

interaction of [(phenyl acetylene)n]
.+ 

with HCN molecules where n=1-4. This study is expected to 

shed light not only on the electrostatic nature of the ion-molecule interaction but also, the other 
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parameters that impact such a process such as the steric effects. A representative mass-spectrum 

of the addition of HCN molecules onto injected [phenyl acetylene)n]
.+ 

 is shown in Appendix A. 

Such a study will provide an extra dimension for the previously covered two dimensions through 

this dissertation.  
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Figure 55. Spectrum of phenyl acetylene clusters (Pn)
.+

 reacting with HCN molecules and 

different temperatures. They are obtained after injecting phenyl acetylene dimer in the RF-

selection mode using 13 eV (lab. frame) injection energy 
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Figure 56. Spectrum of injecting protonated pyrimidine (H
+
py) into pyrimidine vapor (py) in the 

mass-selection mode using 14 eV (lab. frame) injection energy  
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Figure 57. Mass-spectra for H
+
(HCN)n clusters 
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Figure 58. Mass-spectra of thermal dissociation of benzonitrile dimer collected via injecting 

mass-selected benzonitrile dimer, BN2, into drift cell which has 0.89 Torr pure helium only using 

9 eV injection energy (lab. frame) and 3V/cm as drift field 
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Figure 59. Mass-spectrum collected when the phenyllium cation (P=C6H5
+
) was injected into 

0.12 Torr water (W) only at 234 K at 12.9 eV injection energy (lab. frame) and 5 V/cm drift field 
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Appendix B: Preliminary studies of Benzonitrile-water clusters 
 

Ion mobility and collision cross sections of benzonitrile radical cation-water 

clusters 
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Figure 60. Mass-spectrum of mass-selected benzonitrile injected onto the drift cell contains 0.75 

Torr of pure He using an injection energy of 14eV (lab.frame), the temperature of the drift 

cell=299 K, drift field=6V/cm 
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Figure 61. (Top) Arrival time distributions (ATDs) of benzonitrile monomer, m/z=103, the drift 

voltage was varied between 15 V and 33 V at 300 K with the drift cell contains 3.6 Torr of 

helium buffer gas (Bottom) The calculated structure of Benzontrile using B3LYP/6-

311++G(d,p) 
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Figure 62. A plot of the mean arrival time of benzonitrile as a function of P/V (Torr.V
-1

), 

R
2
=0.9997 
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Figure 63. An example to Fitting of the experimental (open circles) to the transport theory (solid 

line). The measurement conditions were 300 K, 2.85 Torr and 5 V/cm  
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Figure 64. Mass-spectrum resulting from expanding both benzonitrile and water using He as a 

carrier gas, selecting (Top) Benzonitrile dimer in the RF-mode, the drift cell contains 0.76 Torr 

pure helium, the temperature of the drift cell=300 K, using 14 eV as injection energy (lab. frame) 

and 7 V/cm as drift field. (Bottom) Protonated hydrated benzonitrile trimer in the RF-mode, the 

drift cell contains 0.71 Torr pure helium, the temperature of the drift cell=301K, using 10 eV as 

injection energy (lab. frame) and 6 V/cm as drift field 
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Cluster T K Ko(exp) Ko(calc) Ω(exp) Ω(calc) 

Benzonitrile Monomer (BN
+
) 

(m/z=103) 

300 10.22 9.91 53.3 54.9 

121 11.98 12.15 71.0 70.6 

Benzonitrile dimer (BN
+
)2 ( m/z=206) 301 5.89 6.53 91.4 82.4 

226 6.42 7.17 96.9 86.7 

121 7.88 8.43 107.7 100.7 

Benzonitrile protonated  dimer (BN
+
)2H

+
 

( m/z=207) 

301 5.34  100.9  

Benzonitrile protonated hydrated dimer 

(BN
+
)2H

+
W  (m/z=225) 

301 4.26 5.05 126.3 106.5 

Benzonitrile protonated hydrated trimer (BN
+
)3H

+
W  

(m/z=328) 

301 3.51  152.8  

 

Table 55. Reduced mobilities of various benzonitrile-water binary clusters and their 

corresponding collision cross-section values. Ko results are expressed in cm
2
.V

-1
.s

-1
 while Ω 

values are expressed in Ǻ
2
 units. Calculated results from Mobcal program using B3LYP/6-

311++G (d,p) optimized structures 
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Figure 65. (Top) The suggested structure of the protonated benzonitrile dimer, [BN2H
+
]. 

(Middle) Optimized structure for [BN2H(H2O)
+
]. (Bottom) The suggested structure of the 

protonated hydrated benzonitrile dimer, [BN2H
+
(H2O)] 
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Thermochemistry studies of the hydration of Benzonitrile Radical Cation in 

the gas phase  
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Figure 66. Mass-spectra obtained following injecting mass-selected benzonitrile monomer, BN
.+

 

(m/z=103), into 0.90 Torr of pure water in a drift cell temperature range of 234 K and 302 K via 

13.9 eV as injection energy, and 6V/cm as drift field. Drift cell temperatures are varied as 

indicated 
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Figure 67. ATDs of [BN
+
.(H2O)n] clusters obtained by injection of benzonitrile cation, BN

.+
, at 

14 eV injection energy and 6V/cm drift field into (Left) 0.78 Torr of pure water at 245 K and 

(Right) 0.84 Torr of pure water at 234 K  
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Figure 68. van’t Hoff plots for the equilibria yielding [BN
.+

(H2O)n] for n values as indicated. 

The drift field was 4V/cm while the injection energy was 13.9 eV (lab. frame) 
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a  
∆H°n-1,n units are kcal/mol ,

b
 ∆S°n-1,n units are cal/mol.K and 

c 
calculated by B3LYP/6-

311+G(d,p) (* including BSSE correction) 

Table 56. Measured thermochemistry of benzonitrile
.+

 (water)n clusters along with the 

corresponding theoretical values 

 

 

 

 

 

 

Name -ΔH° 
a
 -ΔS° 

b
 BE 

c
 

BN
+
W 7.8 22.7 9.2 (*8.4) 

BN
+
W2 N/A N/A 8.9 (*8.0) 

BN
+
W3 N/A N/A  

BN
+
W4 N/A N/A  

BN
+
W5 6.9 14.7  

BN
+
W6 7.7 23.0  
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Figure 69. B3LYP/6-311+G(d,p) structures of [Benzonitrile
.+

 (H2O)n]; n=1-2
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