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Abstract

We report the effect of water clustering (H20) » in the negative ion proton transfer
reactions on reaction rate constants and the change in the Gibbs free energy of the
corresponding reactions. Reaction rate constant of the reaction between the new
proposed reagent acetate ion CHs:COO- than the wusual hydronium HsO* and
environmentally important molecules were computed. The computation was made
using the hard sphere average dipole orientation theory (HSA) and the average dipole
orientation theory (ADO) as an investigation tool. It was found that rate constant
decreases for a range of cluster size and starts to below up steadily for the HSA. For
ADO, it decreases approaching a lower limiting value. Rate constant were observed to
rise as molecular size in enlarges and became non-sensitive to isomers of the same
molecule for molecules which have similar dipole moments but different molecular size
and structural configuration. Fifteen atmospherically potential molecules were chosen
in the study scheme of the effect of the clustering to the reagent ion on the proton
transfer reaction rate constant and the change in Gibbs free energy of these reactions. In
both cases of the theories, the computed results of the rate constants of the clustered
reagent ion were found to be less than that of the non-clustered. In contrary to this,
change in the Gibbs free energy of the reactions was found to be greater. The rate
constant of the reaction between clustered ions of these molecules and the neutral acetic
acid molecule was also computed. These computed results facilitate the use of NI-PTR
MS technique, which uses acetate ion as reagent ion, in the application of laboratory
investigations and field measurement of environmentally important volatile organic

compounds VOCs.
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Chapter one

Introduction
In gas-phase ion chemistry, the collision rate between the ion and a neutral reactant
forms the upper theoretical limit for the reaction rate constant. This rate is frequently

calculated with the help of average dipole orientation (ADO) theory [1].

Kapo = (l%) [al/z +Cup (7 T)l/zl (1.0.1)

ADO theory is based on the classical trajectory of a linear dipole in the field of a
point charge, which is the standard approach for the theoretical investigation of capture

processes.

Measured reaction rate constants of ionic clusters often exceed the collision rate
calculated with the widely used Average Dipole Orientation (ADO) theory [2]. The
attraction between the point charge and the neutral molecule is described with the
interaction potential from ADO theory but is not sufficient for the clustering case. HSA
is a simple and universally applicable model to estimate these collision rates. In the
HSA model, the charge of an ion cluster is concentrated at the center. The cluster and
the neutral reaction partner are treated as hard spheres and the charge is treated as a
point charge. For weakly polarizable clusters such as (H20) -, the newly derived HSA

rate constants lie close to experimentally measured rate constants.

kusa = Iy kapo W) f @) dv + [ ksp (W) f () dv (1.0.2)
/3 _ _wv?
f(v) = 4mv? <2nkBT> e 2mkgT
_ 4 cpp _ 2 aq? cupq
where KADO (17) = 2oVl (\/E + \/ﬁv)' kHSD (U) = Tl.'ng + 167‘[2&‘(2)/11/b§ + areopy’

, 2
aq
and Ve = &5 =7
¢ 167r2£5ub;]l

Here, p is the reduced mass of the molecule and the cluster, v their relative velocity,
b the impact parameter, r the distance between the center of the cluster and the center

of the molecule, g the cluster charge, and ¢j the vacuum permittivity. The neutral



molecule is described by its polarizability «, its dipole moment up and the dipole

locking constant c.

Gas phase acidity of a molecule AH, AacidG (AH), is the Gibbs free energy change of

the reaction [3]

AH - A~ +H*

The basis of this technique is selective ionization of acidic species through the
transfer of a proton to the conjugate anion of a weaker acid and the subsequent

detection of A- via mass spectrometry;

AH + B ~ reagent » BH + A~

The ionization scheme requires that the analyte be a stronger gas phase acid than the

acidic form of the reagent ion.
Acidity determinations are based on equilibrium constants for ion/molecule reactions:
A+B&> C+D
since the equilibrium constant,
Keq=I[C- I[D]/ [A- ][B] (1.0.3)
directly gives a value for the gibbs free energy change associated with the reaction

RTInKeg=AG=AH-T AS. (1.0.4)

The prime concern of this work is the investigation of effect of water clustering in
the negative ion proton transfer reactions on their rate constant and Gibbs free energy.
Such reaction types are the one that used in negative ion proton transfer reaction mass
spectrometer (NI-PTR MS) for the ionization mechanism of the molecule under
analysis, the analyte. Hydronium ion HsO* is the common reagent ion used in proton
transfer reaction mass spectrometer PTR MS. The reaction associated to such instrument

is given by

H30++R - RH+ +H20



where R is the molecule under analysis [4].

Here we propose acetate ion CHsCOO- as new reagent ion as it is very selective, not
depleted by other trace gases, and because of its higher proton affinity PA than volatile
organic molecules [5]. The corresponding reaction represents the ionization method in
the case of NI-PTR MS is as follow

CH3;C00™ +R >R + CH3;CO0H

Negative Ion Proton Transfer Mass Spectrometry (NI-PTRMS)) is among the
recently developed instrumental technique in both kinetic and thermodynamic
measurement of the gas-phase acidic gases. One of the more useful applications of
PTRMS-NI will be the measurement of carboxylic acids in the gas or particle phase. The
research proposed here is generally the study of the effect of water [(H,0),] clustering
in Negative Ion Proton Transfer reaction Mass Spectrometer (NI-PTRMS) in Time-of-
Flight system for the measurement of Trace Gases in Troposphere. The research focuses
on the study of the clustering effect on the important kinetic and thermodynamic

variables of gas phase carboxylic acids [5].

This work has broad impacts in two areas: Air quality and Climate. The carboxylic
acids to be studied in this work are connected to these areas, the carbon cycle, because
carboxylic acids are key players in organic aerosol chemistry. Climate systems are
highly varying, changing in hours, days or years. Many physical, chemical and
biological interactions occur among the various components of the climate system on a
wide range of space and time scales, making the system extremely complex. Although
the components of the climate system are very different in their composition, they are
interrelated by physical and chemical properties and by their structure and behavior.
Understanding the chemistry of volatile organic compounds (VOCs) will contribute to

the understanding of a major social problem: Climate change.

VOCs (Volatile organic compounds) in the atmosphere are emitted in large
quantities from variety of different natural and anthropogenic sources. VOCs are key
participants in the formation of ozone and aerosols and they play a significant role in
determining regional air quality, chemistry of the global troposphere and global carbon

cycle.



Carboxylic acids, RC(O)OH, play a central role in the VOC chemistry of the
troposphere. They are key intermediate species in the photooxidation of organic
compounds and undergo interesting and important chemistry in both the gas and
particle phases. Sources of small carboxylic acids include plant and soil biogenic
sources, gas phase chemistry involving; Os-alkene chemistry, RC(O)OO + HO:
chemistry, RC(O)OO + aqueous droplets, and particle phase oxidation of organic
compounds involving OH and Os [6].

We interested in this work because, the computed results of this work will be
helpful to the complementary task done by experimentalists who use acetate ion as a
reagent ion in NI-PTR MS for the determination of PH , pKa and other variables
associated to the atmospherically important molecules in the troposphere. Beyond this
it provides useful information about clustering effect of water on reaction rate constants

and change in Gibbs free energy in laboratory and field application of such instruments.

The rest of the chapters are organized in such a way that; chapter two informs the
objective this work, chapter three build up the body talking about NI-PTR MS, ion-
neutral reaction kinetics and gas phase ion thermochemistry to endow with general
information. Chapter four discusses the methodology used. Important review literature
and results and discussion are made under chapter five. Finally conclusions are

presented in chapter six.



Chapter two
Objective
2.1. General objective

The general objective of the research is to study the effect of [(H,0),] clustering
using computer simulation in Negative Ion Proton Transfer reactions. We apply hard
sphere average dipole orientation theory (HSA) and average dipole orientation theory
(ADO) for our study of the effect. The measurements include effect of the clustering on
reaction rate constant and the change in Gibbs free energy of the reaction.

2.2. Specific objectives

1) The research includes a number of specific objectives needed to be attained at the
end. The effect of the clustering on the rate constant will be computed using both
theories for proton transfer reaction (PTR) of the kind

A+ BH - AH + B~
where A~ = CH3C(0)0™ and B=R—-C(C(0)0, R=H,C,Hyp,41,n=1,2,3.......
or this can be rewritten as
CH3C(0)0” +R—C(0O)OH - R—C(0)0™ + CH3C(0)OH
The corresponding reaction to study the effect then becomes
CH;C(0)0™.(H;0), + R—C(0)OH - R —C(0)0™ + CH3C(0)OH + nH,0

2) Molecular size and structural configuration are tasted for their effect on proton

transfer reaction rate constants. In this test we choose eight alkyl chlorides which

have similar dipole moments but different molecular size and structural configuration.

3) The gas phase acidities of species of interest will be computed by determining
relative ion densities at the exit of the flow tube, as a function of the neutral
concentration. The reaction of an acidic compound with the conjugate anion of
another acid sets up equilibrium of the following reaction type

HA +B- < HB + A-



The associated equilibrium constant, Keq = [A-][HB]/[B-][HA], can then be related to
the AG for the reaction;

AG = -RTInKeq. (2.0.1)

The gas phase acidity of a species, HA, is defined as AG for the process
HA- H+ A-

Using this fact we have selected fifteen environmentally potential molecules in such
a way that molecules of wide range of dipole moments and polarizability constants are
considered to study the effect on the rate constant and hence the change in Gibbs free
energy. The relative gas phase acidities determined in the proposed computation can be
put on an absolute scale using well established literature values for one or more acids,

e.g. acetic acid.



Chapter three

Theoretical backgrounds

3.1 Proton transfer reaction mass spectrometer

Mass spectrometry (MS) is an analytical technique for the determination of the
elemental composition of a sample molecule. It is also used for elucidating the chemical
structures of molecules, such as peptides and other chemical compounds. The MS
principle consists of ionizing chemical compounds to generate charged molecules or
molecule fragments and measurement of their mass-to-charge ratios. In a typical MS
procedure the following five steps [7]:

1) A sample is loaded onto the MS instrument

2) The components of the sample are ionized by one of a variety of methods which
results in the formation of charged particles

3) Directing the ions into an electric and/or magnetic field

4) computation of the mass-to-charge ratio of the particles based on the details of
motion of the ions as they transit through electromagnetic fields

5) Detection of the ions, which in step 4 were sorted according to m/z.

MS instruments consist of three modules, Fig 3.1: an ion source, which can convert
gas phase sample molecules into ions (or, in the case of electrospray ionization, move
ions that exist in solution into the gas phase); a mass analyzer, which sorts the ions by
their masses by applying electromagnetic fields; and a detector, which measures the
value of an indicator quantity and thus provides data for calculating the abundances of
each ion present. The technique has both qualitative and quantitative uses. These
include identifying unknown compounds, determining the isotopic composition of
elements in a molecule, and determining the structure of a compound by observing its
fragmentation. Other uses include quantifying the amount of a compound in a sample
or studying the fundamentals of gas phase ion chemistry (the chemistry of ions and
neutrals in a vacuum). MS is now in very common use in analytical laboratories that
study physical, chemical, or biological properties of a great variety of compounds.


http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Peptide
http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Mass-to-charge_ratio
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http://en.wikipedia.org/wiki/Electromagnetism
http://en.wikipedia.org/wiki/Ion_source
http://en.wikipedia.org/wiki/Qualitative
http://en.wikipedia.org/wiki/Quantitative_analysis_%28chemistry%29
http://en.wikipedia.org/wiki/Isotope
http://en.wikipedia.org/wiki/Structure
http://en.wikipedia.org/wiki/Gas_phase_ion_chemistry

- >
Source Analyzer Detector

Data Analysis

Figure 3.1: The main steps in mass spectrometer and the three modules.

Over the last decade the PTR-MS technique has been used extensively in
environmental sciences as a fast VOC sensor. PTR-MS uses proton transfer reactions to
chemically ionize volatile organic compounds (VOCs) present in gaseous media e.g. in
air. With this technique, a variety of organic species in complex matrices can be
monitored on-line with detection limits as low as a few pptv. The photo-oxidation of
VOC leads to ozone and aerosol formation, which are both major air pollutants. They
have adverse effects on health, and are significant factors for the Earth climate [8, 9].

The fundamental difference between a conventional MS and PTR-MS is the “soft
ionization” method used to ionize the organic molecules. PTR-MS uses chemical
ionization, in which the VOC molecules react with charged ions, in this case
hydroxonium ions (HsO*) produced in an external ion source. HsO* primary ions enter
the drift tube (DT), which is flushed continuously with ambient air, and undergo non-
reactive collisions with any of the common components in air (N2, Oz, Ar, CO, ..). HsO*
ions transfer their proton exclusively to VOC molecules that have proton affinities
higher than that of water, making the reaction:

HsO*+ VOC - VOCH* + H0 (3.1.1)
and forming VOCH+ ions with a collision efficiency of unity.

The density of product ions [VOCH"] in the DT follow pseudo first-order kinetics as
expressed in the following equation, where t is the average reaction time the ions spend
in the DT, and k is the reaction rate constant.

[VOCH"] = [H:Oo(1 - e*/VoCt) ~ [Hs0*]o [VOC] k t (3.1.2)



Primary and product ions are then detected by the MS in the usual way. The
great advantage of this method, however, is that fragmentation of the product ions is
very much reduced so the mass spectra produced are much easier to interpret and are
more straightforward to quantify.

Acetic
Anhydride

(C4HgO; )N,
lon
a
Scurce Octopole Quadrupole
2opo N cDC ) )
‘ ‘ ‘ ‘ lon Guide Mass Filter
Air S— AEI ’ .
Flow Tube ‘ ‘ ‘ ‘ T ::‘ I
‘ Channeltron
Heated Inlet Detector
250 Lis 250 Lis
Mechanical Drag Turbo Turbo
Pump Pump Pump Pump

l [

Mechanical

Pump

Figure 3.2: A rough sketch of NI-PTRM mass spectrometry.

The typical apparatus consists of three parts, figure: The ion source where ions are
produced by a hollow cathode discharge using water vapor as the molecular source of
ions; the drift tube where proton transfer reactions to the trace constituents in the air
occur; and finally the ion detector which provides sensitive detection characteristic of
the molecules of interest of mass selected ions .

3.2 Ion-neutral reaction Kinetics

Chemical kinetics, also known as reaction kinetics, is the study of rates of chemical
processes. Chemical kinetics includes investigations of how different experimental
conditions can influence the speed of a chemical reaction and yield information about
the reaction's mechanism and transition states, as well as the construction of
mathematical models that can describe the characteristics of a chemical reaction. In
1864, Peter Waage and Cato Guldberg pioneered the development of chemical kinetics
by formulating the law of mass action, which states that the speed of a chemical
reaction is proportional to the quantity of the reacting substances [10].


http://en.wikipedia.org/wiki/Reaction_rate
http://en.wikipedia.org/wiki/Reaction_mechanism
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3.2.1 Pseudo first order reaction

There are circumstances where a second order reaction might appear, in an
experiment, to be first order. That is when one of the reactants in the rate equation is
present in great excess over the other in the reaction mixture. Measuring a second order
reaction rate with reactants A and B can be problematic: the concentrations of the two
reactants must be followed simultaneously, which is more difficult; or measure one of
them and calculate the other as a difference, which is less precise. A common solution

for that problem is the pseudo first order approximation [11].

If either [A] or [B] remain constant as the reaction proceeds, then the reaction can be
considered pseudo first order because in fact it only depends on the concentration of
one reactant. If for example [B] remains constant then

r

I
R‘
=
=
Il
==
=

(3.2.1)

where k' = k[B]o (k' with units s) and an expression is obtained identical to the first
order expression above.

One way to obtain a pseudo first order reaction is to use a large excess of one of the
reactants ([B] >> [A] would work for the previous example) so that, as the reaction
progresses only a small amount of the reactant is consumed and its concentration can be

considered to stay constant. . For a generic reaction:

A +B — P +etc (P = product)
If [A]o > > [B]o, then, when the reaction has run to completion, (at time = infinity),
[Alint=[A]lo -2 [Blo = [A], (3.2.2)

So [A] is approximately constant throughout the entire reaction and then the rate law
becomes,

22 = —k[A][B] = —k'[B] (3.2.3)

Form which is effectively a first order rate equation can be obtained as follow. This
rate equation has the solution

[A] = [A]pe *[Blot (3.2.4)



Note that for very small x

and then
e~klAlot ~ 1 — k[B],t
Combining this with equation (3.2.4)
[A] = [A]o(1 = k[B]ot ) (3.2.5)

For every concentration of produce P the concentration of consumed A is given by
[A] = [Ao — [P] (3.2.6)

Combining equation (3.2.5) and (3.2.6), the concentration of P formed after a time t is
given by

[P] = [Alo[Blokt (3.2.7)

Pseudo first order reactions are sometimes used to find the rate constant of a second
order reaction when one of the two components is very expensive and the other one is
relatively cheap. You can use an excess of the inexpensive reagent and use a small

amount of the expensive one.

3.2.2 Reaction rate constant/reaction rate coefficient
A couple of theories have been developed during the last century, Collision theory

and Transitional state theory, for the calculation of reaction rate of various chemical
reactions. According to collision theory a reaction take place if and only if the reactant
molecules collide, the collision occurs with minimum energy, and the collision has the
correct aim. This theory is based on the idea that reactant particles must collide for a
reaction to occur, but only a certain fraction of the total collisions have the energy to
connect effectively and cause the reactants to transform into products. This is because
only a portion of the molecules have enough energy and the right orientation at the
moment of impact to break any existing bonds and form new ones. The minimal
amount of energy needed for this to occur is known as activation energy. Particles from
different elements react with each other by releasing activation energy as they hit each
other. If the elements react with each other, the collision is called successful, but if the

concentration of at least one of the elements is too low, there will be fewer particles for

11



the other elements to react with and the reaction will happen much more slowly. As
temperature increases, the average kinetic energy and speed of the molecules increases
but this only slightly increases the number of collisions. The rate of the reaction
increases with temperature increase because a higher fraction of the collisions overcome
the activation energy[12]. The formula that concludes the collision theory and, of
course, leads to the Arrhenius equation comes from three factors; the collision
frequency factor that calculates the number of collisions in unit volume per unit time,
the steric factor that comes from orientation and the activation energy factor that

corresponds to fractions of collisions with sufficient energy and is given by:
Eq
K =pZexp (— E) (3.2.8)

where k is rate constant, p is steric factor (constant), Z is collision frequency (cm?3s™),
E. is activation energy (J), R is universal gas constant (R= 8.3145] °K-'mol!), and T is

temperature (°k). The Arrhenius equation gives the dependence of the rate constant k of

chemical reactions on the temperature T and activation energy Ea as shown below:

k=4Ae /rr (3.2.9)

where A is the pre-exponential factor or simply the pre-factor, and R is the gas constant. The

gas constant R is related to the Maxwell-Boltzmann constant Ks with the equation:
R=KsNa (3.2.10)
where Na is given is the Avogadro number (N4=6.022x10%mol?).

Before the development of Transitional state theory (TST), the Arrhenius rate law was
widely used to determine energies for the reaction barrier. The Arrhenius equation arises
from empirical observation and ignores any mechanistic considerations, such as whether
one or more reactive intermediates are involved in the overall conversion of a reactant to
a product [13].

Transition state theory (TST) is a theory that explains the reaction rates of elementary
chemical reactions and the theory assumes a special type of chemical equilibrium (quasi-
equilibrium) between reactants and activated transition state complexes[14]. According
to the theory; rate of reactions are calculated by kinetic theory by considering activated
complexes which lie at the saddle point of a potential energy surface, the details process

of formation of the complexes are not important, and the activated complexes are

12



assumed to in quasi equilibrium with the reactant molecules. Figure 3.4 below shows the
transition sate complexes during the progress of reaction coordinate of the reaction
between HO-and CHsBr. Both the theories have provided researchers with a conceptual
foundation for understanding how chemical reactions take place. Even though the

theories are widely accepted, they do have their own limitations [12,13,14].

Transition State

Gibbs Free Energy

Heactants

Products

Reaction Coordinate

Reaction: HO- + CH.EBr = [HO—CHy-—Br]* =» CH,OH + Br
Figure 3.3: Reaction coordinates for the reaction between HO-and CH:Br.

TST has been success full in calculating the standard enthalpy of activation (AtH), the
standard entropy of activation (A*S), and the standard Gibbs energy of activation (AfG)
for a particular reaction if its rate constant has been experimentally determined. In
analogy to Collision theory, the transitional state theory is concluded by Eyring equation
given by:

kpT ZAG*
k = %e RT (3.2.11)

where AGt is the Gibbs energy of activation, ks is Boltzmann's constant, and (h=6.626x10-*Js) is

Planck's constant.

Because of the long range potential interaction between the reactant partners, ion-
neutral molecule reaction is quite different from the case when the two reactant partners
are both neutral. Because of this long range potential the collision cross section became
greater than the sum of the radii of the ion and the molecule. The rate constant for ion
and neutral molecule, therefore, in general, are considerably larger than those for

neutral/neutral molecules. Ion-neutral molecule reactions have been an area of interest

13



both theoretically and experimentally since the time when Langevin’s ion-induced dipole

theory of ion-nonpolar molecule collision was developed in 1905 [3,13,25].

3.2.3. Neutral-neutral reaction rate constant

The reactions of ions with neutral molecules play a significant and often dominant
role in the chemical and physical evolution of many gaseous plasma environments.
Examples include the interstellar medium, planetary ionospheres, and industrial plasmas.
Recently, and owing to the efficiency of ion-neutral reactions, ions are being used as
extremely sensitive probes to the environment, allowing trace gases to be detected in
extremely minute quantities. This opens up all kinds of possibilities is analytical science.
The importance of these reactions is a result of the greater reactivity of ions compared to
neutral species. To exploit their full potential, a full understanding of the processes

involved is needed to be investigated [16].

A simplified approach for describing chemical reactions is the hard-sphere collision
model, which considers a chemical reaction as a collision of rigid spheres and does not
take into account any other intrinsic information about the reactants. In this case, the

reaction cross section, o (cm3) is given by

o = mb? (3.2.12)

where b =r1,+ 1y is the sum of the radii of the molecules A and B. This model assumes
that the probability of a chemical reaction to occur between molecule A and B is 1
(Pag = 1) when the distance between the molecules is 7,5 = b and the probability for a
reaction is 0 (Pag=0) when r,;, >b. The reaction rate, k (T) for the hard sphere collision
model is defined as

K(T) = [, uof () du (3.2.13)

where u represents the relative velocity (m/s) of the molecules A and B (u =
luy — upl) and f(u) is the Maxwell-Boltzmann velocity distribution given by

)3/2 _pu?

fQu) = 4m? ( e 2KsT (3.2.14)

ZHKBT

Introducing (3.2.12) and (3.2.14), into (3.2.13) becomes
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8nKpT
K,(T) = b* /TB (3.2.15)

where Ks denotes the Boltzmann constant (Ks =1.38x10%J/%k), T represents the
temperature (°’K) and u represents the reduced mass (kg) of the molecules A and B
given by
mpgmpg

p = 2aAms (3.2.16)

my+my
where ma and ms are denoting the mass of the molecule A and B respectively

3.2.4 Ion/neutral molecule reaction, theoretical models
Langevin’s theory

The first theory of ion-molecule reactions was proposed by P. Langevin in 1905. The
Langevin theory describes the interaction between an ion and a non-polar molecule[15].
According to this, the effective interaction potential V is given by the following
expression

2 LZ
V(r) = —% e (3.2.17)

where a (Cm/V)represents the polarizability of the neutral molecule, Q is the net

charge on the ion, r represents the relative distance between the ion and the molecule
and L represents the classical angular momentum. The angular momentum has the
form

L= pub (3.2.18)

With u as the relative velocity of the two particles and b (Fig 3.5.1) as the impact
parameter

Figure 3.4: Ion-neutral molecule trajectory.
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The second term in expression in equation (3.2.20) describes the repulsion between
the two particles and is referred to as the centrifugal term. The relation 3.2.18 can be
written in terms of the kinetic energy

E =uu?/2 (3.2.19)

and in thlS case, the effective potential becomeS:
% = — —an + E by? 3.2.20
(T) ord ; ( Sl )

The Langevin potential has a maximum value along the reaction coordinate. It
represents the centrifugal barrier that has to be overcome for the chemical reaction to
take place, which is given by:

E2p4
max — 2202

(3.2.21)

The critical impact parameter corresponding to Vi for which a chemical reaction
takes place is then:

b, = (2‘39—‘92)1/4 (3.2.22)

For impact parameter values b = b., the reaction probability is P = 1 while for b>b,
the reaction does not occur and P = 0. Similar to the hard-sphere collision model, the
reaction cross section or the Langevin cross section is defined as:

o/
o, = nb? = (X&) (3.2.23)

The rate constant for the Langevin model can be calculated as:
K, (T) = [, uo, f () du (3.2.24)

If one takes into account that the molecules have a Maxwell-Boltzmann distribution
of velocities and equation (3.2.23) is introduced into equation (3.2.24), the expression for
the Langevin rate constant is obtained to be

16



K, = /‘*’T;—QZ (3.2.25)

Locked Dipole theory

According to locked dipole theory the neutral molecule will have permanent dipole
up shown as in Fig 3.5 below. It assumes that the ion is point charge and the molecule is

point dipole [17].

, @
@ &

— dipole
G "0~ moment
Figure 3.5: The point charge and the point dipole interaction orientation.

The effective potential in this case has an additional term arise from the interaction

between the ion and permanent dipole and is given by

L>  aQ* Qu
Veff = 2'117———r—2DC0595 (3226)

2r4

The dipole always locked, 0 = 0% and cosO = 1. The resultant rate constant for the

locked dipole Kb is then calculated to be:

8 )1/2

K, =K, + Qup (E (3.2.27)

Average dipole orientation theory (ADO).

The theory assumes that dipole rotation does not couple to the system rotation. The
average value of orientation angle 6 can be calculated as function of r [3]. The effective
potential in this case is then given by:
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LZ QZ Q -
Ver =57 = —7 — 5-cos0(r) (3.2.28)

2r4

The average value of O is obtained from the relation:

5 f@p (6)do
0=l (3.2.29)

where p (0) is the probability that the dipole is at an orientation of an angle 0, the

corresponding cross sectional area is then given by:

2 -
Oapo (W) = mr? + -2 =+ 27Tfﬁcos 0(r,) (3.2.30)

ruu

1, is ion-dipole separation at which the potential attains its maximum value. The

resultant reaction rate constant for this theory is then obtained by integration of

Kipo = Juoapo f(w)du (3.2.31)

This gives the following result, where C is dipole locking constant. Dipole locking
constant refers to the extent to which a dipole orients itself with the incoming charge

and may the value between zero no alignments and one locking in.

Kipo = (Z’f—Z) [al/Z + Cup ( - )1/Zl (3.2.32)

T[KBT

Hard Sphere Average dipole orientation (HSA) Theory

Fig 3.6 illustrates three different types of collisions between a neutral molecule and
an idealized spherical cluster. If the cluster is neutral, Fig 3.6a, the molecule collides if

the impact parameter is smaller than bg, which defines the hard-sphere cross section:

If the radius of a charged cluster is smaller than the ADO capture radius, Fig 3.6b,
the collision cross section can be described by ADO theory. If the radius of a charged
cluster, however, is larger than the ADO capture radius, Fig 3.6¢c, a neutral molecule
may be deflected sufficiently to collide with the cluster, without being captured. We
call this a hard-sphere deflection (HSD) collision. In this case, the maximum impact
parameter is larger than the geometric impact parameter from Figure 3.5.4a, bs > bs. The

capture radius is velocity dependent; therefore there is a contribution of ADO capture
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and HSD collisions for any cluster of finite size. The contribution of ADO capture,
however, will be larger for lower temperatures and smaller clusters. In order to
calculate the total collision rate, we have to calculate the impact parameter ba(v) and the
critical velocity v. at which the cross section calculation changes from ADO theory to
the HSD cross section. As outlined in detail before by Su and Bowers [3], the
interaction of the neutral molecule and the charged cluster is described with an
effective potential Vey(r), which accounts for the conservation of angular momentum in

the system:

2

2
Vo (r) = 120° 24 cakp (3.2.33)

2r2 32eorim?  4mepr?

Here, u is the reduced mass of the molecule and the cluster, v their relative velocity,
b the impact parameter, r the distance between the center of the cluster and the center
of the molecule, g the cluster charge, and ¢j the vacuum permittivity. The neutral
molecule is described by its polarizability «, its dipole moment up and the dipole
locking constant ¢ introduced by Su and Bowers [3]. According to Langevin [15], the
capture radius rc is given by the two conditions dVe#/dr = 0 and Er = Ve, with the total

kinetic energy E: in the system:

1

E. = ;ubz (3.2.34)
Wepr(r) _ o pv®h aq? cupq
o 0= re 8n2efrd = 2megrd (3.2.35)
_ o _ uv’h? ag? cupg _ 1
Veff () =E, = 2r2 - 32m2edrd - dmegr? Piand (3.2.36)

Equations (3.2.25) and (3.2.26) yield the capture radius r«

4 ’ aq?
= W (3237)

The critical velocity v.for the transition from the ADO to the HSD collision regime

_ ag?
v, = /1671255# 7 (3.2.38)

For v < v, the collision rate is calculated with ADO theory

is reached if 7. = by:
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__4a cup
Kapo (v) = == (v + W) (3.2.39)

In the HSD collision regime, v > v, we have to calculate bs for which the minimum
distance between the molecule and the cluster on the trajectory amounts to b;, which
allows a hard-sphere collision. In an attractive potential, the relation between bs and by
is given as:

_bi_ V)

1 =
b2 E,

(3.2.40)

We use again V(r) as derived in ADO theory [4, 20] to calculate bs as a function of v
and bg from (3.2.38), (3.2.39) and (3.2.40):

V(r) = s 3.2.41

r)= 32m2edr? ( ’ )
— |2 aq? cupq

by(v) = Jbg b + o (32.42)

This translates into the hard-sphere deflection cross-section ousp(v) and rate

constant kusp(v):

ag? cupq
16ns%yv2b§ 2equv?

Oysp (v) = T[b; +

ag? Chpq
16n2£%uvb§ 2weguv

kusp(v) = oysp(W)v = ﬂVb; +

Equation (3.2.42) shows that the geometric cross-section mbj is enlarged by the
deflection of the particle towards the charged cluster. The total collision rate kmusa is
obtained by convoluting the ADO and HSD rate constants with the Maxwell
distribution f (v):

kusa = J," kapo ) fW)dv + [ kusp (W) f (v)dv (3.2.43)

2

o\ v
B

The principal difficulty in the usage of these models is a reasonable estimate for by,
i.e., the size of the cluster and the neutral collision partner. Ideally, this estimate is
generally applicable. We assume that the spherical cluster of composition of the form

A.Xn has the same density of mixture of the bulk materials as given below:
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Pmixtue = Z?;—; (3.2.44)

where mi is mass of the i component and Vithe corresponding volume occupied by

the masses. The radius of the cluster r. cluster can then be calculated from its monomer

3 ,B(mA+nmX)
Te = 4T P mixture (3245)

where ma is mass of the component A and mx mass of the X component.

total mass as

The radius of the neutral molecule r» molecule can be derived from the viscosity of

T = %4/% (3.2.46)

(3.2.47)

the gas

This yields the desired value bg

—_— mm mm o mm mm omm mw mm mm E= ES E e

() .

Figure 3.6: (curtsey of G. Kummerléwe and M. Beyer, Int. J. of Mass Spec, 244 (1) p84 - 90, 2005)
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Fig 3.6: Three types of collisions of a neutral molecule with a spherical cluster: (a)
the cluster is also neutral. The trajectory of the molecule is linear; a collision occurs if the
impact parameter b is smaller than bs. (b) the cluster is charged and smaller than the
sphere defined by the classical capture radius from ADO theory. bc is the maximum
impact parameter for which the molecule is captured. A collision occurs if b < b.. (c) The
cluster is charged and larger than the sphere described by the capture radius. If b > b,
the molecule is not captured, but still deflected by the attractive interaction. A collision
occurs if the closest approach occurs at a distance smaller than bg. The maximum impact
parameter ba corresponds to the trajectory where the closest approach equals bs.

3.3 Gas phase ion thermochemistry

In thermodynamics and physical chemistry, thermochemistry is the study of the
energy evolved or absorbed in chemical reactions and any physical transformations,
such as melting and boiling. Thermochemistry, generally, is concerned with the energy
exchange accompanying transformations, such as mixing, phase transitions, chemical
reactions, and including calculations of such quantities as the heat capacity, heat of

combustion, heat of formation, enthalpy, and free energy [13].

Gibbs free energy

A spontaneous process is the time-evolution of a system in which it releases free
energy, often as heat, and moves to a lower, more thermodynamically stable, energy
state. The sign convention of changes in free energy follows the general convention for
thermodynamic measurements, in which a release of free energy from the system
corresponds to a negative change in free energy, but a positive change for the
surroundings [19].

A spontaneous process is capable of proceeding in a given direction, as written or
described, without needing to be driven by an outside source of energy. The term is
used to refer to macro processes in which entropy increases; such as a smell diffusing in
a room, ice melting in lukewarm water, salt dissolving in water, and iron rusting

The standard Gibbs free energy of a compound is the change of Gibbs free energy
that accompanies the formation of 1 mole of that substance from its component
elements, at their standard states (the most stable form of the element at 25 degrees
Celsius and 100 kilopascals). Its symbol is AG.

All elements in their standard states (oxygen gas, graphite, etc.) have 0 standard
Gibbs free energy change of formation, as there is no change involved.
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A:G = A:G" + RT In Qr; Qr is the reaction quotient.

At equilibrium, A:G =0 and Qr = K so the equation becomes A:G* =-RT In K; K is the
equilibrium constant.

Gas phase acidity

Gas phase acidity of a molecule AH, AacidG (AH), is the Gibbs free energy change of

the reaction:

AH — A-+H*t

The enthalpy change of this reaction, AacidH is the proton affinity of the anion. The

Gibbs free energy change of the reaction:
AH+B~ —>BH+ A~
is called the relative acidity of species AH and BH [2].

The basis of this technique is selective ionization of acidic species through the
transfer of a proton to the conjugate anion of a weaker acid and the subsequent

detection of A- via mass spectrometry;
AH + B _reager\t — > BH + A_

The ionization scheme requires that the analyte be a stronger gas phase acid than the

acidic form of the reagent ion.

Acidity determinations are based on equilibrium constants for ion/molecule reactions:
A=+B —>C+D
since the equilibrium constant:
Keq=[C-1[D]/[A"] [B] (3.3.28)
directly gives a value for the gibbs free energy change associated with the reaction

RTIn(Keq) = AG = AH - T AS (3.3.29)
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To determine enthalpy change of these reactions, values for the entropy changes of
reaction must be obtained through measurements of the equilibrium constant as a
function of temperature (Van't Hoff plot) or through statistical mechanical estimations.
In most studies published, change in entropy is usually small since measurements were
made at single temperatures. Since we are determining the ratio of the two ion species
in the presence of the neutral, we can determine the equilibrium constant and therefore
AG directly [19]. Now, in the next chapter, we discuss on important related literatures

and results obtained.

Hopping that you have grasped much detail information about theoretical
background of this work, the next chapter is continued to provide the method used.

24



Chapter four

Methodology

The methodology of the study, in general is, the use of theoretical models as an
exploration tool for the achievements of the stated objectives. We applied the hard
sphere average dipole orientation HSA and the Average dipole orientation ADO
models. In the use of these models we have done a computational work which include
task of developing program. The program was made in such a way that it can compute
NI-PTRs rate constants and the change in Gibbs free energy associated to the reaction.
In the computation of this thermodynamic quantity we use pseudo first approximation
as the application NI-PTR MS follows it. The program skeleton is follow, Fig 2.3.2,
showing the sequence of tasks done by the program as it executed. Simpson 3/8 was
used as numerical integration of the integrand function.

The expression for the Kusa does not go directly into the program code. The upper
limit of integration for the second term is not an appropriate number, the ambiguity
that comes because of the upper limit, the infinity. There for a rearrangement was
made to the expression to remove this problem. Accordingly the corresponding
expression as equation 4.0.1 was obtained (see Appendix A).

The program’s code was in ForTran95 (see Appendix B) as the software with its full
package and relatively good capacity cluster of 4TB installed at statistical and
computational physics lab in physics department, on which we run the program. The
processing speed of the cluster is 3GHz with 16 quad cores of 6MB cash megabit per
quad core. The input data were the constants with which the reagent ion and the
neutral molecule are determined. The reagent ion is determined by its charge,
molecular mass, and density. The neutral molecule is determined by its dipole moment,
polarizability, dipole locking constant, molecular mass, and density. Dipole locking
constant was taken to be one in all cases because literature values, corresponding to
each molecule, couldn’t be obtained. The value one is chosen expecting that the
computed results should be greater relative to the literature.
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| Beginning of the program ‘

!

| Declaration of variables |

!

Input data

!

Loop for iteration of cluster size.

v

Loop for integration of the integrand in the
expression for Kysa

h 4

Declaration of the

integrand function

!

‘ QOutput result |

+

End of the Program

Figure 4.1: the program skeleton

Kysa = ky fnl In(1/,) dv + k(1 — ) + k3(n — nlogn) + n(k, + ks) (4.0.1)

_wvl

2/
q |a cupq 1 2 @ 3
where n =e 2kpT ki =— [— k, = k =4T[b( )

! 1 g0 \| TU 4 2 £0 2nukgT ’ 3 9 \2nkgT ’

3
5/ (1) /2 ag? 1 cupq 1
= 2= —_— [— =
ky = (0.5) T sgbg ukgT 7 and ks g0 2urkgT

The following relations were used for SI unit conversion.

1. Tamu=1.667x10*Kg, amu-Atomic Mass Unit

2. 1D (Debye) =3.33564x10*C.m

3. a(Cm?2 V1)=(4meo/10%)a(A%), A’(angstrom)=10""m

Finally, data obtained from the computational work will be tabulated using
xmgrace. A number of data analyses are then made with respect to the graphs. The

effect of the water clustering on the kinetic and thermodynamic variables can then be
interpreted in numbers of ways.
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Chapter five

Results and discussion

5.1. Review of related works

5.1.1. Ion-polar molecule collision: The effect of molecular size on ion-polar molecule reaction
rate constant

According to Bowers et al, average dipole orientation ADO theory is in good
agreement with experiment for the calculation of ion neutral reaction rate constant. All
the Langevin, zero dipole, and locked dipole are in marked disagreement. The
experiment/ADO ratios are near unity suggesting that every collision leads to reaction.
Important point of observation of this work is that this ratio approximately constant
despite of the change in physical size and structure of the molecules. ADO is used as
diagnostic tool to investigate the importance of molecular size and structure on the
magnitude of reaction rate constant. They calculated the proton transfer rate from CHs*

to a number of alkyl chlorides for the reaction [20]
CHs* + R-C1 — R-CIH* + CHa4
where R represents alkyl chlorides.

As to the results, table 5.1, it was indicated that the effect of molecular size on rate

constant is accounted for molecular polarizability.

5.1.2. Rate estimates for collisions of ionic clusters with neutral reactant molecules

In 2005, Beyer et al, developed a new theory, hard sphere average dipole orientation
HSA theory, for the calculation of reaction rate constant between ionic cluster and
neutral reactant molecules. According to them, in gas phase chemistry, the collision rate
between the ion and neutral reactant molecules forms the upper theoretical limit for the
reaction rate constant. This rate is frequently calculated with help of average dipole
orientation theory ADO [3, 4].
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Proton Transfer Rate Constants (¢ 10* cm?® molecule—!
sec—1) from CH:* to Alkyl Chlorides at 300°K

Experi- Lange- Locked Exptl/
ment ADO vin dipole ADO
CH,Cl 2.60 2.41 1.40 6.21 1.08
C;H:Cl 3.02 2.66 1.61 6.74 1.13
n-C;H.Cl i 2.78 1.80 6.83 1.12
CH.CHCH;
| 3.10 2.85 1.80 7.13 1.09
Cl
n-C HCl 3.20 2.86 1.93 6.90 1.12
CH,CH.CHCH,
| 3.14 285 193 6.8 1.10
Cl
(;Ha
|
CHz-—(ll——CHa 3.28 2.9 1.93 7.09 1.13
Cl
n-C:;H;;C! 3.29 3.03 2.08 7.26 1.09
(|',‘H=
CH,CHr—(‘:—-CHq 3.29 3.03 2.08 7.26 1.09

Table 5.1: Comparison of ADO to the Langevin, locked dipole and the experiment

The result of this work suggested that for polarizable molecules like water, the
newly developed HSA theory rate constant lie significantly closer to experimentally

measured rate constants than their ADO counter parts.

Eu_ﬂ‘.-...-,..--..,.-.-.-.-,...-.--,...-.-.-...-.-..-...-r.-
[ . ]
25.“5— .-. ‘.-i-l _t
:“ zu'u; .‘- I:..:l "] lll:_.——P'_'_'_P._._-:-
E [ « " . " ]
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= [ . " EEW 1
'I% '"J.ﬂ;' . . ]
L [T : I ]
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0.0 Demmoy oo oo e,

0 & 10 156 20 25 30 35 40
cluster size n

Figure 5.1: reaction rate constant for the reaction (H,0), + C0, - C0,(H,0),_, + mH,0

computed using HSA (dot-dashed), ADO (dotted) and the purely geometric Kg (dashed)
models.
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5.2. Comparison of our computational results with literature

In order to test our computational capacity and accuracy, before going to our
original work, we made a code and computed reaction rate constants for the reactions

for which literature values are available. We compared our results for the reaction

HsO"+ VOC = VOCH* + H.0
where VOC is volatile organic compound.

The comparison is made for ten molecules using ADO theory as in the table 5.2
below. According to this table our computational results were found to be exceeding
the literature value. This comes from the fact that we used the value of the dipole
locking constant to be one as there is no corresponding literature value to the molecules
[26]. Dipole locking constant refers to the extent to which the dipole orients itself with
the incoming charge and have the value between 0 (no alignment) and 1(locking in) [3].

ADO(10°cm3s™)

literature | This
Molecule formula | Polarizabilityc | Dipolec Molecular works

moment | mass?

Propyne CsHs 4.98 0.715 39.02 1.71 1.90
cyclobutane | CaHs 7.19 0.121 54.05 1.69 1.81
Hexane CeHua 11.29 0.017 86.11 2.00 2.18
Tolune C7Hs 12.90 0.343 92.06 2.12 2.21
Styrene CsHs 15.86 0.186 104.06 2.33 2.42
Formic acid | CH202 3.05 1.144 46.01 2.02 2.17
Gloxalic acid | CG:H4O2 5.25 1.276 72.02 2.00 2.18
Acetic acid CoH4O2 4.80 1.605 60.02 2.27 2.41
keten C2H20n 4.04 1.493 42.01 2.21 2.33
propanal CsH«O 6.13 2.748 57.05 3.44 3.57

Table 5.2: Comparison of our computational results to the available literature, (c) Taken from
Zhao et al, (2004), (d) taken from CRC hand book of Chemistry and Physics 85t edition

5.3. The effect of water clustering on the reaction rate constant of acetate ion
with acetic and formic acid

The effect of clustering of water, to the reagent acetate ion, on reaction rate constant
was studied for the following reactions, as function of cluster size. We computed the
rate constant for up hundred cluster size.
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CHs;COO(H:0) »+ CHs:COOH- CHsCOOH + CH3COO:- + n (H20)

CHs;COO(H:0) »+ HCOOH—- HCOO+ CHsCOOH +n (H:0)

The input data

molecule | Polarizability® | Dipole Moment® | Density” Molecular Weight® | Viscosity®
a (A%) ko (D) p(g/em®) | M (amu) n (mPas)

HCOOH 3.330 1.14 1.154 46.0 1.57

CH3COOH | 5.11 1.74 1.049 60.05 1.22

H,0 1.45 1.85 1.002 18.015 1.0

Table 5.3: The input data (a) Taken from Zhao et al, (2004), (b) taken from CRC hand book of

Chemistry and Physics 85" edition

The output results were tabulated using xmgrace and shown below: Fig 5.2 for
formic acid and Fig 3.3 for acetic acid.

Rate constant/10%cm®s™

6

T
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1 . 1 ) 1

T

purely geometric |
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|

20 40 60

Cluster size n

80 100

Figure 5.2: Rate constant as function of cluster size for acetic acid.

As it can easily be observed, the rate constant decrease sharply for Kusa for the first

10, cluster size and starts to blow up steadily. The decreasing feature is arise due to the

fact that the reduced mass increases faster on this cluster size range, Fig 5.4. This

reduces the collision cross-section area which is directly, in turn, reduces the rate

constant over the range.
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Figure 5.3: Rate constant as function of cluster size for formic acid.
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5.4. The study of the effect of molecular size and structure on the magnitude of
reaction rate constant

The study of molecular size and structure on the magnitude of proton transfer rate
constant of H* from R to CHsCOO- .Where R is the alkyl chlorides CHsCl, C2H3C],
n-CsH-Cl, i-CH-Cl, n-C:H-Cl, i-CsH-Cl, t-CsH-Cl, n-CsHuCl [6].

This group of molecules was chosen because they have similar dipole moments but

different molecular size and structural configuration. The reaction equation is given by
CHsCOO - +R — CHsCOOH + R

The investigation was made by using the HSA and ADO theories. The
polarizabilities, a, dipole moment, up, density, p, and the molecular weight M of these
alkyl chlorides are as listed in the table below [3, 25].

R(Alkyl chlorides) Polarizability? | Dipole Density® | Molecular

a (A%) Moment* | p(g/cm?) | Weight?
uo (D) M (amu)

CHsCl 4.56 1.87 0.911 50.49

Chlorometane

C2HsCl 6.40 2.05 0.910 64.498

Vinyl chloride

n-CsH7Cl 8.24 2.05 0.892 78.540

1-chloro propane

i-CsH7Cl 8.24 217 0.859 78.540

2-chloro propane

n-CsH-Cl 9.81 2.05 0.840 95.570

1-chloro butane

i-CsH7Cl 9.81 2.05 0.870 92.520

2-chloro butane

t-CaH-Cl 9.81 2.13 0.840 9.520

tetrabutyl chloride

n-CsHuCl 11.6 2.16 0.870 106.594

1-chloro pentene

Table 5.4: the polarizability a (in the cube of Angstrom), dipole moment up (in Debye), density
(in g/cm?® and molecular mass (in amu) of the alkali chlorides, (a) Taken from Bowers et al,
(1973), (b) taken from CRC hand book of Chemistry and Physics 85 edition.
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The structure of molecules is as shown below

Chloromethane Vinyl chloride 1-chloro propane 2-chloro propane

CHs-Cl CH3-CH,-Cl CHs-CH,- CH,-Cl CHs-CH,CI- CH3

1-chloro butane 2-chloro butane tetra butyl chloride  1-chloro pentene
CH;

CH3-CH,- CH,- CH,-Cl CH3-CH,- CH,CI- CH3ClI CH3——(1:—CH, CH3-CH,;- CH,- CH,- CH2-Cl
cl

Fig 5.5 below is to show the effect molecular size on rate constant which is accounted

for quantitatively by the molecular polarizability, since polarizability is a measure of
molecular size. As molecular size increases, from CHsCl, C:HsCl to n-CsH-Cl, from
i-CsH7Cl to n-CsH-Cl, and from t-CiH-Cl to n-CsHuCl, the rate constant increases.

Besides this, the table illustrates that the rate constant is not sensitive, in the case of the

isomers, to molecular geometry (molecular structure). For example for the isomers n-
CsH-Cl, i-CsH7Cl, and n-CsH~Cl, i-C:H-Cl, t- C4sH~Cl the rate remain stable.

I

1.8
R Y S
E "
mu ‘* "
E -i
T 1a- -
e
| .
H *
£ 12}
=
L= -
m - -
S A
o 1= i

r{
e
‘f
0zl
L 'l L

A_A ADO
&% HSA |
\ «
P [ T ST L
e
== il - = F e

CH:Cl CaHLCl 1-CoHC1 oGy =01 1-CaHoCl i-CuHoCl 1-CoHo €l n-Cally, O

Figure 5.5: Proton transfer rate constant from alkyl chlorides, listed along the horizontal axis, to
acetate ion computed by using HSA and ADO theory.
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5.5. Comparison of rate constant of some the environmentally important molecules with
bare and clustered/hydrated acetate ion

In this study scheme, we selected fifteen environmentally potential molecules. The
selection was made in such way that molecules of wide range of dipole moment and
polarizability are considered. The effect of water clustering to the reagent acetate ion on
the negative ion proton transferee reaction (NI-PTR) rate constant is studied using the
hard sphere average dipole orientation theory (HSA) and average dipole orientation

theory (ADO). The reaction equations for this study are as given below.
CHsCOO+ R — CH3COOH + R- (Bare)

CH:COO- . (H:0) + R — CH3COOH + R+ H:0 (Hydrated), where R is a

neutral molecule.

The polarizabilities, a, dipole moment, pp, density, p, and the molecular weight M of

these alkyl chlorides are as listed in the table below.

Molecule(R) Formula | Polarizability® | Dipole Moment® DensityOI Molecular Weightd
a (A%) to (D) p (g/cm®) | M (amu)
Acrydic acid C3H40, 5.25 1.276 1.051 72.062
Glyoxal C,H,0, 4.71 0.004 1.140 58.036
Acetic acid C,H40; 4.80 1.605 1.045 60.052
1,3-Dioxane C4Hg0O> 8.33 1.984 1.029 88.106
Hydrocloric acid | HCI 2.63 1.03 1.490 36.461
Furfural CsH40; 10.88 4.152 1.159 86.085
Nitrous acid HNO, 2.89 1.42 1.00 47.013
Benzoic acid C;Hg0O, 14.33 1.915 1.266 122.122
Acetyl acetone CsHgO, 10.36 1.485 0.957 100.117
Hydrogen iodide | HI 5.44 0.45 5.228 127.912
Nitric acid HNO; 2.91 2.17 1.513 63.012
Formic acid HCOOH 3.05 1.443 1.220 46.026
P-Benzoquinoe CeH407 13.58 0.002 1.318 108.095
Hydrogen Florid | HF 0.80 1.91 0.818 20.006
Amonia NH; 2.1 1.47 0.696 17.031

Table 5.5: the polarizability a (in the cube of Angstrom), dipole moment o (in Debye), density o
(in g/cm?®) and molecular mass (in amu) of the molecules, (c) Taken from Zhao et al, (2004), (d)
taken from CRC hand book of Chemistry and Physics 85" edition
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Fig 5.6 and Fig 5.7 show that, for all the selected molecules, the computed rates
constant are found to be small for the hydrated reagent acetate ion, in both cases of the
theories. The drop in the rate constant is larger for the molecules like, Acetyl acetone,
Hydrogen iodide, and nitric acid for which the dipole moments are relatively larger and
which are highly polarizable. Farther more the figures indicate that rate constants are

larger for such molecules.
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Figure 5.6: Clustering effect on the rate constant in the case of ADO theory.

5.6. Thermodynamic effect of water clustering in the negative ion proton transfer
reaction (NI-PTR)

As the study of water clustering effect on the thermodynamic variables, we
computed the Gibbs free energy change of the reaction of the fifteen molecules with

bare and hydrated reagent acetate ion, as in section 3.3. The AG of the reaction [8]

CHsCOO + R — CHsCOOH + R (Bare), is given by
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AG = —RTInK,, (5.6.1)

where R(8.3145]/Kmol) is the universal gas constant and T is the temperature at

which the reaction takes place.

And from equation (1.0.4) the equilibrium constant of this reaction be comes

__[CH3COO0H][R™]
€4 = [CH3C00-][R] (5.6.2)
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Figure 5.7: Clustering effect on the rate constant in the case of HSA theory.
Form equation (3.2.7) the concentration of the R- produced after time t is given by
[R™] = [CH3COO~][R]kt (5.6.3)
where k is rate constant.

Combining equation (5.6.2) and (5.6.3), the equilibrium constant of the reaction
becomes
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K,, = [R™]kt (5.6.4)

Here [R7] is experimental value obtained from mass spectrometer (MS) of the NI-
PTR. But we can foster relations which can helps to study the effect of water clustering
on the AG.

If we define the K;, as the equilibrium constant for 1 second integrated reaction per

the concentration of the product ion produced per second in 10~?cm? of volume, to be

* Ke
Koq = [R_q]t (5.6.5)
Then the corresponding AG* is given by
AG* = —RTIn(K;q) (5.6.6)

Equation 5.6.6 does not give exactly the Gibbs free energy of the reactions, but helps

us to understand the effect.
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Figure 5.8: cluttering effect on Gibbs free energy change in the case of ADO theory.
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Fig 5.8 and Fig 5.9 show, in contrary, for all the molecules the computed AG* tend to
be greater for the clustered reagent acetate ion in both cases of the theories. The
increase in the results was found to be greater for the molecules like, Acetyl acetone,
Hydrogen iodide, and nitric acid for which the dipole moments are relatively larger and
which are highly polarizable. Farther more the figures indicate that AG* are larger for

such molecules. The clustering effect on the actual computation of AG will then be in the

same way.
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Figure 5.9: cluttering effect on Gibbs free energy change in the case of HSA theory
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Chapter six

Conclusion

As it can easily been observed, the rate constant Krsa decrease for the first 10 cluster
size and starts to blow up steadily. The decreasing feature is arise due to the fact that
the reduced mass increases faster, the dominant effect, on this cluster size range. This
reduces the collision cross-section area which , in turn, reduces the rate constant over
the range.

Knsa always lie upper with respect to both K; and Kapo because of the additional
terms in the expression of collision cross-section area.

In the investigation of the effect of molecular size and structure on the NI-PTRs rate
constant, it was found that rate constant rise as molecular size enlarges and became
none sensitive to molecular structure. The effect of molecular size is accounted for

molecular polarizability, since polarizability is a measure of the molecular size.

Rate constants are larger for molecules with larger dipole moments and with higher

polarizability constant.

Clustering of water to the reagent acetate ion was observed to affect the rate
constants. The computed results show that they decrease for the hydrated reagent ion.
The drop in the results was found to be greater for molecules with higher dipole
moments and which are highly polarizable, in both the ADO and HAS theories.

Clustering of water to the reagent acetate ion was also found to affect Gibbs free
energy change of the NI-PTRs. AG is reduced in the case of the non-hydrate reagent ion.
This in other words means that the amount of free energy extracted in the formation of
1 mole of the product at the given temperature is reduced due to the clustering when

compared to the results in the case of non-hydrated reagent ion.
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Appendix A

A. The integration of Kusa, a and n are the same throughout the derivation.

kysa = fovc kapo (W) f (v)dv + f;: kysp (W) f (v)dv

pv?

where f(v) = 4nv? ( = )2/3 e 2mkpT, Kapo (v) = —2 (\/E + C”—D),

2kgT 280\t Vv
2 2
_ 2 aq Chpq = /—aq
OHsD (v) = T[bg + 167[8(2)[11]21)5 + 280/11/2 s and, Ve = 167‘[28%,ub§
Let
Kusa=I+I>
And let
L =1I,+]1
_ Ve 2 —qu? —_H
Ia - kl fo v-e dv, a= 2KpT
Note
Xc 2 —ax? _ 1 -3/2 ("
Jo xtem ™ dx=—za /2 {7 {In(1/t) dt
—axz — —avz
wheren = e %¥c = =%
_ 1 — 4 |«
I = ki [ /In(1/t)dt, k4 pogl b
Ve
I, = f vexp(—av?)dv
0
Note

Xe —ax¥dx = L (1 -
Jy < xexp(—ax )dx =—(1-n)

1
Iy = k(1 =m), ks =% st

Al

A2



There fore

L=k [ [In(Y/) de+ k(1 —n) A3
Let
L=1+1;+1,
Then
I, = ks f viexp (—av?)dv
Ve
Note
® 3 —ax? 1
fxcx e~ ) dx = [, In(1/t) dt
Then
I.=k l ks = a2 (=)
c = 3(1’1—1’1 n(n)), 3 = 4T0y (anBT)
o 2 5/, (1 3o aq? 1
I; =k, fvc vexp (—av®)dv = nk,, k4, = (0.5)72 (;) 257 kT
I, = ks j vexp (—av?)dv = nks
Ve
Therefore

I, = k3(n —nlogn) + n(ky + ks) A4

Combining A.3, 4 together into A.2 results in

1
Kysa = ky j ’ln(l/v) dv+ k,(1 —n) + ks(n —nlogn) + n(k, + ks)



Appendix B

Here is the Fortran program code used.

!This program computes rate constant of a ion-neutral reaction,when the

lion is clustered ion of non-uniiform molecule, using HSA & ADO model. the ion is acetate ion.!
Ithe ion is described by its charge, density and molecular mass.

!the neutral molecule is described by polarizability, dipole moment, locking constant, density, and

molecular mass.

!>(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(-************DEFINITION Of THE GLOBALVARIABLES************************

!mc=mass of cluster !mm=mass of a moleculr

!mu=reduced mass Irho=density of mixture

Irc = radius of cluster Irm= radius of molecule

!dipol_loc=dipole locking constant of the neutral !dipol_mo=dipole momentmof the neutral
!pol_n=polarization of the neutral !lamu=atomic mass unit

lt=temperature IN KELVIN boltz=boltzmann constant

!q=net charge on the ionized cluster !pi= constant pi

lepslon= constant epslone Ivisco = viscosity of the neutral molecule

!l\AAAAAAAAAAAAAAAAAAAAAAAAABEGINNING OF THE PROGRAMAAAAA/\AAAAAAAAAAAAAAAAAAAAAAAAAAAA

program HSA

implicit none

integer, parameter :: long=selected_real_kind(15,307)

integer:i,j k

REAL(long) ::h,nk1,k2,k3,k4,k5,£,V,s,sums,khsa kado, mu,mm,mc, bg, rc, kg,rho, rm, myu
REAL(long) ::dipol_loc=1.0,epslon=8.854E-12,dipol_mo=4.703254E-30,pol_n=3.70629E-40,amu=1.667E-
27,boltz=1.380658E-23,t=300.0

REAL(long)::pi=3.14159265,q=1.60217733E-19, visco=1.57E-3, rhom=1154.0

REAL(long) ::freegl, freeg2

REAL(long) ::t=300.0, r=8.31441



open(l,file="input.dat",status="old")
open(2,file="barefreeG.dat",status="replace")
open(l,file="khsa.dat" status="replace")
open(2,file="mu.dat",status="replace")

open(3,file="kg.dat",status="replace")

do j=1, 100

mc= amu*(60.05+*18.01528)

mm= 60.0*amu

mu=(mm*mc)/(mm-+mc)
rho=(60.05+j%*18.02)/(0.057244995+j*0.01801639)
re=((3.0*mc)/(4.0*pi*rho))**(1.0/3.0)
'rm=((3.0*mc)/(4.0*pi*rhom))**(1.0/3.0)
rm=0.125*((25.0*mm*boltz*t)/(pi*visco**2.0))**(1.0/4.0)

bg=rc+trm

k1=(g/epslon)*sqrt(pol_n/(pi*mu)) k2=((q*dipol_loc*dipol_mo)/epslon)*sqrt(1.0/(2.0*pi*mu*boltz*t))

K3=(2.0**1.5)*(bg**2.0)*sqrt((pi*boltz*t)/mu)

k4 =(0.5**2.5)*((pol_n*q**2)/(epslon**2.0*bg**2.0))*sqrt(1.0/(mu*boltz*t))*(1.0/pi)**1.5

k5=((dipol_loc*dipol_mo*q)/epslon)*sqrt(1.0/(2.0*pi*mu*boltz*t))
n=exp(-((pol_n*q**2.0)/(32.0*pi*pi*epslon**2.0*boltz*t*bg**4.0)))

l+++tttttttr+++ LOP FOR INTEGRATIN THE FUNCTION f bbb bbbt

h= (1.0-n)/1E6

sums=0

do i=0, 999999

V=(n+i)*h

s=f(V)*h

sums=sums+s

end do

myu=mu/amu
kg=1E15*1.5*(pi*bg**2.0*sqrt((8.0*boltz*t)/(pi*mu)))
khsa=1E15* (k1*sums+k2*(1-n)+k3*(n-n*log(n))+(k4+k5)*n)



kado=1E15*(0.5*(q/epslon)*sqrt(pol_n/(mu))+k2)
!print*,j,kado,khsa
15 format (3(E16.8,4x))
! WRITE(1,5) kg, kado, khsa
WRITE(1,%)j, kg, kado, khsa
WRITE(2,%)j, myu
WRITE(3,*)j,sums
freegl = -r*t*log(kado)
freeg2 = -r*t*log(khsa)
print*, freegl, freeg2
write(2,*) freegl, freeg2
end do
end program HSA
l++++tttttttt+++++++ DECLARATION OF THE FUNCTION f #tdttttttbb bbb bbb+

function £(V)

implicit none

integer, parameter :: long=selected_real_kind(15,307)
real(long),intent(in):: V

Real(long):: f

f=sqrt(log(1.0/V))

end function f

l+++++++++++++++ THE END OF THE PROGRAM #+t++4+t+tttttttt bbbttt bbb bbb b bbb bbb bbb
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