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Abstract
The advancement of computing power has greatly improved the application of

computational chemistry for routine use in solving a wide variety of chemical problems.
The once accurate but expensive methods such as Gn Theory and CCSD(T) calculation
can now be completed within hours. The work presented here has utilized the power of
computational chemistry to design the cation recognition molecules using carbonitrile
functionality. The B3LYP with 6-31+g(d,p) and QZVP basis set had been verified and
selected as the most appropriate methods to obtain optimized geometry and vibrational
frequencies. The optimized geometries were later used to obtain Mulliken and CHELPG
charges, GIAO nuclear magnetic shieldings, natural bonding orbitals (NBO) and
overlap population (AOMix software). The accurate energies were obtained using
composite Gn Theory methods (G3 and G4). The binding energies of unconjugated
carbonitrile model (acetonitrile) with cations are showing a general trend of H" > Be(l1)
> Mg(ll) > Ca(ll). Mg(ll) is more strongly bound to acetonitrile by 33.3 kcal/mol
compared to Ca(ll). The carbonitrile-carboxaldehyde receptor models (2-cyano
ethylene) had been employed to study the selectivity of Mg(ll) against Ca(ll) and
examining the effects of keto-enol forms and negatively charged (enolate) sites. In both
uncharged and anion forms, Mg(Il) binds more strongly to the receptor model compared
to Ca(ll), by 55.1 and 30.3 kcal/mol, respectively. This study also includes three-
dimensional design based on lonomycin to elucidate interactions between the proposed
receptor models with cations. The N and O terminals of 2-cyano ethanal enolate show
comparable level of negative charge. The lack of charge disparity on the N and O
terminals indicates efficient charge delocalization throughout the n-network that leads to
stronger interactions. The unsaturated carbonitriles had also been studied using 2-cyano
butadiene as Be(ll) receptor. The terminal vinyl carbon in 2-CN BD rehybridizes from

sp® to sp® with an increase of 7% of s character to allow interaction with Be(l1) that



leads to the formation of six-membered cyclic complex. Fabricated potentiometric
chemical sensors with carbonitrile-doped sensing membrane had shown distinct signal

patterns that can be exploited in sensor applications.



Abstrak
Kemajuan kuasa pengkomputeran telah meningkatkan penggunaan pengkomputeran

untuk kegunaan rutin dalam menyelesaikan pelbagai masalah dalam bidang kimia.
Kaedah yang tepat tetapi perlahan seperti teori Gn dan CCSD(T) kini boleh disiapkan
dalam masa beberapa jam. Kerja-kerja yang dibentangkan di sini telah menggunakan
kuasa kimia pengkomputeran untuk mereka bentuk molekul pengecaman kation
berdasarkan kumpulan berfungsi karbonitril. Kaedah B3LYP dengan 6-31+g(d,p) dan
QZVP set asas telah dipilih sebagai kaedah yang paling sesuai untuk mendapatkan
geometri optimum dan frekuensi getaran. Geometri optimum tersebut kemudiannya
digunakan untuk mendapatkan cas Mulliken dan CHELPG, perisaian magnetik nukleus
GIAO, Natural Bond Orbital (NBO) dan pertindihan populasi orbital (berdasarkan
perisian AOMix ). Tenaga jitu diperolehi dengan menggunakan kaedah komposit teori
Gn (G3 dan G4). Tenaga pengikatan model karbonitril bukan konjugat (asetonitril)
dengan kation menunjukkan trend H* > Be(Il) > Mg(ll) > Ca(ll). Mg(ll) terikat lebih
kuat kepada asetonitril sebanyak 33.3 kcal/mol berbanding dengan Ca(ll). Model
reseptor karbonitril-karboksaldehid (2-cyano ethanal) telah digunakan untuk mengkaji
kesan pengikatan ke atas Mg(ll) dan Ca(ll), dan memeriksa kesan pembentukan keto-
enol serta cas negatif (enolate). Dalam kedua-dua bentuk yang neutral dan anion, Mg(ll)
didapati terikat lebih kuat kepada model reseptor berbanding dengan Ca(ll), dengan
55.1 berbanding 30.3 kcal/mol. Kajian ini juga menggunakan reka bentuk tiga dimensi
yang berdasarkan lonomycin untuk menerangkan interaksi di antara model reseptor
dengan kation. Terminal N dan O bagi 2-cyano ethanal enolate menunjukkan tahap cas
negatif yang setara. Ini menunjukkan pentaksetempatan cas berlaku di sepanjang
rangkaian-n yang membawa kepada interaksi yang lebih kuat. Karbonitril tak tepu juga
telah dikaji dengan menggunakan 2-cyano butadiene sebagai reseptor Be(ll). Terminal

vinil karbon dalam 2-CN BD mengalami penghybridan semula dari sp® kepada sp® dan



peningkatan sebanyak 7% ciri s untuk membolehkan ia berinteraksi dengan Be(ll) yang
mengakibatkan pembentukan kompleks siklik enam ahli. Pemfabrikatan sensor kimia
potentiometrik dengan membran pengesanan berdasarkan karbonitril telah menunjukkan

corak isyarat yang berbeza yang boleh dieksploitasi dalam aplikasi sensor.

Vi
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Success is not final, failure is not fatal:

it is the courage to continue that counts.”

Sir Winston Churchill
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Chapter 1 :Introduction

1.1 Preface

Computational chemistry allows chemists to simulate chemical structures and reactions
numerically, exclusively or in part, based on fundamental laws of physics (Foresman et
al., 1996). The value of ab initio calculations for molecular geometries has been well
established, particularly by the systematic work of Pople and co-workers (Yarkony,
1995). The improvements in theoretical methods and computing power have brought ab
initio methods into the domain of accurate methods. These methods have been proven to
reproduce experimental results and were unachievable in the previous decades (Tajti et
al., 2004). It is practical today to handle billions of configurations, and to achieve
chemical accuracy in binding energies and geometries of reasonably complex molecules
(Hoffmann, 1998). With the advantages provided by computational chemistry, it is
justified to use computational methods to design the target receptor molecules based on
systematic and logical approach, step-by-step and continuously guided, since the
beginning, by sound rationale and chemical principles. In most cases interactions
between heteroatom-containing functionalities and metal cations have been exploited as
means for the receptor models to recognize monovalent and divalent cations from

Group | and 1l of the periodic table.



1.2 Applications of Chemical Sensors

Charged organic and inorganic species have been the focus of intensive studies by
numerous research groups over the past few decades. Two distinct categories of these
workers seem apparent; those who resort in chemical technologies and novel materials
and molecules to build selective sensing devices, and another who exploit the power of
computing and information technology to build precision state-of-the-art instruments.
Interesting, the same cationic and anionic analytes are of interest in a wide range of
applications or industrial verticals. Plant macronutrients, essential to its growth and
consumed in relatively large quantities, such as nitrate, phosphate, potassium, calcium
and magnesium, must be routinely monitored at precision or parts-per-million (ppm)
levels. While potassium, calcium and magnesium are also dietary requirement for the
human body function, and thus relatively harmless, excessive uptake of nitrate by
plants, and eventually stored in its roots, fruits and leaves, are toxic to human at sub-
ppm levels (0.3 ppm according to some sources) (Greer et al., 2005). On the other
hand, excessive application of phosphate is not only a financial burden to farmers, its
run-off also ends up in ground water and other sources of fresh and drinking water.
Phosphate fertilizer run-off has been documented as the main cause of algae-blooming
that kills aquatic lives in lakes due to suffocation (Arquitt et al., 2004). Consequently, it
is also crucial to continuously monitor the levels of these ionic analytes in the
environment, and it could be significantly more challenging since it must be done
autonomously and often at much lower levels, i.e. hundreds ppm of nitrate monitored as
plant nutrient is now monitored at sub-ppm level as environmental pollutant. Using
chemical sensor technology to address the above problems is often not straight forward
and far from the preferred plug-and-play approach. In real field application, not only
costly technologies are required to realize these systems, the accuracy of the

measurement data is almost always hampered by the limitations of the sensing elements.



While selective determination can be achieved using sensor technology, signal error due
to interference from competing ions can severely limit the use of this approach, if not

aggressively mitigated (Umezawa et al., 2000; Umezawa et al., 1995).

1.3  Aim of Study

To evaluate the performance of nitrile and carbonyl based molecules as cation receptor

1.4  Objectives

The objectives of this study are as follows;
1. To study the electronic structure of the receptor molecules using computational
method.
2. To calculate the dissociation energy of the receptors with target analytes.
3. To fabricate electrochemical sensor cells based on target receptors.

4. To characterise electrochemical sensor behaviour.

1.5 Thesis Outlines

The outline of this dissertation is as follows;

Chapter 1 briefly introduces computational chemistry and the application of chemical
sensor. Chapter 2 provides literature background on computational chemistry and
sensors. Chapter 3 describes the computational details and fabrication of chemical

sensor.

Chapter 4 entitled “G3 Assisted Rational Design of Chemical Sensor Array Using
Carbonitrile Neutral Receptors”, is the first of three chapters that exploit computational
methods in systematically constructing recognition molecules for cations. This chapter
revolves around the interaction of unsaturated carbonitriles such as acetonitrile and n-

pentylcarbonitrile with cations utilizing G3 method. Details on the geometries,



frequencies, charge, population and energy are elaborated in this chapter. This work has
been published by MDPI and can be accessed through the following; Sensors

(Basel).2013 Oct 14;13(10):13835-60. doi: 10.3390/s131013835.

In Chapter 5, the nature of heteroatom-metal interaction based on carbonitrile-
carboxaldehyde receptor models was probed. Three key heteroatom-containing
functionalities in lonomycin, ethylene glycol dimethyl ether, butanal-3-one and formic
acid, have been used as cation receptor models. The three fragments, along with 2-
cyanoethanal and 1,2-dicyanoethylene, have been individually examined, and three-
dimensional structures involving these receptor models have been studied in order to
provide rationale for magnesium versus calcium selectivity, and the ability of the chosen
models to discriminate monovalent cations from Group | of the periodic table. This

work has been accepted by the Journal of Molecular Modeling, Springer for publication.

Chapter 6 deals with a rarely reported divalent cation — the beryllium cation. In this
chapter, the possibility of employing conjugated carbonitriles as recognition molecules
for Be(ll) was studied. 2-Cyanobutadiene (2-CN BD) and 3-Cyanopropene (3-CN P),
stabilized by n-network have been extensively examined in its ability to form covalent
interaction with Be(ll) at the vinyl terminal carbon . The differences between the cyclic
and acyclic form of Be(ll)-2 CN BD in terms of geometries, charge, NMR shift and
energy were investigated. This work has been submitted to the New Journal of

Chemistry, Royal Society of Chemistry for publication.



Chapter 2 : Literature Review

The following chapter describes the background of computational details which are
applied in this work. This chapter also includes the literature review on sensor

development with a particular focus on metal ion detection.

2.1  Density Functional Theory

The Density Functional Theory (DFT) methods derived from quantum mechanics
especially the Thomas-Fermi-Dirac model (Dirac, 1928; Fermi, 1928; Thomas, 1927).
DFT approach uses modeling of electron via general functional of the electron density.
An early approximation of the exchange function (Ex) can be described using the

Slater’s exchange;

Ex[p(r)] = —%“ (%)1/3 f p"3(r) dr

p=ground-state density of the system

a=2/3 for true electron gas (Equation 2.1)

The successful applications of DFT in computing molecular structures and ground state
energies were initially demonstrated by the Hohenberg-Kohn theorem (Hohenberg et
al., 1964). Most of the current DFT methods follow the approach of Kohn and Sham

(Kohn et al., 1965). In their breakthrough work in 1965, Kohn and Sham suggested that



a Hamiltonian can be expressed as a sum of one-electron operator having eigenvalues

that are sum of the one-electron eigenvalues;

thSXl' = giXi
Where;
nuclei ( )
hkS = ——v2 z P dr' + V.
In—rKl Ir; — 7|
Where;
V  sEyc
=58
X=Exchange
C=Correlation
&i= the orbital energy (Equation 2.2)

The electronic energy in the above approximate function has been partitioned into

several terms and can simplified in the following equation;

E=E"+EV+E’ +E* (Equation 2.3)
= kinetic energy term
EY = nuclear-electron attraction and nucleic pair repulsion
E’ = electron-electron repulsion term

E*© = exchange-correlation term

All terms, except the nuclear-nuclear repulsion, are functions of electron density (p), the

heart of the density functional approach.



The exchange-correlation term is determined exclusively by electron density and is
therefore a functional of p. It includes the dynamic correlation for the motion of

individual electrons under investigation.

In hybrid functional such as the widely used B3LYP (Becke, 1993a), the exchange-

EXC

correlation term (E*®) is commonly further partitioned to separate the exchange (E*)

and correlation (E°) parts of the electron density functional;
EX¢=EX+EC (Equation 2.4)

Furthermore, the E* and E© components can be further categorized as having two types;
when it depends only on electron density (p), and the gradient at (Vp) must be

considered, it is called gradient-corrected.

The early density functional approximations focusing only on local density (LDA or
LSDA) have been ruled to be quite inaccurate due to poor description of the used spatial

terms.

Significant improvements in molecular calculations have been obtained when non-local
or gradient of density terms are added to the density function. This correction to the
insufficient local approximation is known as the ‘generalized gradient approximation’
or GGA. In most applications, the gradient corrected functionals are built by adding the
gradient correction term to the local term i.e LDA or LSDA;

1v .
S5 [p(1)] = ePAIp(r)] + Veysc [ﬁ (Equation 2.5)



2.2 Basis Sets

A basis set in theoretical and computational chemistry refers to the set of functions
which are combined in linear combinations (generally as part of a quantum chemical
calculation) to build molecular orbitals. John C. Slater first introduced the basis set
known as Slater-Type Orbital (STO) (Slater, 1930) that was improved later by S.
Francis Boys and known as Gaussian-Type Orbitals (GTO) (Boys, 1950). Slater-type
orbitals proved to be too computationally demanding for routine calculations and the
improvement done by S.F Boys, who used linear combinations of Gaussian orbitals to
approximate the Slater-type orbitals, was found to be more practical, and thus was
employed and further improved until recently. The GTO is four to five times faster than
STO but with reduced accuracy that can be compensated by combining more Gaussian
equations. The “minimal” basis set given by the form of STO-NG (N represents the
number of GTO’s combined), where the shape of the STO function can be
approximated by summing up a number of GTOs with different exponents and

coefficients.

2.2.1 Split Valence Basis Set

The minimal basis set describes only the most basic aspects of the orbitals. The problem
with the minimal basis set is its lack of flexibility. When bonds are formed, orbitals
usually contract, and the minimal basis set cannot adequately describe such changes in
orbitals. The solution is to represent each orbital with two and more functions denoted
as “extended” basis set and that’s the idea behind n-tuple-C basis sets (double-zeta,
triple-zeta, quadruple-zeta, etc.) (Davidson et al., 1986). Due to the enormous amount
of calculation required to calculate a double-zeta for every orbital, the group of John

Pople introduced the “split-valence” basis set that only treat the valence orbital as



double-zeta and the inner-shell orbital as single slater orbital (Frisch et al., 1984). Their

basis sets come in the form of;

X-Yzg (Equation 2.6)

where X represents the number of primitive Gaussian orbital for core atomic orbital; Y
and Z indicate that the valence orbitals are composed of two basis functions each.
Commonly used basis-sets are 3-21G and 6-31G. The presence of two numbers (Y and
Z) implies that this basis set is a split-valence double-zeta basis set. The triple and

quadruple zeta basis sets are represent by X-YZWg and X-YZWVg respectively.

Dunning and co-worker adopt double-zeta, triple-zeta, quadruple-zeta with “correlation-
consistent polarized” and valence-only basis-set. The basis sets are known as cc-pVNZ

where N=D,T,Q,5,6 (Dunning, 1989).

2.2.2 Polarized Basis Sets

Polarized basis sets allow the orbital (s, p, d and f) to distort due to polarization effects.
Pople and co-workers introduced a simple nomenclature scheme to indicate the presence
of these functions, the “*’. Thus, 6-31G* implies a set of d functions added to polarize
the p functions in 6-31G. A second star (*) implies p function is added to describe H

and He, (6-311G**) (Frisch et al., 1980).

2.2.3 Diffuse Function

Standard basis sets are often ‘augmented’ with diffuse basis functions when the

calculation involves molecules with lone pair, anions, system with large electron



separation from nucleus and excited states system. Diffuse basis sets are represented by
the '+' signs. One '+' means that we are accounting for the 'p' orbitals, while '++' signals

that we are looking at both 'p' and ’s’ orbitals (Foresman et al., 1996).

2.3  The Gn Theory

The Gaussian-n (Gn) theories had been developed by Pople and Curtiss (Curtiss et al.,
2002; Curtiss et al., 1998; Curtiss et al., 1991; Curtiss et al., 2007; Pople et al., 1989)
aimed at getting accurate energies without requiring extensive computer resources. The
composite technique used by Gn theory involved multi-step jobs of ab-initio calculation
in order to obtain accurate energies with mean absolute deviation of less than 1 kcal/mol

for Gaussian-4 (G4) (Curtiss et al., 2011).

2.3.1 The Gaussian-1 (G1) and Gaussian-2 (G2) Theories

The Gaussian-1 (G1) theory was the first composite method developed by Pople’s group
(Pople et al., 1989) that covers both the first and second row of elements in the periodic
table. The Gaussian-1 (G1) theory was replaced within two years by the Gaussian-2
(G2) theory (Curtiss et al., 1991) to fix some known issues. Table 2.1 shows the

overview of steps and jobs involved for the G1 and G2 theory.

Gaussian-2 (G2) theory is a composite procedure, using HF, MP2, MP4 and QCISD(T)

to obtain accurate energy determination. The total energy for G2 is as follows;

Eo[G2] = E(QCISD(T)/6-311G(d,p)) + E(plus)
+ E(2df,p) + E(A) + E(HLC)

+ E(ZPE) (Equation 2.7)
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Table 2.1 Overview of steps and jobs for G1 and G2

Step Job Result Notes

1 HF/6-31G(d) ZPE Scale by 0.8929
Opt Freq

2 MP2(Full)/6-31G(d) Geometry Start from HF result: use this geometry for

Opt all later job

3 MP4/6-311G(d,p) EPese Base level energy

4 MP4/6-311+G(d,p)  AE" =Energy-E**

5 MP4/6-311G(2dfp)  AE*®' =Energy-E™* (set to 0 if >0)

6 QCISD(T)/6- AEQ®! =Energy-E®*
311G(d,p)

7 AnyJob AEMC  =-0.00019n,+ -0.00595n;

8 MP2/6- A®? =Energy — EStPOMP2) _ pstepa(MP2) 4 pstep3(MP2)
311+G(3df,2p)

9  AnylJob ATC =+0.00114n;

A frequency calculation with the HF/6-31G(d) basis set is used to obtain the zero-point
vibrational energy, E(ZPE). The geometry generated from the result was further
optimized using MP2/6-31G(d) basis set. This optimized geometry is used for all
subsequent calculations. The correlated energy, E(QCISD(T)/6-311G(d,p)) calculated
from quadratic configuration interaction calculation with single and double excitations
and a triple excitation contribution (QCISD(T)) with the 6-311G(d) basis set. The
difference between MP4/6-311G(d,p) and MP4/6-311+G(d,p) calculations was labelled
as E’, to assess the effect of diffuse functions. The effect of higher polarization
functions, E(2df,p), is obtained as the difference between MP4/6-311G(d,p) and MP4/6-

311G(2df,p) calculations.
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The E(A) value obtained from this equation;
E(A) = E(MP2/6-311+G(3df,2p)) — E(MP2/6-311G(2df,p)) —

E(MP2/6-311+G(d,p)) + E(MP2/6-311G(d,p)) (Equation 2.8)

Finally, the E(HLC) is a ‘higher level correction’ equal to —Ang—Bn,, wherein n; and n,
are the number of # and a valence electrons, respectively, with n, > n; . The G2 theory
had been validated by using G2/97 test set with a mean absolute deviation from
experiment of 1.57 kcal/mol for the enthalpy of formation. Even though the G2 theory
performed well on the test set, the errors became significantly higher for larger
molecules thus leading to the rise of G2 variant, and subsequently, the formation of the

Gaussian-3 Theory.

2.4 Chemical Sensor

Chemical sensor can be defined as “A device that transforms chemical information,
ranging from the concentration of a specific sample component to total composition
analysis, into an analytically useful signal, mostly an electrical signal that can be
translated by an analyzer” (Adam et al., 1991). The input signal for chemical sensor is
the chemical composition of a sample solution in contact with the sensor while the
output signal in the form of electrical signal be it voltage, current or capacitance
(Mikhelson, 2013). This work focused only on potentiometric-based chemical sensor

namely the ion-selective electrode (ISE) that will be explained in the next section.
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2.5 lon-Selective Electrode

Koryta defined an ion-selective electrode (ISE) as an electroanalytical sensor with a
membrane whose potential indicates the activity of the ion to be determined in a
solution (Koryta, 1986). The ISE had gain the interest of many researchers for many
decades owing to its ability to measure without the burden of turbidity or color of
analytes (Arnold et al., 1984; Buck, 1978). Many industrial players already realized the
potential of ISEs in view of its low operating costs, ease of handling and the

possibilities for continuous monitoring (Koryta, 1986).

The ISEs can be classified by its membrane, whether it is glass or polymer based
membrane. The glass membrane ISEs (Figure 2.1) had been used in the early 20"
century particularly for pH sensing. Cremer was the first to observe potential changes
between two solutions with different acidity that was separated by a thin glass
membrane (Cremer, 1906). Haber and Klemensiewicz were the first to report the
utilization of glass membrane as a tool to measure hydrogen ion (pH) (Haber et al.,
1909). The glass membrane electrode for pH had been the most frequently used among
other ISEs. Nowadays, pH sensitive glasses membrane are manufactured primarily from
silicon dioxide (SiO,) which is connected via a tetrahedral network. SiO, based glass
membrane had been known to be resistant towards aggressive chemicals thus can be

used on harsh condition (Mikhelson, 2013).
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Ag/AgCl
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Ceramic
Internalfilling frit
solution

Glass membrane

Figure 2.1 Modern pH ISE glass membrane

Polymer based membrane (Figure 2.2) had been devised in view to obtain sensitivity
towards other cation and anion with the use of ionophores. With large variety of
ionophores available, the ability to fabricate many types of ISEs is possible. The details
for ionophores will be covered later in section 2.6. The most widely used polymeric
membrane is poly(vinyl chloride) (PVC) although other types of membrane are also
gaining interest such as silicone rubbers, polyurethanes, acrylates and
perfluoropolymers (Armstrong et al., 1990; Bakker et al., 1997; Craggs et al., 1974).
The desired characteristics of the polymer membrane material includes the ability to
repel water (hydrophobic), mechanically robust, stable within the operational
temperature range and chemically inert (Mikhelson, 2013). PVC-based membranes
required a plasticizer to increase its durability and flexibility to become functional
(Cadogan et al., 1996). Because of the high amount of plasticizer used in the
membrane, the leaching of the membrane components into sample solution had become

an issue. The solution of this issue will be discussed later.
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Figure 2.2 Common setup for polymer membrane based ISE

2.5.1 Acrylic Membrane Electrode

Acrylic-based membrane electrode had been utilized to overcome the limitation of
widely used PVC-based membrane (Dror et al., 1987). Acrylic-based membrane has
superior strength, durability and adhesion on the surface compared to PVC-based
membranes. (Levichev et al., 1994; Stibor et al., 2005). Even though the acrylic-based
membrane had been studied since the 1970s, only during this decade had it been gaining

popularity due to the success on fabricating sensor (Heng et al., 1996).

The usage of plasticizer was required to soften the PVC-based membrane to make it
functional. Due to the high portion of plasticizer used (up to 60% w/w), it leads to the
leaching of the plastizer from membrane, that could limit the lifetime of sensors
(Zahran et al., 2014). In order to eliminate the needs for plasticizer, self-plasticizing

membrane had been explored successfully with the application of photocuring method
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on methacrylic—-acrylic co-polymers (Ambrose et al., 1996; Heng et al., 2001). Methyl
methacrylate (MMA) and n-butyl acrylate (nBA) co-polymer had the photocuring
ability to be utilized as photocurable membrane with the help of 2,2-dimethoxy-2-
phenylacetophenone (DMPP) photoinitiator and hexanediol diacrylate (HDDA)

crosslinker.

2.6 Potentiometry

According to Nernst equation (Equation 2.9), potential difference (voltage signal) in the
potentiometry sensor at constant temperature is directly related to the difference in
activity between the analyte and the internal reference (represented by Keq) which is
directly above the electrochemical transducer layer. The natural logarithmic form can be
converted to logarithmic of base 10, and the product of gas constant, Faraday constant at
273.15 K gives a constant of 59 mV. Equation 2.9 predicts that a change in a decade
(ten fold) in activity would give a potential difference of 59 mV for singly charged ions,

and the change is halved to about 29 mV for doubly charged ions (Daniel, 1987).

Ecel = Eo — % In(Keq) (Equation 2.9)

n

E = total potential (mVolt)

Eo = standard potential by 297.15K (mVolt)
R = universal gas constant (8.314 J/mol K)
T = temperature (K)

n = charge of ion

F = Faraday constant (96485.3 C/mol)
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2.7  lonophores

An ionophore is a lipid-soluble molecule that facilitates transmission of an ion across a
lipophilic membrane by combining with the ion or by increasing the permeability of the
barrier to it. These molecules make complexes with such cations and provide ion
binding specificity due to the size of the cavity created when the cyclic molecule is
formed. Some notable ionophores are Valinomycin (Lofrumento et al., 2011; Watanabe
et al., 2005; Zhao et al., 2010), lonomycin (Erdahl et al., 1995; Kauffman et al., 1980),
Calcimycin (Erdahl et al., 1994; Raatschen et al., 2012) and Nonactin (Kosaki et al.,

2012; Patko, 2009; Tan et al., 2011). The strcture are as shown in Figure 2.3

a) Valinomycin b) lonomycin

Ir=

HO 0]

c) Calcimycin d) Nonactin
Figure 2.3 Structures of a) Valinomycin, b) lonomycin, ¢) Calcimycin and d) Nonactin
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2.8 Screen-Printed Electrode

Screen-printed electrode (SPE), commonly utilized for miniaturized devices are
manufactured by printing multiple layers of different ink materials on a Printed Circuit
Board (PCB). The ink used is usually based on carbon, gold, platinum or silver. Semi-
automatic screen-printer can be used to prepare disposable SPE with a well-designed
pattern (Figure 2.4). The printed electrochemical cells consist of working electrode,
counter-electrode and a reference electrode. The low production cost, the ease of mass
production, the flexibility in design, and the possibility of using small volumes make

these devices very attractive for practical use (Cristea et al., 2009; Wang et al., 2012).

Silver Ca/r\bon Copper Trace

\

Figure 2.4 USB sensor with screen printed electrode

29 Electrochemical Transducer

The transducer functions in converting one form of energy to another (Agarwal et al.,
2005). The electrochemical transducer uses a chemical change to measure the input

parameter; the output is a varying electrical signal proportional to the chemical change.

A Chemical transducer is commonly made of a conducting or semiconducting material
that is coated with a selected monomolecular, multimolecular, ionic, or polymeric

membrane of a chemical modifier and that, by means of faradaic (charge-transfer)
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reactions or interfacial potential differences (no net charge transfer), exhibits chemical,
electrochemical, and/or optical properties of the film. The transducer as such does not

show selectivity towards multiple ions (Durst et al., 1997).

2.10  Chemical Field-Effect Transistor (ChemFET)

Potentiometric sensors can be miniaturized into a FET-based architecture, called a
ChemFET, among the smallest chemical sensors available, particularly suitable for
miniaturization because the integrity of the transduced signal that carries chemical
information does not depend on the sensing area. The schematic of a ChemFET is
similar to that of a metal-oxide-semiconductor field-effect transistor (MOSFET),
except that the gate structure is slightly modified. Based on the gate structure, the family
of chemFETs can be divided into three main types, which are the ion-sensitive field-
effect transistors (ISFETs), enzymatically selective field-effect transistors (ENFETS),
and basic ChemFETs (Polk, 2002; Wilson et al., 2001). All of these ChemFET
structures work on the basic principle that the surface charge changes at the interface
between the insulator and the overlying layer (Yotter et al., 2004). Extensive research
had been conducted on ChemFETs for monitoring ammonium (Brzozka et al., 1997;
Senillou et al., 1998), cadmium and lead (Reinhoudt, 1995), Cu** (Taillades et al.,
1999), hydrogen (Domansky et al., 1998), and pH (Bausells et al. 1999; (Bausells et

al., 1999; Chiang et al., 2001).

2.11 Reference Electrode

IUPAC’s Gold Book defined reference electrode as “An electrode that maintains a
virtually invariant potential under the conditions prevailing in an electrochemical

measurement, and that serves to permit the observation, measurement, of the indicator
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working electrode” (McNaught et al., 1997). A reference electrode is needed to provide

stable potential signal as reference (Scott et al., 2007).

The standard hydrogen electrode (SHE) had been used as a universal reference electrode
for many years. The reference electrode consists of platinized platinum electrode
immersed in an acidic solution, with constant supply of hydrogen (H,) gas (refers to
Figure 2.5). Redox reaction occurs on the surface of the inert platinum electrode

(Boyes, 2002; Zoski, 2007). The redox reaction is as follows;

2H*(ag) + 2e” < Ha(g) (Equation 2.10)

The constant flow of hydrogen gas over platinised platinum caused the reaction to reach
equilibrium. The standard electrode potential (E°) generated from this reaction assigned

as 0.00 V and becomes the standard reference point for other electrodes (Skoog, 2004;

—

Salt

//, \bridge

Trasatti, 1986).

{

H, Gas —>
-

Platinum
electrode

Acidic
(__—

\ /_ Solution

Figure 2.5 Typical setup for standard
hydrogen electrode (SHE)
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This type of electrode can be constructed using readily available lab apparatus. Due to
the size and the needs for constant H, gas supply, SHE was almost impossible to be
used on field for in situ measurement. Hence, the inception of other types of reference
electrode namely saturated calomel electrode (SCE) and silver-silver chloride electrode

(Ag/AgClI).

Saturated calomel electrode (SCE) was the most utilized reference electrode during the
60s-70s (Gagne et al., 1980; Glasoe et al., 1960). This electrode was based on

Hg/Hg,Cl, in saturated KCI solution (Bhasin, 2012).

Hg™ (aq) + 2e~ <> 2Hg(l) (Equation

2.11)

The mercury/mercury chloride paste is filled in a tube with tiny opening that allows
contact with saturated KCI (Figure 2.6). The saturated KCI keeps the potential of the

electrodes stable; E° = +0.2444 V vs SHE at 25 °C (Skoog, 2004).

Mixture
Hg/Hg.Cl,

N\

Saturated

/ KCl
]

S

%

2

Ceramic

B frit
\_ =)

Figure 2.6 Saturated Calomel Electrode (SCE)
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As stated above, SCE contains liquid mercury that can pose danger to both the human
and environment (Gustafsson, 1995; Hylander, 2001). As of today, The United Nations
Environment Programme (UNEP) has signed off on the Minamata Convention, a new
global agreement that will ban mercury from most uses by the year 2020 (Selin, 2014).
Considering the effects of mercury, another type of reference electrode, the silver/silver

chloride electrode had become the current standard for reference electrode.

2.11.1 Silver/Silver Chloride Reference Electrode

In the interest of having a reference electrode which is reliable, cost effective, simple to
construct and low toxicity, the silver/silver chloride electrode fulfils all the desired
requirements for reference electrode. Typically, this reference electrode comprises of a
single silver (Ag) wire coated with silver chloride (AgCIl) which both immersed in
aqueous saturated potassium chloride (KCI) and silver chloride (AgCl) solution. The
potential of Ag/AgCl was determined by the redox reaction of silver and its chloride salt
ion generating standard potential (E°) of 0.230 V vs SHE (Ewing, 1997; Janz et al.,

1968; Skoog, 2004).

AgCI(s) +e < Ag(s) + Cl (aq) (Equation 2.12)

The stability and reversibility of this electrode are achieved by the usage of partially
soluble AgClI and saturated KCI that provide fixed amount of chloride ions. As with
SCE, Ag/AgCI electrode system also requires liquid junction in order to maintain a
steady flow of electrolyte to complete its circuit. The existence of liquid junction in the
form of ceramic frit allows the leakage of electrolyte (saturated KCI and AgCl) to the
sample solution. Likewise, reverse-contamination can also happen when the sample

solution leaked into the electrolyte thus rendering the reference electrode
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unusable (Zoski, 2007). Double junction reference electrode had been introduced to

overcome this problem (Figure 2.7).

f A Ag wire \H
// \Saturated% \\

|
1l KCl
[
]

Saturated

—] B
AgCl i

Ceramic

N —

(@) (b)

Figure 2.7 Two types of Ag/AgClI reference electrode
(@) double junction and (b) single junction.
The design of double junction reference electrode required physical separation between
the saturated AgCl against saturated KCI. Typical approach to achieve this is to provide
an inner tube that contains both Ag wire and saturated AgCl, which is in contact with
the outer tube containing saturated KCI through a ceramic frit. The outer tube with the
electrolyte (KC1) formed a ‘salt bridge’ between the inner tube and the sample solution.
The outer tube works as a buffer, slowing down the changes in the composition of the

reference electrode electrolyte (Cazes, 2004; Comeau et al., 2008).
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Chapter 3 : Methodology

3.1 General Approach

This research focuses on designing molecules to recognize specific examples of Group |
and Il cations. While most efforts are dedicated to computational works, some of the
rationally designed molecules are fabricated and the sensor was tested for response in

the desired range.

Most of Group | and Il cations have been looked out throughout this work but the
following have received most attention; magnesium(ll) and calcium(ll) have been dealt
with significant depth in order to understand the nature of heteroatom interaction with
these divalent cations, and in providing logical explanation to the effects of charge (at
higher pH) to selectivity. Disparity in overlap population, in electron-sharing
mechanism, between different heteroatoms and their forms (keto, enol and enolate) in
interacting with these two divalent cations have also been emphasized. Beryllium(Il) is
another divalent cation that has received special attention. This work focuses on the
ability of Be(ll) to form a covalent interaction with terminal vinyl group, after first
forming a strong bond with cyano nitrogen atoms. Group | cations, especially H*, Li",
Na" and K", are discussed mainly in the sensor array application wherein consistent

signal ratio is the main concern.



In rational design of divalent cation ionophores, Group | cations are discussed again, in
providing explanation on how the alkali metal monovalent cations can be discriminated
based on charge-to-radius ratio (or surface charge density argument). Size exclusion
argument, presumably is an important design strategy, is not explored in this work.

Figure 3.1 showed the generalized workflow of this study.

Receptor-Cation Model
(e.g R-CN-M")

Input or Guess Structures

Geometry Optimization
(Berny algorithm)

Vibrational Frequency Analysis

Molecular Orbital Properties
(GIAO,NBO, Overlap)

Design Parameter Analysis
(Plots Binding Energy vs NMR Shielding)

Figure 3.1 Generalized process flow which represents
the adopted approach of this study.
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Three specific cases have been investigated in significant depths as described in chapter

four, five and six;

Case 1: The use of DFT and G3 theory in providing rational design of cation sensor

array using saturated carbonitrile receptor models.

Case 2: Exploitation overlap population from AOMix in heteroatom-metal interaction to
design selective divalent cation ionophores having lonomycin fragment models and

carbonitrile-carboxaldehyde receptor models.

Case 3: Exploitation of m-network in conjugated carbonitrile in forming favourable

vinyl-beryllium interaction.

In the following sections, descriptions of the adopted methods and tools for the
following simulation jobs are dealt with in details; geometry optimization, molecular
orbital analysis, population analysis, nuclear magnetic shielding analysis, overlap

population and charge analysis.

3.2 Hybrid Functionals

In this section specific and widely used exchange and correlation functional are
provided but without elaborate comments. Becke88 has been widely used in DFT
method (Becke, 1988). This is an example of the so-called gradient-corrected exchange

functional, having the following description;
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/3 x2 e .
Efecke 83 = Eipa — 5fmd3r (Equation 3.1)

The Becke Three Parameter Hybrid Functionals is a well known hybrid functional
which is popular amongst quantum chemists. These functionals have the form devised

by Becke in 1993 (Becke, 1993b; Vosko et al., 1980).

where A, B, and C are 0.20, 0.72, 0.81, respectively, (constants determined via fitting to
the G1 test set). There are several variations of this hybrid function. B3LYP uses the
non-local correlation provided by the LYP expression, and VWN functional 111 for local
correlation (not functional V). Note that since LYP includes both local and non-local

terms, the correlation functional used is actually
C*Ec-"P+(1-C)*EcV™WN (Equation 3.3)

wherein VWN is used to provide the excess local correlation required, since LYP

contains a local term essentially equivalent to VWN.

3.3 Basis Sets

Pople’s split-valence double-zeta basis set was used in this calculation with the keyword
syntax as follows: 6-31+G(d,p) designates the 6-31G; the core orbital is a Contracted
Gaussian-type Orbital (CGTO) made of 6 Gaussians, and the valence is described by
two orbitals — one CGTO made of 3 Gaussians, and one single Gaussian, the basis set
supplemented by diffuse s and p functions for non-hydrogen atoms, one set of d
functions and supplemented by one set of p functions on hydrogens. This basis set 6-

31+G(d,p) was used for all non-metal atoms (Figure 3.2).
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Figure 3.2 Anatomy of a basis set: C atom, 6-31G**

The Ahlrichs basis set, quadruple zeta valence quality (QZVP), made popular by H.F.

Schaefer had been utilized in our calculation for metal atoms. It is believed, QZVP is

the most accurate polarized Gaussian basis set that is available for our metal of interest

(Figure 3.3) (Weigend et al., 2005; Weigend et al., 2003b).
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Figure 3.3 Anatomy of a basis set: Mg atom, QZVP

3.4  The Gaussian-3 (G3) Theory

G3 geometry optimization (Curtiss et al., 1998; Pickard et al., 2006) is done at MP2
level using smaller 6-31G basis set instead of the 6-311G basis set employed in G2
Theory (Curtiss et al., 1991), and the structure is used to calculate harmonic frequencies
and for all subsequent calculations. The final MP2 calculations use a larger basis set
(G3large) and both the core and valence electrons are correlated. Correction for
correlation effects beyond a fourth-order pertubation theory is done with quadratic
configuration interaction calculation with single and double excitations and a triples
excitation contribution (QCISD(T)) (Curtiss & Raghavachari, 2002). Additional core

correlation corrections are included through a spin-orbit and valence electron empirical
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correction. Different empirical parameters are also introduced in the higher level

correction (HLC) (Namazian et al., 2008).

3.5  The Gaussian-4 (G4) Theory

The Gaussian-4 Theory is the improvement over G3 theory with mean absolute
deviation of 0.83 kcal/mol from experiment for the comprehensive collection of 454
energies (for main group molecules) in the G3/05 test set (Curtiss et al., 2011). G4
Theory uses B3LYP/6-31G(2df,p) instead of MP2(full)/6-31G* (in G3), for structure
optimization, harmonic frequency and all subsequent calculations (Curtiss et al., 2007).
Hartree-Fock energy limit E (HF/limit) is determined using two-point extrapolation
scheme and Dunning’s aug-cc-pVnZ basis sets. For correlation correction beyond the
fourth-order pertubation theory, CCSD(T)/6-31G* is used instead of QCISD(T)/6-31G*
(in G3). The HLC has the same form as in G3 but with two additional parameters.
MQZVP basis sets are parts of Truhlar’s M06 and M06-2X functionals (Zhao et al.,
2008a, 2008b). These are modified version of Ahlrich’s higher polarization QZVP basis
set recommended for correlated treatments (Jensen, 2013; Weigend et al., 2003a). The
Ga to Kr QZVP bases include a diffuse d function to polarize 4p AO and add 2f1g sets

from Dunning (Zhong et al., 2008). Table 3.1 shows the overview of the G4 method.
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Table 3.1 Overview of The G4 Theory

Step Job Result Notes
1 B3LYP/6-31G (2df,p) Optimized
Opt Freq structure
2 B3LYP/6-31G (2df, p) E (ZPE) Scaled by 0.9854
3 HF/aug-cc-anZ EHF/aug-cc-anZ = Enrnimit + B exp(— Gn)
4 MP4/6-31G (d) AE(G3LargeXP) E[MP2(full)/G3LargeXP]

— E[MP2/6-31G(2df,p)]
— E[MP2/6-31 + G(d)]
+ E[MP2/6-31G(d)]

5 NA E(combined) E[MP4/6-31G(d)]+AE(+)
+ AE(2df,p) + AE(CC)
+ AE(G3LargeXP) +
AE(HF) + AE(SO)

6 NA Ee(G4) = E(combined) + E(HLC)

7 NA Eo(G4) =Ee G4 + E ZPE

3.6  Special Tools

These special tools are integrated inside Gaussian09 software package and can be
accessed by using specific keywords except for AOMix. The AOMix software package

can be downloaded for free from their website.

3.6.1 Natural Bond Orbital (NBO)

Gaussian NBO version 3.1 has been utilized to calculate atomic orbital occupancies and
its contribution to bonding interaction and delocalization of electron density within the

receptor models and its complexes (Reed et al., 1988).
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3.6.2 NMR Gauge-Independent Atomic Orbital (GIAO)

The *C NMR isotropic shielding tensors was calculated with the GIAO method using
the optimized structures obtained from DFT calculation (Cheeseman et al., 1996). All
of the NMR spectroscopy results were referred to tetramethylsilane, (CH3)4Si as
reference. The shielding and deshielding effects can be seen on the chemical shift

parameter.

3.6.3 Integral Equation Formalism Polarizable Continuum Model (IEF-PCM)

The IEF version of the PCM solvation method was employed to estimate the effect of
water solvation on binding energies (Tomasi et al., 1999). IEF is one of the family
members of Polarizable Continuum Model (PCM) (Miertus et al., 1981) along with
DPCM (Barone et al., 1998) and CPCM (Klamt et al., 1993). The IEF-PCM had been
adopted due to its general flexibility and faster than the other two methods (Tomasi et

al., 2005).

3.6.4 AOMix

The AOMix package helps to analyze the nature of the chemical bonding in molecular
systems. The 2c, Cyi Sap terms, where a € atom A and b ¢ atom B, are the overlap
populations between the two atoms with atomic orbitals y. and y, respectively of the i
MO. The total overlap population (TOP) between atoms A and B in a molecule is
calculated by adding together overlap populations for orbitals centered on these two
atoms:
TOPag =X i Ygea 2oben 2Cai Coi Sab (Equation 3.4)

where c;; is the LCAO-MO coefficient of y, on atom A, ¢y is the coefficient of y, on

atom B, both in the i MO, and Sas is the overlap integral for these two AOs.
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The overlap populations (OP) concept can be extended to the analysis of the
bonding between the central atom and the ligands in transition metal complexes or other
large molecules. In AOMix, Equation 3.5 is applied to user-defined fragments (which

can be individual atoms, groups of atoms, or an atomic orbital or groups of orbitals):

OP4gi= Yaca Lben 2Cai Chi San (Equation 3.5)

The TOPag and OPpg,i values are printed in the AOMix output files. Positive OPag
values represent a bonding interaction and OPag = 0 indicates no bonding between the

fragments.

3.7 Hardware Details

Calculations were performed with a Gaussian 09 Revision C.01 program package
(Frisch et al., 2010) on Intel Core i5-2467M CPU @ 1.60GHz with 4.00 GB of ram.
Higher level of calculations require utilization of UM workstation with Intel Xeon CPU

E31245 @ 3.30GHz with 8.00 GB of RAM.

3.8 Experimental Details

In the following sections, options of specific chemical sensor fabrication device
platform such as screen printed electrode, electrochemical transducer and polymeric

membrane of choice are explained.
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3.8.1 List of Chemicals

Methyl methacrylate (MMA), n-butyl acrylate (n-BA), 2-hydroxyethyl methacrylate
(HEMA)  hexanediol  diacrylate  (HDDA)  crosslinker,  2,2-dimethoxy-2-
phenylacetophenone (DMPP) photoinitiator and sodium tetraphenyl borate lipophilic
agent were purchased from Sigma-Aldrich (Milwaukee, WI, USA). Cyclopentane
carbonitrile cation recognition molecule was procured from Fluka (Buchs, Switzerland).
Magnesium chloride and potassium chloride were obtained from Merck KGaA
(Darmstadt, Germany). All chemicals were used as received without further

purification.

3.8.2 Sensor Fabrication

The sensor was fabricated as depicted in Figure 3.4. The sensing membrane is a self-
plasticized acrylic co-polymer having 2 parts of MMA and 8 parts of n-BA, by volume,
called MB28. Acrylic co-polymer had been chosen due to its superiority against
commonly used PVC as described in Section 2.5.1. Initially, 100 pL of MMA, 400 puL
of n-BA, 6.2 mg of DMPP and 0.5 pL. HDDA were prepared as MB28 monomer
mixture. DMPP act as photoinitiator to promote the polymerization of acrylic co-
polymer upon exposure to intense UV light. Adequate amount of HDDA is required to
link the co-polymer together. Later, 100 pL of the MB28 mixture was mixed with 1 mg
of sodium tetraphenylborate and 5 pL of cyclopentylcarbonitrile to afford the cation
sensing cocktail. The sodium tetraphenylborate replacing the generally-used potassium
tetrakis(4-chlorophenyl)borate as ion-exchange sites due to its better price-to-

performance ratio.
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Figure 3.4 Sensor cell layers

Poly(HEMA) was used as the internal layer that provides a constant
concentration of cation. The HEMA cocktail was prepared by mixing 500 uL of HEMA,
6.2 mg of DMPP and 0.5 pL HDDA. The electrochemical transducer electrode was
prepared by screen printing of silver-silver chloride paste onto FR4 printed board and
oven dried at 120 °C to give a dry thickness of approximately 100 um. The HEMA
cocktail (2 puL) was dispensed on the silver-silver chloride electrode and photocured
under UV for 3 min. The photocured poly(HEMA) hydrogel was hydrated by
conditioning in 0.1 M KCI for 10 min. The MB28 cocktail (3 puL) was dispensed on top

of the hydrated poly(HEMA) hydrogel and photocured under UV for 3 min.

3.8.3 Sensor Evaluation

Three concentrations (1 x 10, 1 x 10° and 1 x 10 M) of Mg(11) and K* solutions were
prepared by dissolving the chloride salts respectively in deionized water. Calibration
curve was obtained from the standard solution prepared before. Mg(ll) and K™ mixtures
in 1:1 and 1:10 were also prepared in order to investigate the sensor response in

mixtures.
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The sensing electrode and a double-junction reference electrode (Thermo Fisher
Scientific, Waltham, MA, USA) are connected to Thermo Orion ion meter, immersed in

the calibration solutions and the potential signals recorded (as shown in Figure 3.5).

Thermo Scientific Orion

5-Star Plus Benchtop Meter Test solution

| Reference Electrode Screen Printed Electrode |

Figure 3.5 Typical test setup for sensor evaluation
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Chapter 4 : G3 Assisted Rational Design of Chemical Sensor Array

Using Carbonitrile Neutral Receptors

Combined computational and experimental strategies on systematic design of chemical
sensor array using carbonitrile neutral receptors are presented. Binding energies of
acetonitrile, n-pentane carbonitrile and malonotrile with Ca(ll), Mg(11), Be(ll) and H*
have been investigated with B3LYP, G3, CBS-QB3, G4 and MQZVP methods,
showing a general trend of H* > Be(ll) > Mg(l1)> Ca(ll). Hydrogen bonding, donor-
acceptor and cation-lone pair electron simple models were employed in evaluating the
performance of the computational methods. Mg(ll) is bound to acetonitrile in water by
12.5 kcal/mol, and in the gas phase the receptor is more strongly bound by 33.3
kcal/mol to Mg(ll) compared to Ca(ll). Interaction of bound cations to carbonitrile
reduces the energies of the MO’s involved in the proposed o-p conjugated network.
Planar malononitrile-Be(Il) complex possibly involves =m-network with cationic
methylene carbon. Fabricated potentiometric chemical sensors show distinct signal

patterns that can be exploited in sensor array applications.



4.1 Introduction

Carbonitriles can be synthesized by a variety of preparative procedures and the
functionality can be transformed further to numerous functional groups (March, 1992).
The cyano functional group appears as synthetic equivalents in useful carbon-carbon
formation steps (Fleming, Gudipati, et al., 2002; Fleming & Shook, 2002; Fleming et
al., 2000; Fleming, Zhang, et al., 2002). However this synthetically feasible
functionality has rarely been considered for detection of ionic species. In this work we
described combined computational and experimental strategies in exploiting
unconjugated carbonitrile moieties for chemical sensor array applications (Duarte et al.,
2009; Duarte et al., 2010). Acetonitrile is a simple model for unconjugated carbonitrile
receptor and extensively analyzed in this work. The carbon-carbon bond in acetonitrile
is much shorter compared to that in ethane (Afeefy et al., 2005), and this has been
attributed to s-conjugation that could facilitate binding to metal cations (Fleming, 2011)

(Figure 4.1).

Figure 4.1 o-p Conjugation stabilized
acetonitrile-cation complex
Electrochemical sensors such as ion selective electrode (ISE) (Heng & Hall,
2001) and chemically modified field effect transistor (ChemFET) (Moschou et al.,
2001; Reinhoudt, 1995; Wroblewski et al., 2001) are the most commonly employed
devices for detecting ionic analytes. In these sensors, chemical activity is converted to
voltage signal using reversible reduction-oxidation electrode such as silver-silver
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chloride or doped conducting polymer (Zhu et al., 2003). The sensor signal is baselined
to a reference electrode, typically a double-junction silver-silver chloride electrode
having constant chloride concentration and suitable external electrolytes. A common
sensor error arises from false signals due to interfering ions. Only when the sensor
selectivity is very high and in the presence of low concentrations of interfering ions, this
type of noise can be neglected (Umezawa et al., 1995). In cases where the analyte is
surrounded by high concentration of interfering ions, a high selectivity sensor will no
longer give reliable measurement. The situation is even worse when the required linear

range is narrow or the limit of detection is at sub-ppm level.

Selectivity requirement for chemical sensors depends on the intended target
application. Our electrochemical sensors primarily target ionic analytes in agriculture,
aquaculture, environmental monitoring and medical applications. Linear range and
accuracy requirement for the same analyte differ tremendously across verticals. For
example nitrate sensor in precision agriculture normally monitors the nutrient in the
range of 100 to 300 ppm, whereas, for nitrate-poisoned carrot detection capability at less
than 10 ppm is more appropriate. A more striking difference in requirement can be seen
in dissolved ammonia sensors. The requirement for monitoring dissolved ammonia in
industrial discharge before treatment is at tens of ppm, whereas, in aquaculture
application, unionized ammonia is considered lethal at sub-ppm levels (National

Recommended Water Quality Criteria, 2002).

Here in this chapter, we employed computational method in designing neutral
receptor molecules for charged analytes. Our target applications require detection of
sodium, potassium, magnesium, calcium, ammonium, nitrate, phosphate, chloride and

sulfate. In sensor array approach the burden on achieving very high selectivity towards
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target analyte is relieved because the accuracy is no longer determined by sensor
selectivity alone. In fact, the main challenge in sensor array approach is the ability in
recognizing signal patterns produced by different analyte concentrations in the presence

of interfering ions.

Neutral receptor molecules (ionophores) typically exploit organic functional
groups to achieve binding with target analyte (Duncan et al., 2001; Malinowska et al.,
2000). In cation recognition, electron lone-pairs on heteroatoms, carbonyl group and
heterocycles are often used, whereas for binding to anions, different types of hydrogen
bonds are utilized (Antonisse et al., 1997). In cation recognition, the combination of
heteroatom lone pairs and ring cavity size could discriminate metal cations based on
ionic radius size. This strategy does not work for anions, where the Hofmeister effect
dominates selectivity trend (Zhang et al., 2006). Selective detection of neutral
molecules is much more challenging and enzymes give the most reliable results.
Synthetic receptors for small neutral molecules need to use combinations of the already
mentioned strategies including complex cavity shape or molecular imprint (Boyd et al.,

2004; Pernites et al., 2011).

4.2 Results and Discussion

4.2.1. Computational Benchmarks

Accuracy of the adopted computational methods has been benchmarked with receptor-
analyte binding models. The benchmarks compare the performance the computational
methods with each other and whenever available, with experimental values. The
benchmark models illustrate simple cases relevant to interactions between chemical

sensor and target molecules.
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Table 4.1 Bond distances (r) and dissociation energies (De) of water dimer benchmark

2(H,0) G3 CBS-QB3M MQZVP Exptl@
H-O (ru.o, A) 1.954 1.925 1.956 NA
0-0 (ro.0, A) 2.913 2.886 2.918 2.978
H-O Freq (cm™) 181.3 204.0 184.6 186.83
De (kcal/mol) 3.5 34 3.1 3.16

[a] Experimental values from refs (Keutsch et al., 2003; Xu et al., 2004)
[b] Complete Basis Set (CBS) methods of Petersson and coworkers for computing very accurate
energies involving several pre-defined calculations on the specified system.

The geometry, vibrational frequencies and binding energy of water dimer represent a
simple and useful benchmark for receptor-analyte weak interaction involving hydrogen
bonding. The experimental distance between the two water molecules measured as the
distance between two oxygen atoms (ro.o) is 2.978 A (Table 4.1) (Keutsch et al., 2003;
Xu & Goddard 111, 2004). The G3 and MQZVP methods give comparable ro., (2.913 A
and 2.918 A, respectively) and close to the experimental value, whereas, the separation
in CBS-QB3 is considerably shorter (3%). Similarly, the G3 and MQZVP vibrational
frequencies for hydrogen bonding are closer to each other while CBS-QB3 predicts the
interaction to be stronger by 20 cm™. All three computational methods are able to

reproduce experimental dissociation energy of water dimer within 1 kcal/mol.

Donor-acceptor type interaction is another well-known computational benchmark that is
applicable to chemical sensor design. Optimized structures of ammonia-borane
complex, nitrogen-boron bond distances, vibrational frequencies and dissociation
energies of the complex were calculated using G3, CBS-QB3 and MQZVP methods
(Table 4.2). Available experimental data are provided for comparison purposes (Cramer

et al., 1997; Richardson et al., 1995).
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Table 4.2 Bond distances (r) and dissociation energies (De) of ammonia-borane
benchmark.

Vacuum H,0!
NH3'BH3 2 Exptl[a]
G3 CBS-QB3 MQZVP G3 CBS-QB3 MQZVP

B-N (rzn,A)  1.661 1.664 1.658 1.626 1.627 1.630 1.580
B-H (rsn,A)  1.209 1.208 1.206 1.214 1.213 1.190 1.150

N-H (rewA) 1020 1017 1014 1020 1018 1010  0.960
B-N

Freg(cm™)
De (kcal/mol)  28.0 27.8 24.8 35.1 349 31.8 NA

605.0 636.5 642.4 NA 722.4 NA NA

[a] Experimental values from ref (Cramer & Gladfelter, 1997; Richardson et al., 1995).
[b] Water solvation effect was modeled using iefpcm method as in (Tomasi et al., 1999)

Due to the stability of the ammonia-borane adduct in water, the respective results in
water media are also provided. The three methods afford practically the same gas-phase
boron-nitrogen bonds that reproduces the experimental bond length determined by
neutron diffraction method on NH3-BHj3 crystals (Klooster et al., 1999). In water, the rg.
n values are consistently shorter and practically identical. The G3 and CBS-QB3 gas-
phase dissociation energies are quite comparable, that is about 3 kcal/mol higher than
predicted by MQZVP method. The dissociation in water follows similar trend, with
MQZVP gives 3 kcal/mol lower. The shorter rg.y bond lengths and higher D, in water
strongly suggest greater stability of the ammonia-borane pair in water, presumably due
to stabilization of the ionic complex in polar solvents. The three methods predict the
same value (1.21 A) for nitrogen-hydrogen bond distances, and there is no solvent effect
on rg.y values. However, the neutron diffraction measurement reported a shorter bond
length (1.15 A). Likewise, all the predicted nitrogen-hydrogen bond lengths are almost
identical (1.02 A), and again there is no solvent effect. The experimental ry.4 measured
by neutron diffraction method is slightly less than 1 A. MQZVP and CBS-QB3 predicts
boron-nitrogen stretching frequencies of approximately 640 cm™, 40 cm™ higher than

G3 prediction. The computed N-B stretching in water is about 80 cm™ higher —
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consistent with a stronger interaction and shorter bond distance. Furthermore, the
ammonia-borane binding energies are in keeping with the predicted geometries. The
three methods show that the ammonia-borane complex is strongly bound, and the
interaction is more than 5 kcal/mol stronger in water. The energy predicted by MQZVP
is 3 kcal/mol lower compared to the G3 and CBS-QB3 energies. If this benchmark can
be generalized to other donor-acceptor systems, MQZVP method is expected to predict

lower binding energies.

Another important benchmark useful in neutral receptor design is the interaction of
electron lone pairs on heteroatom to metal cations. Interactions of Mg(I1) ion with water
and hydrogen cyanide in the gas phase are compared by employing the G3 and G4
methods on the lone-pair-cation system (Table 4.3).

Table 4.3 G3 and G4 geometries and binding energies of Mg(ll) complexes with HCN
and H,Of

Mg(11)-NCH G3 G4 Mg(I1)-OH, G3 G4

Mg-N (rmgn, A) 2016  1.965 Mg-O (rmg.o, &)  1.948  1.917
N-C (rnc, A) 1.168  1.149 O-H (ro., A) 0.989  0.979

Mg-N Freq (cm™)  498.7 5102  Mg-O Freq(cm™) 563.1 5715
D. (kcal/mol) 92.0 92.6 D (kcal/mol) 80.6 81.5

"Experimental data are unavailable

The binding energies differences between the G3 and G4 methods, for both
cases (H,O and HCN), are less than 1 kcal/mol. The G4 Mg-N and Mg-O bonds are
shorter and consequently the stretching frequencies are larger with the G4 method. The

C-N and O-H bonds produced by the two Gn methods differ by about 0.01 A.
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4.2.2. Acetonitrile — Carbonitrile Simple Receptor Model

Acetonitrile lacks a =-conjugation system and serves as a simple model for
unconjugated carbonitrile. Geometry optimizations in vacuum and solvated media were
initially explored using B3LYP method and 6-31+G(d,p) basis set. Subsequently G3,
G4, CBS-QB3 and MQZVP methods were performed to obtain structures and energies
at these levels of theory. The C1-C2 bond distance, predicted by all computational
methods are apparently shorter (1.460 A, G3; Figure 4.2 and Table 4.1) compared to the
carbon-carbon single-bond in ethane (1.532 A, B3LYP)(Data provided in Appendix A).
These results are in good accord with experimental bond distances that report shorter
carbon-carbon bond distances in acetonitrile (1.458 A) and butadiene (1.476 A),

compared to that in ethane (1.536 A) (Afeefy et al., 2005).

Shortening of the carbon-carbon bond in butadiene by 4% has been attributed to
p-p conjugation, widely known as hyperconjugation (Carey et al., 2007). Practically this
refers to interaction of two 2p, orbitals at C2 and C3 in butadiene that improves the
entire z-network. This is supported by preference for adoption of planar conformation
that maximizes the overlapping of adjacent 2p, orbitals (Fleming, 2011; Rauk, 1994;
Yu, 2012). Likewise, as depicted in Figure 4.1, the shrinking of the C1-C2 bond in
acetonitrile by close to 5% compared to ethane (B3LYP) can be attributed to o-p
interaction similar to the hyperconjugation reasoning, described earlier (Pauling,

1960a).
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iii. CHsCN-Be(l1) iv. CH3CN-H"
Figure 4.2 G3 optimized geometries of acetonitrile and its complexes with Be(ll),
Mg(lland H".

The G3 C2-N3 bond distance in acetonitrile is 1.178 A, about 2% longer than
the experimentally determined value (1.157 A) (Afeefy et al., 2005). However,
experimental C-N bond in hydrogen cyanide (1.156 A) (Afeefy et al., 2005) is
practically identical to that in acetonitrile. This indicates that the cyano functional group
retains the essential carbonitrile triple bond and lone-pair character regardless of the
neighbors. Consequently, in weak interactions of interest to chemical sensor design and
function, the C-N multiple bond in carbonitrile most probably is inaccessible, and thus
the interaction is primarily determined by the cyano lone-pair electron and the nature of
the positively charged analytes (this work focused on Ca(Il), Mg(1l), Be(ll) and H").

Table 4.4 Bond distances of acetonitrile and its complexes with Be(11), Mg(ll) and H*

a Bond Distance (A)™! Bond Angle™
Molecule C2-N3-  H6-C1- H5-C1-
C1-C2 C2-N3 N3-M Ci1-H M C2 H4
CH3;CN-Be(ll) 1.444 1.165 1.625 1.092 1755 108.6 110.1
CH3CN-Mg(ll)  1.453 1.170 2131 1.091 1725 109.6 109.6
CHsCN-H* 1.445 1.155 1.014 1.091 180.0 108.7 110.2
CH5CN 1.460 1.178 NA 1.091 NA 109.9 109.0

[a] Numbering of atoms according to Figure 4.1. [b] Bond distances and bond angles obtained
from G3 calculations
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According to the o-p conjugation model, the shrinking of the C1-C2 bond in
acetonitrile could possibly increase the bond order, and discriminate the hydrogen atoms
attached to C1. The C1-H bond distances should no longer be identical. Analyzing the
three C-H bond distances at four decimal places revealed the following bond lengths;
C1-H6 (1.0910 A) and C1-H5 and C1-H4 (1.0911 A both). However, when rounded to
three decimal places, the optimized geometries at all levels of theory, give the same C1-
H bond distance for the three C-H bonds (1.091 A, G3 water) and practically identical
H-C1-H bond angles (109.9°, G3 water). Moreover, GIAO *H NMR simulation (versus
TMS B3LYP/6-311+G(2d,p) reference) on uncomplexed acetonitrile receptor using the
B3LYP optimized structure affords a single peak at 2.28 ppm (Table 4.5) for the three
protons. The GIAO °C NMR (versus TMS B3LYP/6-311+G(2d,p) reference) gives
-8.72 and 103.77 ppm for C1 and C2, respectively, consistent with a normal sp® and sp
hybridized carbon nuclei (Lampman et al., 2009).

Table 4.5 *H and *C NMR shifts (ppm) of acetonitrile and its complexes with Be(ll),
Mg(ll) and H".

Moleculel® C1 C2 N3 H6 H4,H5
CH3CN-Be(l1) -8.37 115.36 155.96 3.16 3.13
CHsCN-Mg(11) -8.18 111.03 187.74 2.64 2.67
CH3CN-H" -9.93 86.50 186.39 2.94 2.94
CHsCN -8.72 103.77 232.75 2.28 2.28

[a] Numbering of atoms according to Scheme 1 [b] Bond distances and bond angles obtained
from B3LYP/6-31+G(d,p) calculations.

The Mulliken charges on uncomplexed acetonitrile (Table 4.6) is consistent with
the expected electronegativity of the atoms. Nitrogen atom being the most
electronegative carries the most negative charge of -0.516. C2 which is directly
attached to nitrogen loses significantly its electron density to N3, resulting in a net of
0.295 Mulliken charge. Holding three hydrogen with 0.106 Mulliken charge, C1 has a

normal small negative charge of -0.097.
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The C1-C2 stretching frequency in acetonitrile, computed by B3LYP method is
924.8 cm™, while the C-C stretch in ethane gives 999.36 cm™ (Table 4.7). The results
indicated that C-C single bonds in both cases were essentially the same. A higher
frequency was expected for acetonitrile if the proposed o-p conjugation results in
substantial barrier to C-C rotation and strong orbital (2p,) overlap. In keeping with the
hyperconjugation reasoning, the computed cyano C2-N3 stretch in acetonitrile is 2586.1
cm™ (RHF/6-31+G(d,p)), 148 cm™ higher than that in hydrogen cyanide (2438.2 cm™).

Table 4.6 Mulliken charge[a] of acetonitrile and its complexes with Be(Il), Mg(ll) and
H*.

Molecule™ C1 C2 N3 M H6 H4, H5
CHsCN-Be(ll) 0239  0.364 0.212 1.252  0.136 0.137
CHsCN-Mg(l1) -0.362 0379 -0141 1754  0.124 0.123
CH3CN-H* -0.082 0392 -0.095 0.368  0.139 0.139
CH,CN -0.097 0295  -0.516 NA 0.106 0.106

[a] Mulliken charge obtained from G3 calculations.
[b] Numbering of atoms according to Figure 4. 1

Table 4.7 Vibrational stretching frequencies (cm™) of acetonitrile and its Be(11), Mg(11)
and H" complexes.

Molecule!® C1-C2 C2-N3 N3-M
CH3CN-Be(l1) 1056.8 2623.0 728.2
CHsCN-Mg(11) 966.7 2620.8 311.4
CH3CN-H* 920.6 2609.0 3938.0
CH,CN[P4 954.8 2586.1 NA

[a] Numbering of atoms according to Figure 4.1[b] Vibrational frequencies of acetonitrile was
obtained using RHF calculations and the rest using G3 method. [c] The vibrational frequencies
of ethane calculated at B3LYP/6-31+G(d,p) for comparison purposes.

Natural Bond Orbital (NBO) can help elucidate the effect of orbital occupancy on the
structure and reactivity of the carbonitrile receptor, as well as the relative stability of the
receptor-analyte complexes (Reed et al., 1988; Weinhold, 2012). The change in s
versus p character in chemical bond of interest usually gives rise to significant
difference in structure and reactivity. In chemical sensor design, orbital occupancy can
be used to explain delocalization of valence electron clouds through some sorts of

resonance networks, either exclusively z-bonds or mixture of o- and z-bonds.
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Figure 4.3 Selected G3 molecular orbitals of acetonitrile and its complexes with Mg(Il)

The orbital occupancy data are also intuitively connected to molecular orbitals and their
energy levels in order to assign frontier orbitals involved in receptor-analyte binding
(Figure 4.3). For example, in assigning the orbital for lone-pair electron, orbital
degeneracy suggests that it is safe to assign these equal energy MO’s to two z-bonds —
thus the lower energy sp hybrid MO is more suitable for a lone pair (the HOMO-2 in

acetonitrile).

In acetonitrile the C1 carbon has a lower 2py (1.08) occupancy compared to the
2py and 2p, orbitals (both 1.30), while the 2s occupancy is 1.14 (Table 4.8). All the C1
orbitals have occupancies in excess of 1 because of the contribution of the three

hydrogen atoms attached to C1. Likewise the occupancy of the H orbitals are all less
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than 1 (0.699), after donating to the more electronegative C1. On the contrary, all C2
orbitals have occupancy less than 1(2py (0.99); 2py and 2p, (both 0.88); 2s (0.89)),
giving up to the more electronegative nitrogen neighbour. The 2py and 2p, occupancies
in C2 are consistently remain the same, suggesting that these 2p orbitals are used to
form two z-bonds in the carbonitrile triple-bonded functionality. Consequently, the 2s
and 2py orbitals are used by C1, C2 and N3 to form o-bonds, and one is also available to
accommodate a lone-pair electron on N3. The s and p characters of the o~bonds of
interest are consistent with these occupancy data, while essentially all z-bonds are
constructed with pure 2p orbitals (Table 4.8). The C1-C2 o-bond in acetonitrile uses
typical sp* orbitals for bonding having close to ideal 24% s and 76% p characters on C1,
and employs close to ideal sp hybrid orbital from C2 (54% s and 46% p characters,
Table 4.9). Likewise, the C2-N3 o-bond shows close to ideal sp hybridized orbitals
(46% s and 54% p on C2, and 45% s and 55% p on N3 — the sp orbital having more p

character in uncomplexed acetonitrile.
4.2.3 Acetonitrile-Mg(l1) Complex

Acetonitrile approaches and interacts with positively charged analytes through its lone-
pair electrons. Unlike olefins, where protonation involves direct interaction between
hydrogen and the 2p orbitals in the z-bond, resulting in a new C-H o-bond and
carbocation. The breaking of the cyano C-N z-bond of acetonitrile is not feasible due to
the formation of unstable vinyl cation (Apeloig et al., 1982; Kobayashi et al., 1993;
Miller et al., 2004; Winter et al., 2009; Yates et al., 1973). In protonated olefin, the
resulting cation occupies a 2p, orbital, having three substituents in the x-y plane that can
interact and stabilize the positively charged carbon center. On the contrary, the empty
orbital in vinyl cation is on the same plane with the double bond and not stabilized by

the neighbours (Fleming, 2011; March, 1992).
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G3 calculations indicated that divalent magnesium cation is bound to acetonitrile
in water with a binding energy of 12.5 kcal/mol (Table 4.10). Using the same method,
the ammonia-borane benchmark shows three-fold stronger binding in water (35.1
kcal/mol, Table 4.2). The binding energy calculations have been repeated using G4
method in order to include calcium(ll) and allow plotting of Figure 4.4. The C2-N3 o~
bond in acetonitrile-Mg(l1) complex shows significant increase (18%) of the s character
at the sp orbital used to accommodate nitrogen lone-pair electrons, now forming
bonding with magnesium(Il), compared to the uncomplexed receptor model (increased
from 45.1 to 57.9% s character, Table 4.9). On the contrary, as the N3 increases its s
character in order to optimize overlapping with Mg(Il), C2 increases its p character by
3% (Table 4.9). The 2s and 2py orbitals in C2 and N3 are involved in the C2-N3 o~
bond. Interaction with Mg(ll) presumably is limited to these orbitals, as the binding
process would avoid forming vinyl cation (Apeloig & Stanger, 1982; Kobayashi et al.,

1993; Miiller et al., 2004; Winter & Falvey, 2009; Yates et al., 1973).
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The interaction with Mg(l1) causes reduction of 10% of the occupancy in the C2
orbitals involved in z-bondings, but negligible difference in the 2p, orbital used for o~
bonding. On the contrary, the interaction with magnesium cation causes N3 to receive
8% additional occupancy in the 2p orbitals for z-bonding, and 5% increase in the
occupancy for o-bond. This balance would possibly leave the C2-N3 z-bonding
characteristics unchanged. Moreover, the combined C2 and N3 2s occupancies in the
uncomplexed and the complex after binding with Mg(ll) remains essentially the same
(Table 4.8). As a whole, the interaction with Mg(ll) affords no noticeable change in z-
bonds characteristics, whereas, the observed shortening of the C2-N3 triple bond could
be attributed to a more effective o-bond that accompanies significant increase in N3 s

character (28%, Table 4.9).

Table 4.8 Orbital occupanciest of acetonitrile and its complexes with Be(11), Mg(l1)
and H*

25 2P, 2P, 2P, Total
CH3CN-Mg(I1)
C2 0.875 0.974 0.793 0.793 3.435
N3 1.542 1.583 1.244 1.244 5.614
c1 1.149 1.056 1.310 1.310 4.824
CH3CN-Be(l1)
C2 0.876 0.962 0.726 0.727 3.291
N3 1.497 1.607 1.324 1.323 5.751
c1 1.155 1.043 1.316 1.317 4.830
CH3CN-H*
C2 0.866 0.957 0.734 0.734 3.291
N3 1.298 1.467 1.323 1.323 5.411
c1 1.156 1.035 1.320 1.320 4.830
CHsCN
C2 0.887 0.987 0.879 0.879 3.631
N3 1.598 1511 1.147 1.147 5.403
c1 1.138 1.076 1.297 1.297 4.808

" Calculated using B3LYP/6-31+G(d,p)

As acetonitrile interacts with magnesium cation, the C1-C2 bond becomes shorter — G3
calculations show 0.5% shortening of the bond (shrinking from 1.460 A to 1.453 A,
Table 4.4). The shortening of C2-N3 due to the interaction is less than 1% (from 1.170

Ato 1.178 A, Table 4.4). Effectively, interaction with magnesium shortens both bonds.
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When rounded to three decimal places, all the three C1-H bonds remain essentially

unchanged (1.091 A).

'H NMR of the three H atoms attached to C1 provides valuable probe to monitor
changes in C1-H bond due to o-p conjugation in acetonitrile-analyte complex. Likewise,
NMR shifts of the C1, C2 and N3 nuclei could elucidate changes in electron clouds
shielding these nuclei. Despite insignificant change in the C1-H bond distance (1.091A),
the H atoms attached to C1 experience significant deshielding effect due to interaction
with Mg(Il). The interaction with magnesium cation helps discriminate the H nuclei
giving two types of H - one H in the x-z plane and two H’s at x-y plane. The two types
of H are deshielded by close to 15% due to the interaction with Mg(ll) (Table 4.5,
Figure 4.5). Similarly, direct interaction with Mg(ll) significantly causes shielding on
the N3 nuclei — the N3 NMR shift reduces by about 20%, in keeping with a buildup of
electron density surrounding the N3 nuclei. Logically, a shift of electron density from
C2 to N3 could in turn deshield C2, and as expected a 6% increase in C2 NMR shift is
observed. The deshielding effect on both carbon nuclei occurs at the same extent as C1
also records an increase of 7% in NMR shift.

Table 4.9 s versus p characters in C2-N3 and C1-C2 c-bonds
in acetonitrile and its Mg(II), Be(Il) and H complexest

C2-N3 ¢-bond s and p characters by percentage
C2%s C2%p N3 % s N3 % p

CH3CN-Be(ll) 44.8 55.2 53.2 46.5
CH3;CN-Mg(l1) 43.4 56.5 57.9 42.0
CH3CN-H* 43.6 56.3 51.9 48.1
CH3CN 46.5 53.5 45.1 54.5

C1-C2 ¢-bond s and p characters by percentage
Cl%s Cl%p C2%s C2%p

CH3CN-Be(ll) 23.6 76.4 55.4 44.6
CHsCN-Mg(11) 22.9 77.0 56.6 43.4
CH3CN-H" 56.6 43.4 22.7 77.2
CH5CN 24.2 75.7 53.8 46.2

" Calculated using B3LYP/6-31+G(d,p)

52



In binding with acetonitrile receptor, magnesium cation transfers 0.246 of its charge to
the receptor. The changes in Mulliken charges due to this interaction are the most
noticeable — the key questions here are; i) How does acetonitrile distribute the 0.246 of
plus charge it receives from Mg(I1)? and ii) Which atom(s) receive most of this charge?
The charge on nitrogen has become less negative by 73% due to direct contact with
magnesium cation, and each of the H atom are more positively charged by 17% -
apparently these account for almost all of the imparted charge from magnesium. The
structural changes in the complex (compared to the uncomplexed acetonitrile) can be
explained in terms of redistribution of the imparted charge from Mg(ll) in order to
sustain interaction with the analyte. For example, C1 undergoes a huge decrease in
Mulliken charge by 273% to balance the highly positive hydrogen atoms. This is in
good agreement with the observed deshielding of these nuclei. Sandwiched by and in
direct contact with highly negative C1 and strongly positive N3, C2 undergoes a net
increase in positive charge by 27%. This effectively leaves the cyano group as a

positively charged functional entity.

The errors in theoretical vibrational frequencies, computed using different
methods, could be in tens of cm™. Therefore, it is not considered reliable to use small
differences in observed stretching frequencies to probe structural changes (Scott et al.,
1996)- thus information from experimental FTIR measurement is more appropriate for
chemical sensor design. Nevertheless, computational methods correctly confirm earlier
structural observations that interaction with Mg(l1) increases overlap in bonding orbitals
between C1 and C2 and between C2 and N3, leading to the prediction of higher
stretching frequencies and shorter bond distances. Table 4.7 shows increase of C1-C2
stretching frequency from 954.8 cm™ to 966.7 cm™ and C2-N3 triple bond vibration

from 2586.1 cm™ to 2620.8 cm™.
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In actual chemical sensor applications, it is more important to compare
magnesium cation binding to that of calcium, another divalent cation analyte of
significant importance in metabolite detection. However, our attempts using all
computational methods lead us to conclude that acetonitrile is bound to calcium only in
vacuum. The characteristics of solvated receptor-analyte interaction especially in water
medium is much more important, whereas Ca(ll) is presumably not bound to
unconjugated carbonitriles in water medium. In a separate report (Woi et al., 2014)
demonstrated that conjugated carbonitrile was strongly bound to magnesium cation in

aqueous medium.
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Figure 4.5 H6 *H NMR shift versus H6 charge (G3, vacuum)

4.2.4  Acetonitrile-Be(11) Complex

Beryllium(Il) is much more strongly bound to acetonitrile compared to its Group Il
neighbors; magnesium(ll) and calcium(ll). The three methods employed, G3, CBS-QB3
and MQZVP are in good agreement in showing that the binding energy of Be(ll) to

acetonitrile is three fold strong as compared to Mg(ll) (12.5 kcal/mol with Mg(ll)
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compared to 42.3 kcal/mol with Be(ll), Table 4.10). In general, beryllium(ll) and
magnesium(ll) showed consistent trends in all the structural and reactivity parameters

analyzed in this work.

NBO analysis reveals that Be(ll) affects the orbital occupancy in all the atoms
and bonds in acetonitrile to greater extents compared to the effects by Mg(ll) described
earlier. After binding with beryllium(ll) cation, the cyano N3 becomes more
electronegative, as can be seen in the decrease of the occupancies of 2p, and 2p, orbitals
in C2, directly attached to N3 (17% decrease from uncomplexed acetonitrile), and a
reduction of 3% in the 2py occupancy (Table 4.8). On the contrary, the change in 2s
orbital occupancy in C2 is negligible.

Table 4.10 G3, CBS-QB3 and G4 binding energies of acetonitrile complexes with
Mg(I1), Be(Il) and H" in vacuum and watert.

G3 Aern CBS'QB3Aern G4 Aern

Complex (kcal/mol) (kcal/mol) (kcal/mol)
Vac H,0 Vac H,O Vac
CH3;CN-Be(Il)=»Be(ll) + CHCN  187.2 42.3 185.1  40.7 187.4
CH3CN-Mg(I)=>Mg(ll) + CH;CN 1124 125 109.1 104 112.8
CH3;CN-H"— H" + CH5CN NA 186.7 NA 138.2 186.8
CHsCN-Ca(ll) = Ca(ll) + CHsCN  NA  NA NA NA 79.5

"Binding energies were calculated using G3 and CBS-QB3 methods. Water solvation effect was
accounted for using iefpcm model.

The electron density is transferred to N3 that experiences a 15% increase of its
2py and 2p, orbitals. Unlike C2 that retains its 2s electron, N3 2s orbital loses 6% of its
electron population while forming bond with Be(ll). In similar trend with Mg(I1) but in
greater extents, binding with Be(ll) causes significant changes in the s versus p
character of the cyano functionality. While in uncomplexed acetonitrile the C2-N3
sigma bond is essentially constructed using close to 50/50 of s/p character making it an
ideal sp hybrid orbital, the occupancy is now changed to 40/60 in C2 and 60/40 in N3

(both s/p in % characteristics, Table 4.9). Likewise, the 2py and 2p, orbitals in C1
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receive higher (1%) occupancy compared to uncomplexed acetonitrile. The 2py orbital
in C1 undergoes a 4% reduction of its occupancy while the 2s orbital occupancy
increase by 2%, compared to uncomplexed acetonitrile. The net result after the give-
and-take between C2 and N3 in the C2-N3 z-bond, and between the s versus p in the
C2-N3 o-bond could possibly leave the cyano triple bond unchanged. The optimized
acetonitrile-Be(ll) structure shows that both C1-C2 and C2-N3 bonds are shorter
compared to those in acetonitrile (Table 4.4). The shortening of the C1-C2 bond could
be attributed to o-p conjugation. The shrinkage of the cyano bond distance presumably
due to a stronger C-N bond - either more efficiently rehybridized sp orbitals in the o~

bond alone or with additional contribution from more efficient z-bonds.

Beryllium cation transfers 0.75 of its positive charge to acetonitrile and the
impact of beryllium cation on N3 is so significant that in the complex its Mulliken
charge has become positive (from -0.516 in acetonitrile to 0.212 in the Be(ll) complex).
Interestingly, the Mulliken charge analysis provides the only example where the
beryllium effect on C1 is less significant compared to that of Mg(ll) — C1 becomes less
electronegative in the former. Moreover, Be(ll) effect on C2 is also less compared to
that of Mg(Il). However, the Mulliken charges of the H atoms increase by close to 30%

compared to uncomplexed acetonitrile, and the 2 H nuclei separated even further.
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In similar trend with Mg(ll) but to a greater extent, the Be(ll) binding affords noticeable
changes on the vibrational frequencies. G3 C1-C2 stretching frequency is increased by
102 cm™ in the Be(I1) complex, whereas the increase in the C2-N3 triple bond stretch is
only 37 cm™. The Be-N stretch is at 728 cm™, about two-fold compared to Mg-N
stretching frequency (Table 4.7). Be(ll) effects on C1 and C2 nuclei are similar to the
effects of Mg(Il), with only slightly higher deshielding effects (Table 4.5, Figure 4.5).
However, the change on the three H nuclei due to Be(ll) is much more significant —
30% increase in *H NMR shifts and the two types of H are even more separated (by

0.04 ppm).

4.2.5 Protonated Acetonitrile

Protonated acetonitrile does not follow the general trends of either the Group | or the
Group Il cation analytes. With dissociation energy of 138.2 kcal/mol, proton is bound to
acetonitrile more than ten times as strong, in comparison to the binding energy in
CH3CN-Mg(Il) (Table 4.10, G3). In protonated acetonitrile, the C2-N3 bond is

shortened even further (1.155 A) compared to those in the magnesium and beryllium
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complexes — reduction of 2% compared to the cyano bond in acetonitrile. Likewise, the
C1-C2 bond in the protonated complex is shortened by 1% (Table 4.4). The protonation
of acetonitrile does not lead to significant change to the C1-H bond length (Table 4.4).
However, there are noticeable changes in the H-C1-H bond angles (109.0° and 110.2°,
Table 4.4). The protonation of acetonitrile does not affect the Mulliken charge on C1.
On the contrary, the changes on C2 and N3 Mulliken charges are large where C2
experiences an increase in the Mulliken charge by 0.097 and N3 becomes less negative
by 0.421. By forming the protonated complex, proton imparts 0.632 of its charge, and
almost all of it is received by N3 (Table 4.6). NBO analysis shows the C2-N3 o-bond
having more s character in N3 while the s and p characters at C2 are essentially the
same as in the uncomplexed receptor. The C1-C2 o-bond orbitals show no noticeable
change in the uncomplexed and protonated receptor — the C2 orbital is almost ideal sp
hybrid orbital constructed with 50/50 s and p and the C1 is a typical sp® hybrid orbital
(Table 4.9). The *H nuclei in the protonated acetonitrile are significantly deshielded (by
0.66 ppm or an increase of 22%) but there is only one type of H nuclei, whereas, in
striking contrast to Mg(l1) and Be(ll) complexes, both the C1 and C2 nuclei are shielded
(Table 4.5). Consistent with the observed shortening of the cyano C-N bond distance,
protonation affords a slightly higher stretching frequency (2609.0 cm™). The N3-H
stretching frequency (3938 cm™) indicates a very strong bond, in keeping with the

observed short bond distance (1.014 A, Table 4.4).
4.2.6 n-Pentane Carbonitrile-Mg(l1) Complex

Lipophilicity is an essential physical characteristic of membrane-based sensing layer.
Long hydrocarbon chains are typically employed to make a recognition molecule more
compatible with the membrane — small molecules tend to leach out from the solid phase

during long exposure to aqueous environment. n-Pentane is considerably a better model
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for a lipophilic carbonitrile in terms of structure and reactivity, compared to acetonitrile,
and is still computationally feasible. Our results confirm that in all key parameters
investigated, n-pentane, carbonitrile and acetonitrile essentially show identical
characteristics. In keeping with the observed C1-C2 bond in acetonitrile, B3LYP
calculation gives a bond distance of 1.460 A, apparently shorter (Figure 4.7) compared
to the carbon-carbon single-bond in ethane (1.532 A, B3LYP). Likewise, B3LYP shows
that C2-N3 bond distance in water solvated n-pentane carbonitrile is 1.163 A - longer
than the experimental value for the CN bond in acetonitrile (1.157 A) and hydrogen
cyanide (1.156 A). The B3LYP stretching frequencies for the C-N triple bond and C1-
C2 single bonds are 2338 and 945.9 cm™, respectively, noticeably lower than those in

acetonitrile (Table 4.11).

(i) n-Pentane carbonitrile (ii) n-Pentane carbonitrile-Mg(l1)

Figure 4.7 Optimized geometries of n-pentane carbonitrile and its complex with Mg(II)

The NBO and Mulliken charge analysis further confirm that n-pentane carbonitrile and
acetonitrile show similar trends; cyano nitrogen with the most negative charge (-0.631)
and the cyano carbon is the most positive carbon (0.076) but much less positive
compared to the cyano carbon in acetonitrile (0.295). Similar to the acetonitrile model,
GIAO *H NMR simulation (versus TMS B3LYP/6-311+G(2d,p) reference) of n-pentane
carbonitrile receptor using the B3LYP optimized structure affords a single peak at 2.54
ppm, slightly more deshielded (2.28 ppm in acetonitrile) for the two protons attached to

C1 (Table 4.11). The cyano carbon (C6) and C1 show similar **C NMR shifts compared
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to those in acetonitrile; 107.46 and 9.41 ppm respectively, and slightly more deshielded
(103.77 and -8.72 ppm in acetonitrile, respectively).
Table 4.11 Vibrational frequencies and NMR shifts of Mg(ll) and Be(ll) complexes

with n-pentane carbonitrile, 2 equivalents of acetonitrile, malononitrile and the
uncomplexed receptors.

Vibrational frequency (cm™) NMR shift (ppm)

Molecules C-N C-C®¥ N-Mg N-Be C1 Ceyano Hioncy
n-Pentane carbonitrile’ 23384 9459 NA  NA 9.41 107.46 254
Malononitrile! 2631.8 10443 NA NA 005 9636 391
_ o [C]_
RAZ‘ZI”I;""”E carbonitrile™ 3515 9652 4133  NA 846 11151 292
(Acetonitrile),[- Mg(ll) 26235 969.0 3866 NA -8.32 11025 2.62
Malononitrile-Be(l1) 25400 9777 NA NAM 1521 15257 5.30

[a] C-C refers to methylene carbon atoms. [b] No value for the corresponding stretch. [c] The
geometry was optimized at B3LYP/6-31+G(d,p) with iefpcm solvation model. [d] The geometry
was optimized using G3 with iefpcm solvation model.

4.2.7 Magnesium(ll) Bound to Two Acetonitrile Receptors

Interaction between magnesium(ll) cation and two acetonitrile receptor molecules in
water solvent has been studied using B3LYP and G3 methods (Figure 4.8). The G3
optimized geometry show that when bound to two acetonitrile molecules, Mg(ll)
imparts 0.401 of its charge to the receptors, more effectively than it does to one receptor
molecule resulting only 80% remains at magnesium (88% in case of one acetonitrile
molecule). The nitrogen atom retains more negative charge (-0.176) and the cyano
carbon less positive charge (0.356), compared to the binding with only one receptor.
The charge on H atoms for both cases is the same (0.124). The imparted positive charge
from magnesium in this case is shared equally between two acetonitrile molecules and

thus the polarization in the cyano functionality becomes less dramatic.
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Figure 4.8 Optimized geometry of Mg(ll) complex with two equivalents of acetonitrile.

The two receptors bound to Mg(ll) form a N-Mg-N angle of 141.4°, in striking contrast
to the perfectly linear disubstituted magnesium such as MgCl,. The H-C1-H bond
angles are close to the ideal tetrahedral angle (109.6°). The differences in the
acetonitrile bond lengths in the two cases (1 and 2 equivalents) are essentially negligible
—all the C2-N3, C1-C2 and C1-H have essentially the same bond distances. Only the N-
Mg bond is longer; 2.142 A with two equivalents of acetonitrile versus 2.131 A with
one equivalent. The C-N and C-C stretching frequencies in the doubly bonded complex
are noticeably higher; 2623 and 969 cm™, respectively, suggesting higher energies
required to stretch these bonds. The doubly bound complex affords new bands of
interest at 168.2 and 386.8 cm™, attributed to symmetric N-Mg-N bend and asymmetric

N-Mg-N stretch, respectively (Table 4.11).

4.2.8 Malononitrile-Be(11) Complex

We have examined malononitrile complexes with magnesium and beryllium cations in
the gas phase and in water medium. In the aqueous medium of interest only Be(Il)
complex with one molecule of malonotrile is found to be bound (Figure 4.9).
Magnesium(l1) can form a bound complex with only one molecule of malonitrile and

the complex remains intact only in the gas phase. On the contrary, beryllium(Il) forms
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complexes with one and two equivalents of malononitrile in vaccum, but only the one

equivalent adduct survive in water.

Malononitrile Malononitrile-Be(ll)

Figure 4.9 Optimized geometries of malononitrile and its complex with Be(l1)

Malononitrile receptor model provides interesting insights on the cage-like complex
structure where two carbonitrile functionalities are tied together, separated by only one
methylene unit. The two electron lone-pairs can be imagined as pointing at the opposite
directions from each other and the two need to come together and bind at the side of the
cyano groups with an angle N-Be-N much less than 180°, rather than forming a linear

adduct as in the acetonitrile-Be(ll) described earlier.

When binding to malononitrile at both of the cyano groups, Be(ll) transfers
0.938 of its charge to the receptor (Data provided in Appendix A). As a result, nitrogen
becomes more positive by 0.354 and the methylene carbon (C1) has a positive charge
built up by 0.144. The methylene hydrogens also experience increase in positive charge.
In striking contrast to acetonitrile and its complex with Be(ll) the cyano carbon in
malononitrile and its beryllium complex carry only small positive Mulliken charge. The
o-p conjugation in malononitrile is presumably very different from the one in
acetonitrile described earlier. The methylene carbon does not accumulate negative

charge as malononitrile binds to Be(ll). The six-membered malononitrile-Be(ll)
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complex is a perfectly planar structure having bond angles of 110.5° for N-Be-N, 106.3°
for Be-N-C, 92.6° for C-C-C and 111.3° for H-C-H. The o-p conjugated network
presumably covers the entire six-membered ring, stabilized by resonance and thus
relieves the burden of extreme negative charge on the methylene carbon. In striking
contrast to the methyl carbon in acetonitrile, the malononitrile methylene carbon can be
considered as having positively charged characteristic wherein the 2p, orbital allows

hyperconjugation via z-network, similar to butadiene or acrolein (Figures 4.10 and

()
O O/g S
5%20

(@) Malononitrile-Be(ll) (b) Malononitrile-Be(I1) z-network

4.11).

Figure 4.10 (a) Planar optimized structure of Be(Il) complex with
malononitrile; (b) conjugated n-network in malononitrile-Be(ll).

Beryllium cation binds to both cyano nitrogen atoms in malononitrile and reducing the
N-N distance from 4.413 A to 2.766 A, putting the Be(11) in the middle between the two
nitrogen with 1.761 A N-Be bond distance. The C-N bond distances in malononitrile
and its Be(ll) complex are the same (1.179 A). Likewise, the C1-H bond distances in
both cases are also the same (1.094 A). The C1-C2 bond distance is noticeably longer in

the complex (1.483 A versus 1.466 A).

63



1) HOMO-6 of malononitrile il) HOMO-5 of Malononitrile-Be(ll)

iif) HOMO-4 of malononitrile iv) HOMO-4 of Malononitrile-Be(l1)
Figure 4.11 Selected molecular orbitals of malononitrile (i) and (iii);
malononitrile-Be(I1) complex (ii) and (iv)
Malononitrile-Be(11) affords distinct vibrational frequencies at 374.0 cm™ (sym. N-Be-N
bending), 578.4 cm™ (antisym. N-Be-N stretch) and 715.3 cm™ (sym. N-Be-N stretch).
The symmetric C-C stretch occurs at 977.7 cm™ and C-N stretches occur at 2517.0 and
2540.0 cm™ (asymm. and sym. stretches, respectively) (Table 4.11). **C NMR GIAO
(versus TMS B3LYP/6-311+G(2d,p)) at B3LYP in water medium shows that the cyano
carbon and the methylene carbons are both significantly deshielded compared to
uncomplexed malononitrile; 152.57 and 15.21 ppm, respectively (Table 4.11). The
increase in the cyano carbon shift is very large (56 ppm), presumably attributed to the
ring current in the conjugated planar structure of the complex. Likewise, the two ‘H
nuclei bonded to C1 are also apparently deshielded (5.30 ppm, compared to 3.91 ppm in

malononitrile). The deshielding of the *H nuclei presumably is similar to the *H nuclei
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at the periphery and perpendicular to the delocalized network or ring current in aromatic

rings such as benzene, furan and imidazole.

4.2.9. Carbonitrile Reactivity and Binding Energies

The interactions of carbonitriles with cations involve the cyano nitrogen lone-pair
electrons, leaving the z-electrons alone in order to avoid forming unstable vinyl cation
(Apeloig & Stanger, 1982; Kobayashi et al., 1993; Miiller et al., 2004; Winter &
Falvey, 2009; Yates et al., 1973). The driving force towards complex formation can be
rationalized in terms of stabilization effect or energy lowering on the carbonitrile

receptor.
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Figure 4.12 Lowering of acetonitrile MO energies due to interaction with cations

As highlighted by Purcell and Drago, interactions of Lewis acids with
acetonitrile significantly reduce the energies of the z-molecular orbitals in the
complexes (Purcell et al., 1966). This work (Figure 4.12) confirms their results. The
MO energies of HOMO and HOMO-2 orbitals in the three complexes are much lower
than those in acetonitrile. In keeping with the observations discussed earlier (i.e. Figure

4.6), the HOMO energies follow the general trend of Be(ll) < Mg(Il) < Ca(ll).
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4.2.10 Sensor cell signals

Cyclopentane carbonitrile is commercially available and used in this work as the cation
recognition agent in chemical sensor array application. In a potentiometry transduction
measurement, target analyte and interfering cations produce voltage signal when the
chemical sensor is connected to a reference electrode (typically a double junction silver-
silver chloride electrode) (Heng & Hall, 2001). In order to convert analyte concentration
to voltage signal and to maintain a stable signal, the sensor is equipped with its own
internal reference (such as silver-silver chloride or doped conductive polymer). Potential
difference between the internal reference and sensing membrane produces electrical
signal according to the Nernst equation (Daniel, 1987). Figure 4.13 shows the signal
patterns of different concentrations of magnesium ion without any interfering ion and
with low and high concentrations of potassium ions. The mixture of magnesium-
potassium with one to one ratio causes the sensor signal to increase by 40 mV (in
comparison to signals from pure Mg(l1)) for logarithmic of 1 x 102 M and 1 x 10 M
but only 20 mV increases for 1x10* M. Similar trend has been observed when the
proportion of potassium is increased such that in the magnesium to potassium ratio of
1:10, a signal increase of 40 mV for logarithmic of 1 x 102 M and an increase of 20 mV
for logarithmic of 1 x 10® and 1 x 10™ M, due to addition of K*. With the observed
consistent and predictable signal patterns the carbonitrile receptor molecules can be

exploited for detection of cations in sensor array applications.

66



180
W MgCl,: KCI1:0

160 B MgCl,: KCl 1:1

MgCl,: KCI 1:10
140 -

=

N

o
|

100 -

Response (mV)
B (o)) o]
o o o
| | |

N
o
|

o

-2 -3 -4
Log [Mg(11)]

Figure 4.13 Response of fabricated chemical sensor with
cyclopentane carbonitrile immobilized in acrylic
copolymer membrane.

4.2.11 IR Measurement

a) MeCN
2946
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b) Complex
2230
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Figure 4.14 The IR spectra of acetonitrile and
acetonitrile-Mg(Il) complex

As described earlier, our simulation using the G3 method reveals that uncomplexed
acetonitrile shows a vibrational frequency at 2586.1 cm™ that can be attributed to C-N
stretching. Likewise, as expected based on earlier experimental results, binding with

cations increase the frequencies of the cyano group; Mg(ll), Be(ll) and H™ afford the
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following C-N stretches 2620.8, 2623.0 and 2609.0 cm™, respectively. Purcell and
Drago have reported facile preparations of acetonitrile complexes with boron trifluoride
and tin tetrachloride (Purcell & Drago, 1966). However, when we tried to prepare
magnesium complex with acetonitrile using the method described in the next section,
we only observed a broad peak at the 2300 to 2000 cm™ region (Figure 4.14). However,
using the same characterization setup, neat acetonitrile affords a strong cyano C-N

stretching frequency at 2253 cm™.

4.3  Conclusions

A systematic theoretical study of cation recognition using carbonitriles as receptors for
the design of chemical sensor array had been presented in this chapter. The B3LYP, G3,
CBS-QB3, G4 and MQZVP methods had been employed in four benchmark cases
relevant to chemical sensor design. The methods had been verified as accurate and
diligently used for designing cation recognition molecules. The G3 method has been
especially useful due to its accuracy and speed in evaluating the binding interactions
between carbonitriles and Mg(I1), Be(ll) and H*. The G4 method has been specifically
adopted to gain accurate energy calculations involving calcium(ll). The G4 reproduces
the earlier G3 results of Mg(ll), Be(ll) and H*. *H NMR study shows that H6 is
deshielded by interaction with cation following the trend Be(Il) > Mg(ll) > Ca(ll). The
results also show that H6 can be distinguished from H4 and H5 in the acetonitrile-
analyte complexes, presumably due to c-p hyperconjugation. The hydrogen atoms on
C1 and N3 receive most of the positive charge from the analytes. NBO analysis shows
that the cyano triple bond remains unchanged after interacting with the analytes.
n-Pentane carbonitrile lipophilic model shows no significant difference from acetonitrile
when bound to Mg(ll). The complex of Mg(ll) with two acetonitrile molecules shows
interesting 141.4° N-Mg(l1)-N angle in striking contrast to linear MgCl,. Malononitrile-
Be(Il) is a planar complex exhibiting m-network with cationic methylene carbon as
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evidenced by its strongly deshielded methylene protons. Frontier orbital analysis shows
that interaction with cation lowers the energy of HOMO and HOMO-2 of the
carbonitrile receptors. Reproducible sensor signals in Mg(ll) separate solutions, and in
mixtures of Mg(Il) and K" strongly suggest that carbonitrile recognition molecules can

be exploited in sensor array applications.
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Chapter 5 : Rational Design of Carbonitrile-Carboxaldehyde Cation
Receptor Models - Probing The Nature of Heteroatom-Metal

Interaction

Hybrid functional and G4 methods employed in rational design of carbonitrile-
carboxaldehyde receptor models for cation recognition. Electron sharing versus ionic
interaction has been analyzed utilizing overlap population, atomic valence, electrostatic
potential and CHELPG charge in order to elucidate the nature of heteroatom-metal
interaction, the N versus O disparity and pH effect. Receptor fragment models from
lonomycin have been employed to rationalize the choice of receptor models in
discriminating Group | cations, in enhancing the selectivity of Mg(ll) against Ca(ll) and
examining the effects of keto-enol forms and negatively charged sites. The optimized
geometries revealed that interaction between Group Il cations and the keto, enol and
enolate forms of 2-cyanoethanal (1) caused 12% bending of the C-C-N angle from
linearity. Overlap population showed that electron sharing interaction favours Group Il
cations but the same mechanism allows Li(l) to compete. The total spin of Li(l) is 17%
greater than that of Ca(ll) but the G4 binding energy of the two is separated by more
than 50 kcal/mol, favouring Group Il and could eliminate interference from Li(l). 1,2-
Dicyanoethylene (2) having only one form shows similar characteristics. CHELPG
analysis shows that Mg(ll) transfers 25% and 18% of its positive charge to 2-

cyanoethanal enolate and 1,2-dicyanoethylene, respectively. Hydrogen atoms receive



most of the positive charge in both receptors but the N terminals exhibit strikingly
different characteristics. Electrostatic potential contour profiles are in good agreement
with the atomic charge distribution. Uncharged 1,3-dicarbonyl and 2-cyano carbonyl
receptors and judicious choice of polymeric membrane that suppresses Hofmeister
effect could give high selectivity towards magnesium, whereas, multiple negatively

charged ionophores favour calcium.

5.1 Introduction

Selective detection of calcium(ll) and magnesium(ll) are of significant interest in
biological analysis. Ca(ll) and Mg(Il) are essential dietary nutrients for human body
functions (Greene et al., 1988; Ross et al., 2011). In plant growth, the two divalent
cations are among the most important ionic nutrients consumed by plant in large

quantities (primary macronutrients) (He et al., 2001; Maathuis, 2009).

lonomycin (Figure 5.1) has often been used in detection of calcium (Erdahl et
al., 1994; Kauffman et al., 1980). It does not always exist in an uncharged form. In
slightly basic medium, the carboxylic acid terminal ionizes to carboxylate ion. At even
higher pH, the acidic protons in 1,3-dicarbonyl and the carboxylate a-protons can be
deprotonated to afford multiple charged form of ionomycin. Relating to Ca(ll)
determination using EDTA, deprotonated lonomycin presumably increases its
selectivity towards calcium(ll). The pH effect on binding interaction between cations
and carboxylic calcium ionophores such as lonomycin and Calcimycin (ionophore
A23187) has been reported (Erdahl et al., 1995; Jyothi et al., 1994; Kauffman et al.,
1980; Reed et al., 1972). Hofmeister effect has been suggested in explaining the
preferential bindings towards weakly hydrated monovalent cations having low surface

charge density (Kherb et al., 2012; Zhang, Jenny, et al., 2000; Zhang & Cremer, 2006)
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H,CO OCH3

Figure 5.1. lonomycin and extracted fragment models

This work is interested to utilize the natural binding characteristics between
carbonitrile-carboxaldehyde receptor models and Group | and Il cations (March, 1992).
Three functional fragments had been extracted in lonomycin, namely, ethylene glycol
methyl ether, butanal-3-one and formic acid as simple models for lonomycin and
investigate its interaction with Group | and Il cations in general, and calcium(ll),
magnesium(ll), lithium(l) and potassium(l) in particular. In addition, density functional
theory is adopted to optimize structures of interest, and extensively used G4 theories to
evaluate comparative binding strength. In order to facilitate computational efforts but
without losing essential information, 2-cyano ethanal (1) and 1,2-dicyanoethylene (2)

were focussed as working models for the cation receptors.

Malonodiamide lipophilic neutral molecules have been reported to exhibit
selectivity towards Mg(ll) (Zhang, Jenny, et al., 2000). Discrimination against Ca(ll)
and Group | cations are satisfactory (100 to 1000 times) when three malonodiamides
ligands are used i.e. tripodal malonodiamides (ETH 5504, ETH 5506) (O'Donnell et al.,
1993; Zhang & Spichiger, 2000) or aza-crown and two malonodiamides (ETH 2022,
ETH22B5) (Siswanta et al., 1997). The nature of polymeric membrane, the lipophilic

agent (tetraphenyl borate) to ionophore ratio and choice of plasticizer have often been
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considered as contributing factors towards cation selectivity (Bakker et al., 1994,

Bakker et al., 2000).

Probing the nature of metal-heteroatom (Rao et al., 1988) is the main focus of
this work, and the electron sharing versus ionic interaction (Pauling, 1960b) analysis is
extensively employed to elucidate the binding strength and basis for sensor selectivity.
Overlap population between metal and heteroatom, atomic valence of metals, binding
energy and structural changes were analyzed in order to deduce critical design
parameters (Mayer, 1983, 1984; Wiberg et al., 1984). Structural changes in three-
dimensional optimized geometries in the metal cation complexes, especially Ca(ll) and
Mg(ll), with the fragment models extracted from lonomycin and carbonitrile-
carboxaldehyde models are critically examined in selectivity rational design.
Electrostatic potential contours (Dykstra, 1993; Murray et al., 1992; Rick et al., 1994)
and CHELPG (Breneman et al., 1990; Kelly et al., 2005; Martin et al., 2005) of atomic

charges are utilized to rationalize the significance of ionic interaction.

5.2 Results and Discussion

5.2.2 Optimized Structures of Receptor Models

2-Cyanoethanal (1) has three forms of interest for cation recognition analysis;
uncharged transoid keto (1a), cisoid enol (1b) forms and a negatively charge enolate
(1c). Interaction between 1 and cation can be envisioned to form a six-membered cyclic
complex wherein the two ends of the receptor; the carbonitrile N and carbonyl O in
forming covalent or ionic type interactions with Group | and Il cations are of significant
interest in this work. The N versus O predominance in cation binding involving these

forms of 1 with different cation analytes will be studied extensively.
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la 1b

Figure 5.2. Optimized geometries of 2-cyanoethanal keto form
(1a) 2-cyanoethanal enol form (1b), 2-cyanoethanal enolate (1c)
and 1,2-dicyanoethylene (2) calculated using B3LYP/6-31+G(d,p).

The relative importance of charge neutral forms, keto versus enol will also be
highlighted. Distribution of electron density in the three forms of 1 will also be
elucidated from population analysis view point. The significant change in the C1-C2
bond distances in the three forms of 1 is noteworthy. While the keto form l1a exhibits

the longest C1-C2 bond length (1.54 A), those in enol 1b and enolate 1c are strikingly

different (Figure 5.2).

The C1-C2 bond in 1c (1.41 A) is 4.4% longer than that in 1b (1.35 A). This
observation suggests that the C1-C2 bond order in 1c is only slightly higher than those
in 1a. The electron density presumably is distributed over the entire m-framework.

Elongation of the C3-N bond in 1c (1.18 A) supports this arguments.
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On the contrary, the C1-C2 bond in 1b more closely resembles that in ethylene, lacks
conjugation and doesn’t affect the cyano bond. Interaction with cation requires
significant pulling of the N and O terminals closer together, thus resulting in severe
distortion of the complex structure, i.e the unusual C2-C3-N bending from almost
perfect linearity (178°). 1,2-Dicyanoethylene (2) on the contrary has only one form to
be considered. Likewise, the two N terminals are quiet far apart from each other (4.37
A) and the C-C-N angle is almost perfectly linear (177.6°). Binding with Group | and |1
cation would require pulling the two ends significantly nearer to each other and

presumably bending of the C-C-N bond (Figure 5.3).

la-Mg 1b-Mg

Figure 5.3. Optimized geometries of 1a-Mg, 1b-Mg,
1c-Mg and 2-Mg calculated using B3LYP with 6-31+G(d,p)
basis sets for non-metals and QZVP for metals.
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5.2.3 Optimized Structures of Complexes

Binding with Mg(l1) causes pulling of the N and O terminals in 1a to be closer together
(2.89 A), significantly bending the C-C-N angle from linearity to 158.6°. The N-Mg and
O-Mg bond distances are 2.02 A and 1.99 A, respectively — the cation center making N-
Mg-O angle of 92.3°. Interestingly, in 1c-Mg both N-Mg and O-Mg bond distances are
longer, but the N-O distance increases to 3.03 A. Furthermore, the enol complex 1b-Mg
had shown the shortest N-Mg bond length while the O-Mg significantly elongated to
2.09 A. It is apparent that the diminishing interaction in O-Mg gives rise to more
effective N-Mg bonding. It should be pointed out that the presence of H atom in the
enol 1b reduces the availability of O electron density for binding with Group | and 1l
cations. Figure 5.3 and supplementary data shows that the N versus O disparity in
carbonitrile-carboxaldehyde cation receptors could be detected simply by structural
inspection. On the contrary, 2-Mg is a symmetric and perfectly planar complex
exhibiting 2.03 A N-Mg bond distance, with the center making a 91.6° N-Mg-N angle,
and distorting the C-C-N to 162.8° angle from perfect linearity. Electrostatic potential
contours (Figure 5.4) of uncomplexed receptor models 1a, 1b, 1c and 2 have been
analyzed in order to examine the availability of negative charge density for complex
formation. The graphical potential gradient plots are then linked to the CHELPG atomic
charges described later. Transoid keto form of 2-cyanoethanal (1) exhibits almost equal
negative charge densities around N and O terminals. Likewise, the center point of la

around C2 has apparent positive charge density.
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Figure 5.4. Electrostatic Potential contours of 2-cyanoethanal
keto form (1a), 2-cyanoethanal enol form (1b), 2-cyanoethanal
enolate (1c) and 1,2-dicyanoethylene (2). The red contour
indicates the negative electrostatic potential.

On the contrary, the enol form 1b, having a hydrogen atom at O completely
loses the negative charge density around O, and all the negative charge density
concentrates on N, and the negative density contours widens to half of the molecule. In
enolate lc, the negative charge density covers the entire anion, presumably via -
conjugation, with very high density concentrates on O and N and the negative contour

fields combined at one side in the cisoid enolate (1c).

Table 5.1. CHELPG charges for 1a, 1b, 1c, 2, 1¢c-Mg and 2-Mg

la 1b 1c 2 1c-Mg 2-Mg
C1l 0.555 0.302 0.696 -0.144 0.355 -0.216
Cc2 -0.200 -0.494 -0.884 -0.144 -0.734 -0.216
C3 0.351 0.618 0.762 0.441 0.752 0.637
N -0.457 -0.559 -0.810 -0.445 -0.702 -0.572
) 0.468 -0.524 -0.751 NA -0.710 NA

Mg NA NA NA NA 1.525 1.645
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The uncomplexed 1,2-dicyanoethylene (2) receptor has very dense negative
contours on both N terminals, and the negative fields overlap on one side and extended
to a long distance away from the terminals. CHELPG charge analysis is performed to
examine how metal cation analytes impart its positive charge to the carbonitrile-
carboxaldehyde receptor models, and to relate the atomic charges to the observed charge

density contours in the electrostatic potential plots observed earlier.

)—QBG 0.1?H HO\-329 O.S?H
0.697’.:C<884 0. 35?0_ \0734

@] 0.762 C

0,751 ' \\\ -0.710 \ ///o 752
0810 N 1. 525g—(r1\|702
(a) (b)

Figure 5.5 CHELPG charges of (a) 2-cyanoethanal enolate (1c) (b) 1¢c-Mg

Table 5.1 and Figure 5.5 show that Mg(ll) transfers 24.4% of its positive charge to 2-
cyanoethanal enolate (1c) and 1.525 of its positive charge remains on the cation. The
results also show that the N terminal loses more (13.7% loss) of its negative charge due
to interaction with Mg(Il), compared to the O terminal (6% loss). Moreover, in the 1c-
Mg complex the C1 atom becomes strikingly less positive by 49%, while both hydrogen
atoms and C2 receive most of the negative charge. The charge of cyano carbon remains
unchanged. Mg(ll) transfers 18% of its positive charge to 1,2-dicyanoethylene. The N
terminal becomes noticeably more negative (3%), while the positive charge is mainly

transferred to hydrogen atoms (0.330) and the cyano carbons (0.637).
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Figure 5.6 Population overlap and metal atomic valence
plots obtained from AOmix calculations.:
(a) M-N Spin vs M-O Spin(b) Metal Valence vs Total Spin.

5.2.4 Deduction of Design Parameters for 2-Cyanoethanal

The strength of interaction between cation and heteroatom receptor can be deduced
from the efficiency in the overlap between bonding orbitals and thus the electron
population in the overlapping area. Likewise, the availability of electron density for

sharing-type interaction can be examined from the atomic valence population. Figure
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5.6a shows the disparity in the M-N versus M-O overlap population in the interactions
between Group I and Il cations with the keto, enol and enolate forms of 2-cyanoethanal.
Magnesium(11) consistently shows the highest overlap population and even distribution
between M-N and M-O interaction. Calcium(ll) exhibits significantly less overlap
population compared to Mg(Il) while Li(l) shown similar levels of overlap as that of
Ca(ll) while K(I) indicates negligible sharing-type interaction. The results indicate that
on electron sharing ground Group Il cations are favored but Li(l) could compete due to
the same mechanism. The keto form (1a) shows that the lone-electron pairs on carbonyl
and the carbonitrile terminal give rise to the same extent of heteroatom-metal overlap
electron densities. On the contrary, when M-O interaction in enol 1b diminishes, the M-
N becomes more efficient (compared to keto 1a). In good accordance with electron
distribution over the entire m-framework, the negative charge in enolate 1c causes
proportional increases in the M-N and M-O populations. In the 2-cyanoethanal model
Mg(Il) and Ca(ll) are best separated by the keto form, and the least by the enol form
(almost halved). Similar trend is true for discrimination between Ca(ll) and Li(l) — Li(l)

encroaches the most to Group Il in the enol form.

Figure 5.6b shows that the total of overlap population (sum of M-N and M-O
spins) is linearly related to the atomic valence of metal cation analyte. It is more
apparent in this plot that the average population with Li(l) is significantly higher than
that with Ca(ll). This observation suggests that while valence-type interaction favours
Mg(Il) against Ca(ll), this type of interaction allows Li(l) to compete with Group Il

cation and can interfere in ion selective potentiometry measurement.
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Figure 5.7 G4 dissociation energy and total spin plots for
complexes of cations with 2-cyanoethanal enolate
(a) G4 Dissociation energy vs Total spin
(b) The C-C-N bond angle vs Total Spin

However, the G4 binding energy calculations (Figure 5.7a) indicate that
although Li(l) and Ca(ll) show comparable total overlap population, the binding of Li I)
to 1c is more than 150 kcal/mol weaker and presumably would not cause interference
problem. The bending of the C-C-N angle from linearity also seems to be linearly
related to total overlap population (Figure 5.7b). Mg(ll) causes the largest bending
while Ca(ll) and Li(l) show comparable pulling strength. Energetics data could be more
meaningful for more complete picture on binding preference between receptor models
and metal cations. All contributing factors presumably are added to afford the
dissociation energies. Figure 5.7a shows that while the difference in dissociation

energies for K(I) and Li(l) is relatively small, the two cations are well separated by total
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spin. On the contrary, while Ca(ll) and Li(l) has similar total spin, the two are well
discriminated energetically (De) by more than 150 kcal/mol. Total spin and dissociation
energy appear to have similar importance in separating Mg(ll) from Ca(ll), and
considering both design parameters it is obvious that it is possible to design recognition
molecules that gives very high selectivity towards Group Il, and not worrying
interference signal from Li(l). Figure 5.7b indicates that the total spin is linearly related
to the bending of the C-C-N angle from linearity. Likewise, this plot shows similar
effect of Ca(ll) and Li(l) on C-C-N bending, but good discriminations between Mg(ll)

and Ca(ll), and between K(I) and Li(l).

Table 5.2 Overlap population, M-N spin, M-O spin, total spin and metal atomic valence
for 2-cyanoethanal enolate (1c), 2-cyanaethanal keto form (1a) and 2-cyanoethanal enol
form (1b)

2-cyanoethanal enolate (1c)

O-M spin N-M spin Total spin Valence CCN angle
Li 0.406 0.294 0.700 0.960 165.3
K -0.002 -0.004 -0.006 0.079 172.4
Mg 0.510 0.464 0.974 1.573 160.9
Ca 0.318 0.258 0.576 0.785 164.9

2-cyanaethanal keto form (1a)

O-M spin N-M spin Total spin Valence CCN angle
Li 0.302 0.214 0.516 0.681 165.0
K -0.002 0.000 -0.002 0.018 171.4
Mg 0.418 0.400 0.818 1.267 159.0
Ca 0.208 0.224 0.432 0.518 162.2

2-cyanoethanal enol form (1b)
O-M spin N-M spin Total spin Valence CCN angle

Li 0.180 0.242 0.422 0.644 166.6
K 0.000 -0.058 -0.058 0.024 178.4
Mg 0.152 0.480 0.632 0.773 161.7

Ca 0.122 0.280 0.402 0.513 166.2
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5.2.5 Deduction of Design Parameters for 1,2-Dicyanoethylene

The complexes between 1,2-dicyanoethylene (2) and Group | and Il cations are
perfectly symmetrical and planar (Figure 5.3). Therefore there is no problem of
disparity between the two terminals of the neutral receptor. Figure 5.8a shows that metal
cation atomic valence is directly proportional to total overlap population. Similar to the
observation in 2-cyanoethanal, Mg(ll) shows significantly higher electron-sharing
interaction compared to Ca(ll). Likewise, Li(l) appears to have significant valence
interaction with 2 ( stronger compared to calcium), and higher total spin compared to
Ca(ll), and thus could potentially cause signal interference in potentiometry

measurement.
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and total spin plots for complexes of cations with
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However, the discimination between Mg(ll) and Ca(ll), and between K(I) and
Li(1) can be conveniently achieved by 1,2-dicyanoethylene receptor. Energetics
parameter appears to allow discrimination between Group | and Il using the dicyano
neutral receptor. While K(I) and Li(l) are separated by less than 20 kcal/mol, Mg(Il) and
Ca(ll) are separated by about 140 kcal/mol. While Ca(ll) and Li(l) have very similar
total spin, the two cations are separated energetically by more than 50 kcal/mol (Figure
5.8b).

Table 5.3 Design parameters for 1,2-dicyanoethylene

1,2-Dicyanoethylene '
Valence Total Spin CCN Angle N-M-N MNPA N-NBDA

Li 0.81 0.26 166.3 99.4 0.906 3.133
K 0.013 0 172.2 76.8 0.957 3.551
Ca 0.616 0.234 164.8 79.6 1.858 3.014
Mg 1418 0.426 162.9 91.7 1.823 2.907

Table 5.3 shows that Mg(ll) exhibits the strongest pulling strength — causing the
two N terminal to be at 2.907 A from each other, and causing a C-C-N bending of 17°
from linearity. Ca(ll), Li(l) and K(I) show diminishing strength in bending the C-C-N
angle. In general, 2-cyanoethanal and 1,2-dicyanoethylene receptor models consistent
characteristics in providing design rationale in terms of electron sharing, metal atomic

valence and G4 complex dissociation energies.
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(f) (3)(4)-Ca

(a) (3)(4)(5b)-Mg (b) (2)(3)(4)-Mg (c) (1c)(3)(4)-Mg
Figure 5.9 . Optimized geometries 3-dimensional rational design calculated using
B3LYP with 6-31+G(d,p) basis sets for non-metals and QZVP for metals (a) complex of
Mg(I1) with ethylene glycol methyl ether (3), butanal-3-one enol (4) and formate (5b),
(b) complex of Mg(ll) with ethylene glycol methyl ether (3), butanal-3-one enol (4) and
1,2-dicyanoethylene (2), (c) complex of Mg(Il) with ethylene glycol methyl ether (3),
butanal-3-one enol (4) and 2-cyanoethanal enolate (1c), (d) complex of Mg(ll) with
ethylene glycol methyl ether (3), butanal-3-one enol (4) and 2-cyanoethanal enol (1b)
form, (e) complex of Mg(Il) with ethylene glycol methyl ether (3), butanal-3-one enol
(4) and (f) complex of Ca(ll) with ethylene glycol methyl ether (3), butanal-3-one enol

5.2.6 3-Dimensional Rational Design with Carbonitrile-Carboxaldehyde Receptor
Models and lonomycin Fragment Models

Three-dimensional rational design attempts to elucidate interactions between
carbonitrile-carboxaldehyde receptor models with Group I and Il cations, utilizing the
fragment models from lonomycin as case studies. Initially interactions between the
three fragments from lonomycin with Mg(Il) and Ca(ll) are examined. Ethylene glycol
methyl ether and butanal-3-one fragments are fixed throughout but the third ligand is

changed. Interactions between metal cations with the two fixed ligands serve as
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reference points, and the effects of formic acid and formate as the third ligand
demonstrate the application of this approach to understand heteroatom-metal interaction
in neutral and negatively charged lonomycin (Figure 5.1). The different forms of 2-
cyanoethanal and 1,2-dicyanoethylene then replace formate as the third ligand. It should
be highlighted that three-dimensional interactions involving Group | cations are not
significant. It is apparent that the single charged positive metal cations exhaust its
binding capability with the fixed fragment models from lonomycin and thus fail to

interact with the third ligand.

Figure 5.9a shows that the O-Mg with butanal-3-one receptor is the shortest
hetroatom-metal bond (2.02A), shorter than the O-Mg bond (2.07A) with formate
ligand. The O-Mg bond with ethylene glycol methyl ether is 2.12A. The O-Mg bonds
with two fixed ligands (Figure 5.9e are much shorter; 1.91A in butanal-3-one and 1.97A
in ethylene glycol methyl ether. The O-Ca bonds are much longer when Ca(ll) replaces
Mg(ll) in the fixed ligands (Figure 5.9f); 2.18A with butanal-3-one and 2.29A in the
diether. Substituting the third ligand with 2-cyanoethanal enolate causes the O-Mg
bonds to increase to 2.09A and 2.72A, in diether and dicarbonyl ligands, respectively.
The N-Mg bond distance is 2.32A and Mg(l1) strongly pulls the two terminals to make

N-Mg-O angle of 91.7° and bringing the two ends close together to 3.099 A.

When 2-cyanoethanal enol (1b) replaces the third ligand, the O terminal, now
becomes too electropositive thus completely fails to bind with Mg(ll) in Figure 5.9(d) —
the C-C-N angle widens to linearity. The electron density in 1b concentrates on the N
terminal causing a strong N-Mg interaction and a short bond of 2.08A. Likewise, the
binding strength of Mg(ll) towards the two fixed ligands increases causing short O-Mg

bonds of 1.98A and 2.06A with dicarbonyl and diether, respectively. Replacing the third
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ligand with 1,2-dicyanoethylene in Figure 5.9b causes the dicarbonyl enol hydrogen
atom to migrate to one of the N terminal in 2, but Mg(Il) retains bonding (2.12A N-Mg
bond distance) with both the N terminals. Mg(ll) strongly pulls the two N terminals to
make a 88° N-Mg-N bond and brings the two ends to 3.049 A from each other.

Table 5.4 CHELPG charges of metal and heteroatoms in Mg(ll) complexes with

ethylene glycol methyl ether (3), butanal-3-one enol (4), 2-cyanoethanal enolate (1c)
and 1,2-dicyanoethylene (2 or DCNE)

Complexes
(3)(4)-Mg (10)(3)(4)-Mg (2)B)(4)-Mg
Ether O1 -0.399 -0.284 -0.371
Ether O2 -0.422 -0.296 -0.256
Carbonyl O1(enol) -0.643 -0.326 -0.673
Carbonyl 02 -0.606 -0.629 -0.756
Mg 1.257 1.123 1.274
Receptor O NA -0.665 -0.325
Receptor N NA -0.673 -0.737

CHELPG atomic charges (Table 5.4) show that Mg(ll) transfers 37%, 44% and
36% of its positive charge to its complexes with ethylene glycol methyl ether (diether)-
butanal-3-one  (dicarbonyl), diether-dicarbonyl-1c  and  diether-dicarbonyl-2,
respectively. The negative charges on the oxygen atoms in butanal-3-one (dicarbonyl)
are consistently higher than those on diether oxygen atoms. The dicarbonyl O-Mg bond
distances are consistently shorter than those in the Mg(Il)-diether complexes. This
seems to indicate that the heteroatom-metal interaction in the former, with higher
negative charge on oxygen atom, is stronger. The N and O terminals of 2-cyanoethanal
enolate (1c) in the 3-dimensional design show comparable level of negative charge. The
lack of charge disparity on the N and O terminals indicates efficient charge
delocalization throughout the m-network, observed earlier in the CHELPG analysis on
1c-Mg. It is surprising that 1,2-dicyanoethylene does not contribute to reduce positive
charge on Mg(ll), compared to the 37% transferred to the two fixed ligands. When 2 is

added as the third ligand, Mg(Il) appears to interact more poorly and the heteroatom-Mg
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interactions reoptimized among the three receptor models, in striking contrast to that
when 1c is used as the third ligand. This indicates that 2 is a weak Group Il receptor and

it can be used as an advantage in discriminating divalent cations.
5.0 1

4.0 A O‘I\\AgDCNE

M Valence
N w
=) =)
/e
2
)
]
3
=X

b 1
o b i | \‘-»\
| ~
| “._CaDCNE
1.0 - . | \.O

I‘ CaEnol
0.0 T T T T T T 1
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
M-N Overlap
(a)
4.0 -
Mg Enolate
3.0 A Mg Enol
o
5
= 2.0 1
s
=
1.0
CaEnolate Caknol
0.0 T T T T T d
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
M-N Spin
3.5 4 Mg-HCO,"
3.0 4
2.5
g
c 2.0 A
K
o
215
=
1.0
0.5
0.0 T T T 1
0 0.2 0.4 0.6 0.8
M-O Spin
(©)

Figure 5.10 Design parameter plots from complexes of
Mg(I1) and Ca(ll) with lonomycin fragment models,
2-cyanoethanal (1) and 1,2-dicyanoethylene (2) receptors:
(@) Metal valence vs M-N Overlap for (1b)(3)(4)
and (2)(3)(4), (b) Metal valence vs M-N overlap for (1b)(3)(4)
and (1¢)(3)(4) , (c) M valence vs M-O Spin for HCO,H and HCO,".



Overlap population analysis in Table 5.5 shows the striking contrast between the
atomic valence of Mg(ll) and Ca(ll). While the atomic valences of Mg(ll) are greater
than 3, indicating a very strong electron sharing tendency, the Ca(ll) valence of less
than 1 suggests that ionic interaction is significantly more important for the latter.
Therefore, enolaizable receptors that form multiple negatively charged sites can

discriminate magnesium in favour of calcium.

Figure 5.10a shows that while the overlap population between 2-cyanoethanal
enol 1b both divalent cations (magnesium and calcium) are very similar, the M-N spin
with 1,2-dicyanoethylene as the third receptor separate the two cations by more than
two folds. Likewise, metal valence and M-N spin with 2-cyanoethanal enol form (1b)
and enolate (1c) separate Mg(ll) and Ca(ll) by more than two folds (Figure 5.10b). The
enormous difference in atomic valence between the two Group Il cations, and the
significant increase in overlap population due to negatively charged site are essential
design parameters towards Mg(ll) versus Ca(ll) discrimination. Although prior reports
suggest that pH effect could favour Ca(ll) against Mg(ll) in calcium determination
using lonomycin ionophore, the result in Figure 5.10c shows that the difference between
formic acid and formate, deduced from metal valence and O-M spin, only marginally
favors formate.

Table 5.5 Metal atomic valence and overlap population design parameters for Mg(ll)

and Ca(ll) complexes with ethylene glycol methyl ether (3), butanal-3-one enol (4), 2-
cyanoethanal enol (1b) and 1,2-dicyanoethylene (2 or DCNE)

M Valence M-N Spin Total Spin
(1b)(3)(4)-Mg 3.016 0.026 0.026
(1b)(3)(4)-Ca 0.557 0.038 0.038
(2)(3)(4)-Mg 3.974 -0.132 -0.264

(2)(3)(4)-Ca 0.804 0.166 0.332
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Highly selective calcium determination involving enolizable and multiple negatively
charged calcium ionophores presumably is caused by ionic interaction. The G4
dissociation energies (Table 5.6) utilizing the formic acid or formate receptor model
alone show that the discrimination between Mg(ll) and Ca(ll) in the formic acid case is
30.3 kcal/mol, favouring magnesium. On the contrary the formate receptor separate
further the two divalent cations by 55.1 kcal/mol, i.e there is 24.8 kcal/mol additional
discrimination against Ca(ll). This indicates that if the ionic interaction mechanism
needs to be optimized in order to favour Ca(ll) some other factors need to be considered
such as the use of more than one equivalent of ligand to each calcium cation,
optimization of the lipophilic tetraphenylborate weight percent, suitable polymeric
membrane, proper plasticizer choice and solvation effect by water molecules.

Table 5.6 G4 Dissociation energies of HCO,H and HCO,-

Complex G4 AHy, (kcal/mol)
Mg-HCO,H-> Mg?* + HCO,H 109.3
Ca- HCO,H-> Ca*" + HCO,H 79.0
Mg- HCO, > Mg* + HCO, 368.4
Ca- HCO, > Ca?* + HCOy 313.3

5.2.7 Rationale for Magnesium versus Calcium Selectivity and Discrimination of
Group I Cations

G4 calculations reveal that in the absence of water solvation Mg(ll) binds 259.1
kcal/mol more strongly to formate than it does to the uncharged form, formic acid
(Table 5.6). Likewise, Ca(ll) interacts more strongly by 234.3 kcal/mol to formate than
to formic acid. In both uncharged and anion forms, Mg(ll) binds more strongly to the
receptor model compared to Ca(ll), by 30.3 and 55.1 kcal/mol, respectively. The
negatively charged formate favors Mg(ll) by additional 24.8 kcal/mol. All the energetics

data and overlap population plots seem to be in favour of magnesium. CHELPG and
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metal atomic valence could be the links that rationalize the observed selectivity towards
calcium against magnesium and Group | cations. The apparent preference of calcium
towards ionisable ionophores, at higher pH and with multiple negatively charged
recognition molecules such as EDTA, lonomycin and carboxylic ionophore A23187,
strongly suggests the role of ionic interaction in calcium recognition. While Mg(ll)
shows atomic valence of significantly greater than 3, Ca(ll) does not appear to gain
electron into its valence during interaction with electron donor receptors such as the

carbonitrile-carboxaldehyde models.

The CHELPG data suggests that the extent of positive charge transfer from the
metal cations to the receptor models is strongly related to the ability of the recognition
molecule to stabilize the analytes. Striking contrast between 2-cyanoethanal enolate (1c)
and 1,2-dicyanoethylene (2) towards removing positive charge from Mg(Il) clearly seen
in the CHELPG data. After binding to two fixed receptor models from lonomycin
fragments, ethylene glycol methyl ether (diether) and butanal-3-one (dicarbonyl),
adding 1,2-dicyanoethylene as the third ligand does not reduce the positive charge on
Mg(Il). However, hydrogen atom transfer from the dicarbonyl enol to one of the N
terminal in 2 could complicate the observation. In this particular case the dicarbonyl
“fixed” receptor from Ionomycin fragment now is formally an enolate, thus changing
the whole scenario, and the protonated 2 could be expected to be deactivated towards
cation binding. Overlap population, metal atomic valence, charge distribution and
energetics data indicate that Group | cations can be discriminated in the rational design

towards highly selective divalent cation ionophores.
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Nevertheless, two factors should be highlighted regarding potential
potentiometry interference signal from competing cations; (i) Hofmeister effect (Kherb
et al., 2012; Zhang, Jenny, et al., 2000; Zhang & Cremer, 2006) favours weakly
hydrated cations having low surface charge density and highly polarizable monovalent
ions in the following order; Li*> Cs*> Rb*> NH,"™> K*> Ca*'> Mg**> zZn*, and the
presence of lipophilic tetraphenylborate as ion exchanger or anionic sites in the sensing
membrane increases this effect, and (ii) Based on electron sharing ground, lithium(l)
encroaches deep into the Group Il design parameter region and Li(l) overcomes calcium

in this type of interaction.

Therefore, the reported highly selective detections of magnesium using tripodal
lipophilic malonodiamide and other malonodiamide receptors presumably have been
achieved by judicious optimization of polymeric membrane components, and in good
accordance with the proposed rationale. The effect of hydration on Mg(ll), Ca(ll) and
Group | cations in aquatic environment may not be over emphasized. Although the
effect of solvation by water molecules has been accounted for in the observed
Hofmeister series, in actual sensing membranes, the potentiometry signal transduction
occurs in almost exclusively lipophilic environment, wherein the extent of cation

hydration could be minimal, and different from the aqueous medium.

5.3 Conclusions

Density functional method using B3LYP hybrid functionals having three Becke
parameters, fitted to G1 test set has successfully been employed to obtain optimized
geometries of receptor models and its complexes with Group I and II cations. Pople’s
split valence, polarized and diffused basis sets and Ahlrich’s QZVP basis functions have

been utilized throughout. The optimized geometries have been used in the following
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CHELPG, electrostatic potential contour and overlap population calculations.
Energetics data were obtained using G4 composite method that utilizes Dunning’s
correlation consistent basis sets that include reliable extrapolation to the basis set limit
for potassium and calcium. CHELPG data reliably account for transfer of positive
charge from metal cations and redistribution of the imparted charge within the receptor
models. In all cases the CHELPG data is consistent with the charge density gradient
obtained from electrostatic potential plots. The computational model for lonomycin has
been adopted in elucidating the rational carbonitrile-carboxaldehyde heteroatom-metal
interaction, deduction of design parameters and pH effect. Ethylene glycol methyl ether
(diether), butanal-3-one (dicarbonyl) and formate fragment models have been extracted
from lonomycin, and the first two have been used as fixed ligands, while formate has

been replaced with three forms of 2-cyanoethanal (1) and 1,2-dicyanoethylene (2).

Overlap population analysis shows that divalent cations are favoured in the
electron sharing type interaction. This mechanism indicates that lithium encroaches
deep into Group Il region and competes seriously with calcium. Metal atomic valence is
linearly related to heteroatom-metal spin and total spin. Energetics data show that
preferential bindings between carbonitrile-carboxaldehyde receptors or three receptor
models extracted from lonomycin and divalent cation could discriminate Group |
cations. G4 calculations and overlap population data are in favour of higher selectivity
towards magnesium. The striking difference between atomic valence in Mg(ll) and
Ca(ll) most probably is the rationale in highly selective calcium ionophore. Judicious
choice of polymeric membrane and optimization of sensing membrane components
could overcome Hofmeister effect and afford the desired selectivity, either in favour of

magnesium or calcium, in good agreement with the proposed rationale.
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Chapter 6 : Computational Evaluation of Unsaturated Carbonitriles as

Neutral Receptor Model for Beryllium(l1) Recognition

Design of neutral receptor molecules (ionophores) for beryllium(Il) using unsaturated
carbonitrile models had been carried out using Density Functional Theory, G3 and G4
calculations. The first part of this work focuses on gas phase binding energies between
beryllium(ll) and 2-cyano butadiene (2-CN BD), 3-cyano propene (3-CN P) and simpler
models with two separate fragments; acrylonitrile and ethylene. Interactions between
beryllium(ll) and cyano nitrogen and terminal olefin in the models have been examined
in terms of geometrical changes, distribution of charge over the entire m-system and
rehybridization of vinyl carbon orbitals. NMR shieldings and vibrational frequencies
probed charge centers and strength of interactions. The six-membered cyclic complexes
have planar structures with the rehybridized carbon slightly out of plane (16° in 2-CN
BD). G3 results show that in 2-CN BD complex participation of vinyl carbon further
stabilizes the cyclic adduct by 16.3 kcal/mol, whereas, in simpler models, interaction
between beryllium(Il) and acetonitrile is favourable by 46.4 kcal/mol compared with
that of ethylene. The terminal vinyl carbon in 2-CN BD rehybridizes to sp3 with an
increase of 7% of s character to allow interaction with beryllium(ll). G4 calculations
show that the Be(ll) and 2-CN BD complex is more strongly bound than those with
Mg(ll) and Ca(ll) by 98.5 and 139.2 kcal/mol respectively. QST2 method shows that
the cyclic and acyclic forms of Be(ll)-2-CN BD complexes are separated by 12.3
kcal/mol barrier height. Overlap population analysis reveals that Ca(ll) can be

discriminated based on its tendency to form ionic interaction with the receptor models.



6.1 Introduction

The chemistry of beryllium compounds can be explained in terms of charge to radius
ratio, electronegativity and electron deficiency of beryllium atom and its charged
species. In keeping with these reasoning the structure and reactivity of beryllium (I and
I1) compounds closely resemble those of aluminium and boron, and untypical to its
Group Il neighbours (Everest, 1964). Beryllium use in daily life owes to its light weight
and mechanical strength especially the beryllium-copper alloy (Mooradian, 1952; Wang
et al., 2011; Watanabe et al., 1995). The electron deficient nature of divalent beryllium
compounds can be exploited as catalyst in polymerization process and

synthesis (Kobetz et al., 1974; Swinnen et al., 2010; Wang et al., 2011).

Schleyer, Schaefer and their co-workers have demonstrated earlier the use of
computational methods in estimating stabilities of organometallic systems involving
beryllium (Binkley et al., 1977; Lao et al., 1967; Swope et al., 1976). Clark, Frenking
and their co-workers have exploited advanced ab initio and DFT methods in
investigating beryllium-ligand interaction (Alex et al., 2006; Parameswaran et al.,
2009). DFT (Hirai et al., 1999, 2000) method has widely been utilized in obtaining

reliable molecular geometries and properties.

Figure 6.1 Computed B3LYP/6-31+G(d,p) geometries of
1 (2-CN BD) and 2 (3-CN P).
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Computational methods had been adopted in order to gain insights on the
interaction of doubly charged beryllium cation (Be(l1)) with unsaturated carbonitriles in
our attempt to design neutral receptor molecule or ionophore for beryllium(ll). This
work focusses on 2-cyanobutadiene (2-CN BD) and 3 cyanopropene (3-CN P) to
represent unsaturated carbonitriles (Figure 6.1). Eventually, this investigation is desired
to reveal the viable options of beryllium ionophore having high selectivity towards

beryllium - against magnesium(ll), calcium(l1) and aluminium(lll).

Structure 1 is employed in order to evaluate the binding of beryllium(Il) with
lone electron pair in the cyano group, direct participation of a carbon-carbon double
bond in cation-receptor interaction and stabilization of the Be(ll)-receptor complex due
to m-conjugation. A carbonitrile receptor model that lacks conjugation, i.e structure 2
elucidates the participation of carbonitrile and olefin moieties but without m-System.
Simpler models have been evaluated for comparison - these are small molecule
fragments of structures 1 and 2 (ethylene, acetonitrile and acrylonitrile) that give useful
information with much less computation time. It is insightful to confirm that metal
cations could actually form strong interaction with vinyl moeities, and this finding could
extend the applications of beryllium in chemical sensor, preparative procedure and

polymerisation.

We have reported earlier the interactions of unsaturated carbonitriles with metal
cations (Rosli, Ahmad, et al., 2013; Rosli, Bakar, et al., 2013). We have highlighted
that in the absence of conjugation, the imparted positive charge from the cation is
mainly transferred to the a-protons and the cyano bond remains intact. On the contrary,
in conjugated carbonitriles such as acrylonitrile, the transferred positive charge is

distributed over the entire m-network and the cyano bond broken to afford a ketenimine
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structure (Woi et al., 2014). During the preparation of this report we have also
investigated the possibility of employing carbonitrile-carboxaldehyde receptors as
selective recognition molecules for Group Il divalent cations. We have proposed that
electron sharing versus ionic type interaction could elucidate the nature of heteroatom-
metal binding and provide rationale in discrimination of Group | cations and

explanation in the experimentally determined selectivity.

6.2 Results and Discussion

6.2.1 Optimized Geometries

The interaction of beryllium(Il) species with 2-cyanobutadiene (1) presumably is
initiated by sharing of cyano nitrogen lone electron pair to beryllium(ll) empty orbital.
In the acyclic complex the immediate product is destabilized due to repulsion between
positively charged neighbouring nitrogen and beryllium cation. Stabilization can be
achieved if the positive charge on nitrogen is distributed over the entire m-network.
Results in Table 6.1 show that beryllium(Il) has donated 52% of its charge (reduced to
0.963) to structure 1 in the acyclic complex. Beryllium(Il) imparts further its positive
charge to the diene moiety by interacting with C4 resulting in only 23% of its positive
charge (reduced to 0.454) remains on beryllium. Distribution of positive charge over the
n-network in the acyclic complex moves positive centre further from beryllium atom,
and resulting in 4% shortening of the C2-C5 bond and 2 to 3% elongation of C5-N6 (the
cyano bond) and C1-C2 bonds (Figure 6.2). This result indicates that what had been
observed earlier in acrylonitrile-metal complexes, the cyano bond in 1-Be is broken and
a bent ketenimine moeity is formed. There is no significant change in the C3-C4 bond
other than the out-of-plane (57.8° C1-C2-C3-C4 dihedral angle) twist of the olefin
moiety. The C3-C4 bond is elongated by about 6% due to the interaction of

beryllium(II) with the n-bond orbitals on C3-C4 for the formation of Be-C4 bond. The
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2-cyanobutadiene-metal interaction is the strongest in Cyclic 1-Be compared to those
with magnesium(ll) and calcium(ll), inspected based on the structural changes to the
receptor induced by the interactions with divalent cations. Beryllium pulls the terminal
vinyl atom and the cyano nitrogen atom closer together at 2.89 A and making a 117.0°
N6-Be-C4 angle. Likewise, the metal-C4, the metal-N6 bonds and the C4-N6 distance
are the shortest with beryllium(I1). The Ca-C4 (2.93 A) and the Mg-C4 (2.30 A) bond
distances are 65% and 29% longer, respectively, compared to Be-C4. Moreover, the Ca-
N6 bond length is 48% longer than Be-N. Weaker interactions give smaller N6-metal-
C4 angles; N6-Ca-C4 and N6-Mg-C4 affords 76° and 35% smaller N6-metal-C4 angle,
compared to N6-Be-C4. The C1-C2 only experiences minor structural changes due to its
position being further away from the the receptor-metal binding sites, and not

significantly affected by the complex m-network.

Cyclic 1-Mg Cyclic 1-Ca
Figure 6.2. Optimized geometries of Be(I1)-2-CN BD cyclic complex,
Be(I1)-2-CN BD acyclic complex, Mg(I1)-2 CN BD cyclic complex
and Ca(Il)-2 CN BD cyclic complex.
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Mulliken charge analysis indicates that the interaction of beryllium(ll) ion with 1 results
in reduction of 77.3% of the positive charge on beryllium (Table 6.1). The cyano
nitrogen experiences the largest increase in positive charge by 0.66, followed by C3
with increase by 0.22. This accounts for most of the positive charge donated from
beryllium(11) analyte. Due to interaction with Be(ll), the cyano carbon (C5) is expected
to be more reactive and electrophilic, having a vinyl cation characteristic. Bending of
the C2-C5-N6 bond from linearity to allow interaction between Be(ll) and C5 is
balanced with avoidance of forming C2-C5 allenic double bond and vinyl cation. This
balancing act results in almost a full covalent bond between Be(ll) and C4 with 1.78 A
bond length, and the biggest accumulation of negative charge on C2 and C4, the latter is

directly favourable to the highly electronegative beryllium atom (Table 6.1).

Cyclic 2-Be Acyclic 2-Be

Figure 6.3 Optimized geometries of Be(l1)-3-CN P cyclic complex and Be(Il)-3-CN P
acyclic complex.

The six-membered Cyclic 1-Be complex is best viewed as an almost flat
structure except for the 16° out of plane involving C5-C2-C3-C4 atoms (Table 6.2). The
carbon and beryllium centres involved in the new C4-Be bond exhibit significant sp*-
like character. The p orbital in C4, initially forms m-bond between C3 and C4,
rehybridizes to sp® hybrid orbital, taking the two m-electrons with it to the beryllium
empty orbitals (Figure 6.2). This leaves C3 as a positively charged centre, sharing the
positive charge over the entire n-system. Natural Bond Orbital (NBO) analysis shows
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18% decrease in s character in the rehybridized p orbital in C4. This is in keeping with
the observed decrease in the H10-C4-H11 bond angle from 117° to 111° (Table 6.3).
This explanation is consistent with the observed GIAO NMR shieldings described in the

following section.

Table 6.1 Mulliken atomic charges for 2-CN BD, 3-CN P and its complexes with
beryllium(ll)

2-CN BD 3-CNP
1 Acyclic 1-Be  Cyclic 1-Be 2 Acyclic 2-Be  Cyclic 2-Be

Cl1 -0.153 -0.032 -0.097 -0.278 -0.176 -0.258
C2 0.753 0.223 0.852 -0.034 -0.029 0.191
C3 -0.138 0.119 0.078 -0.240 -0.189 -0.305
C4 -0.174 -0.229 -0.330 0.221 0.150 0.267
C5 -0.532 -0.154 -0.487 NA NA NA

N -0514 -0.017 0.150 -0.496 -0.007 0.128
Be NA 0.963 0.454 NA 1.02 0.466

In the absence of m-conjugation (diene moiety), interaction of beryllium(ll) with
3-cyanopropene (receptor model 2) results in longer Cyinyi-Be (1.82 A) and only slightly
shorter Be-Ngyano bond (1.60 A, compared to 1.61A in Cyclic 1-Be)(Figure 6.3). This is
consistent with the above reasoning that weaker interaction (longer Ciny-Be bond)
between beryllium and vinyl carbon results from the absence of m-conjugation.
Likewise, in the absence of conjugation, the C-C bond adjacent to the cyano group is
longer in structure 2 (1.46 A), as compared to that in structure 1 (1.44 A). Despite the
apparent differences in bond distances, the C-N-Be and C-C-N bond angles in both
receptor models are very similar (about 100° and 155°, respectively)(Table 6.3). As
predicted, in the absence of conjugation the remaining positive charge on beryllium is
higher in Cyclic 2-Be (0.466) compared to that in Cyclic 1-Be (0.454). Moreover, the
positive charge on carbon atom (C2) adjacent to C-Be bond is higher in Cyclic 2-Be
(0.191), whereas in Cyclic 1-Be, after distributing to three carbon atoms, only 0.078 of

Mulliken charge remains on the respective carbon (C3). The Cyclic 2-Be complex also
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exhibits an almost flat structure with 30° dihedral angle for C1-C2-C3-C4 (Table 6.2).
Meanwhile, the interaction of beryllium(ll) with acyclic form of 3-CN P showed similar
trend with the acyclic 2-CN BD with only 50% of Be(ll) charge transferred to the
unconjugated receptor 2 resulting in 1.02 of Mulliken charge remains on beryllium
atom. The Acyclic 2-Be complex lacks interaction between C1 vinyl carbon with Be(ll).
Consequently, the greater extent of positive charge retained by beryllium atom is
confirmed by the negligible change in C1 Mulliken charge (in Acyclic 2-Be). The C1 of
Cyclic 2-Be complex had been proposed to undergo rehybridization from sp? to sp* as

indicated by the decrease in the H7-C1-H8 angle from 117.2° to 113.8°.

Table 6.2 Dihedral angles of 2-CN BD, 3-CN P and its complexes with Be(ll)

2-CN BD

Dihedral Angles 1(°) Cyclic 1-Be (°)  Acyclic 1-Be (°)
C1-C2-C3-C4 180 169.8 58
C2-C4-N-Be NA 5.7 178.8
C5-C2-C3-C4 0 -16.1 -119.7
N-C5-C1-C2 180 165.6 -179.7
C1-C2-C5-N 180 165.6 178.6

3-CNP

Dihedral Angles 2 (%) Cyclic 2-Be (°)  Acyclic 2-Be (°)
C1-C2-C3-C4 -0.02 30.5 -99.3
C1-C3-N-Be NA 11.3 -99.9
C3-C4-N-Be NA -5.8 -164.0
C1-C2-N-Be NA 25.9 -70.4

Table 6.3 Bond angle in 2-CN BD , 3-CN P and its complexes with Be(ll)

2-CN BD
Bond angles 1(°) Cyclic 1-Be (°) Acyclic 1-Be (°)
C5-N-Be NA 101.7 179.6
C2-C5-N 179.0 153.4 174.4
H10-C4-H11 117.2 110.8 117.0
C3-C2-C5 117.8 106.9 113.6
C1-C2-C5 119.1 127.0 119.0
3-CNP
Bond angles 2(°) Cyclic 2-Be (°) Acyclic 2-Be (°)
C4-N-Be NA 100.3 177.5
C3-C4-N 179.9 155.5 175.2
H7-C1-H8 117.2 113.8 116.7
C2-C3-C4 114.6 102.0 104.0

C1-C2-C3 126.2 1255 122.0
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6.2.2 NMR Shifts and Vibrational Frequencies

Nuclei experiencing deshileding effect due to lack of electron density or localization of
positive charge are probed using **C NMR shifts where increased chemical shifts are
predicted for these nuclei. Cyclic 1-Be GIAO studies (Table 6.4) show that C3 and C1
experience the highest deshielding effects, with 88% and 57% increase in carbon
chemical shifts, respectively, indicating the largest accumulation of positive charge on
these nuclei. Moreover, consistent with the proposed rehybridization of C4 to sp*-like,
this carbon atom experiences 52% decrease in chemical shift from 107.8 to 56.3 ppm
due to shielding. Likewise, build-up of positive charge increases the chemical shift in
C5 by 45% (from 98.7 to 142.7 ppm) due to deshielding effect. Moreover, the Cyclic 2-
Be complex also experiences similar deshielding effect due to localization of positive
charge only on one carbon nucleus (C2, adjacent to C1-Be), instead of two carbon
nuclei observed in Cyclic 1-Be, with 74% (from 135.0 to 235.1 ppm) increase in
chemical shift. As predicted, the C1 vinyl carbon in Cyclic 2-Be, shows the chemical
shift decreases by 60% (from 124.3 to 73.9 ppm) due to shielding.

Table 6.4.GIAO 13C NMR shifts (ppm) with TMS reference of 2-CN BD, 3-CN P and
its complexes with Be(ll).

2-CN BD 3-CN P
1 Cyclic 1-Be Acy;lelc 1- 2 Cyclic 2-Be Acyéléc 2

Cl 1163 182.6 182.8 124.3 73.9 146.6
c2 1131 106.2 93.2 135.0 235.1 98.0
C3 1211 228.2 103.8 24.3 27.4 15.0
C4 107.8 56.3 143.1 120.2 1514 154.3
C5 98.7 142.7 149.5 NA NA NA

N 272.3 230.3 130.1 297.3 220.3 127.3

Be NA 97.4 93.9 NA 99.1 95.8
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This observation supports the proposed rehybridization of the C1 vinyl carbon
from sp” to sp-like to allow covalent type interaction with beryllium. The two
complexes, Cyclic 1-Be and Cyclic 2-Be exhibit similar trend in nitrogen chemical
shifts. The nitrogen nuclei are shielded due to interaction with Be(ll), and the cyclic
complexes show significantly greater extents of this effect. The absence of n-network in

Cyclic 2-Be does not influence the shielding on nitrogen nuclei.

Vibrational frequency analysis (Table 6.5) shows that Be-N bond in the Acyclic
1-Be complex stretch at 884.3 cm™ and the Be-N and C5-Be in the Cyclic 1-Be complex
stretch at 892.5 cm™ and 665.0 cm™, respectively. These are comparable to the
vibrational frequencies obtained at the same level of theory in hydrogen cyanide-Be(ll)

and ethylene-Be(l1) complexes (970.7 cm™ and 721.5 cm™).

Table 6.5 Vibrational frequencies of Be-N and Be-Cvinyl

a) Be-N ¢yano Bond Stretch (cm™)

CH3-CN---Be 792.4
H-CN---Be 970.7
CH2=CHCN---Be 816.7
acyclic 2-Be(ll) 800.5
cyclic 2-Be(ll) 880.2
acyclic 1-B (1) 884.3
cyclic 1-Be(ll) 892.5
cyclic 1-Mg(1l) 481.6
cyclic 1-Ca(ll) 390.4
b) Be-Cyinyi Bond Stretch (cm™)

cyclic 1-Be(ll) 665.0
cyclic 1-Mg(ll) 3590.1
cyclic 1-Ca(ll) 109.6
cyclic 2-Be(ll) 595.0
CH2=CH2---Be 721.5

CH2=CH=CH=CH2---Be 781.9
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The observed frequencies are consistent with the reasoning that lower energies (lower
frequencies) are needed to stretch weaker bonds and more weakly bound interactions.
The Be-N stretch in Cyclic 1-Be is higher compared to that in Cyclic 2-Be (892.5 and
880.2 cm™, respectively), consistent with a stronger interaction in the former. Likewise
the C-Be stretch is higher in Cyclic 1-Be compared to the analogous stretch in Cyclic 2-
Be (665 and 595 cm™, respectively). In olefin and conjugated models without
carbonitrile functionality, similar trend is observed, the C-Be bond stretch in Be(ll)-
ethylene (721.5 cm™) is 60 cm™ lower (weaker interaction) compared with that in
butadiene (781.9 cm™) conjugated model. The Mg-N and Ca-N bond stretches much
weaker compared to Be-N (481.6 and 390.4 cm™ respectively) that contributed to low

dissociation energy obtained later.

6.2.3 Electron Population Analysis

The C4 atom in 2-cyanobutadiene (receptor 1) utilizes its 2s, 2pyx and 2py orbitals to
form sp? hybrid orbitals used to form covalent bonds with C3 and two hydrogen atoms.
The 2p, orbitals remain for formation of 7-bond with C3. The electron population of the
2px and 2py orbitals in C4 are greater than one due to contributions from neighbouring
C3 and two hydrogen atoms. Interaction with Be(ll) causes migration of electron
density from the C3-C4 n-bond to the C4 carbon centre, rehybridizes the carbon orbitals
to sp>-like and significantly increased the C4 2py and 2p, population by 25% and 28%,
respectively. This observation is in keeping with a significant reduction in C3
population upon formation of Cyclic 1-Be, the whole population of C3 is reduced by
about 10%, and the C3 2p, orbital alone experiences a 35% reduction in population and
thus becomes a cationic centre (Table 6.6). The observed electron population data are in

good accordance with the GIAO NMR shieldings data described earlier.
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Figure 6.4. Interaction between C4 and Be.

The s versus p characters by percentage in Table 6.7 further support the
rehybridization arguments. The C4 center significantly exhibits reduced s character and
increased p character in Cyclic 1-Be and the interaction between C4 and Be(ll) involve
sp*-like orbital.

Table 6.6 NBO populations of 2-CN BD and Be(ll)- 2-CN BD

2-CN BD

2s 2px 2py 2p;
C3 0.976 1.054 1.191 1.013
C4 1.066 1.214 1.145 0.963
C5 0.854 0.945 0.965 0.925
N 1.594 1.231 1.363 1.094

Be(l1)- 2-CN BD

2s 2px 2py 2p;
C3 1.028 1.060 1.083 0.658
C4 1.172 1.168 1.433 1.232
C5 0.883 0.880 0.784 0.817
N 1.518 1.455 1.298 1.236

The C3 center experience a slight increase in p character presumably to better
stabilize the positively charge carbon. On the contrary, the C3 and C4 atoms show

negligible changes in the Acyclic 1-Be complex.
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Table 6.7 Percentages of s versus p characters in C3-C4 and
C5-N6 6-bonds in 2-CN BD and Be(ll)- 2-CN BD.

C3-C4 ¢-bond s and p characters by percentage
C3s C3p C4ds Cdp

2-CN BD (1) 38.9 61.0 38.3 61.7
Cyclic 1-Be 37.1 62.9 31.2 68.8
Acyclic 1-Be 394 60.6 37.3 62.6

C5-N6 6-bond s and p characters by percentage
C5s C5p NG s N6 p

2-CN BD (1) 47.6 52.4 45.3 54.4
Cyclic 1-Be 45.7 54.3 45.9 53.8
Acyclic 1-Be 43.0 56.9 59.2 40.7

6.2.4 Frontier Molecular Orbital (FMO) Analysis

The Cyclic 1-Be complex requires interactions between Be(ll) with carbonitrile N6 and
C4 atoms (Figure 6.4). The frontier orbital analysis indicates the HOMO-3 in 2-
cyanobutadiene (receptor 1) most probably is utilized in forming the Cyclic 1-Be
complex. This MO has suitable orbital to be occupied by lone electron pair on the cyano
nitrogen atom (N6), and a 2p orbital on C4 that can be utilized to form interactions with
beryllium cation. Furthermore, the same phase of the orbitals are pointing towards
Be(Il). The cyano N6 atom presumably exhibits significant 2s orbital and initially
interacts with Be(ll). In the next step, due to stabilization gained in further transfer of
positive charge from Be(ll) to the receptor, the 2p orbital on C4, having the same phase
as that in N6, forms a bridge with the vinylic carbon terminal and thus affords the six-
membered ring. The low-lying unoccupied molecular orbitals are of interest in
nucleophilic addition to the cyclic complex by Lewis bases and in polymerization
process involving beryllium catalysts. The FMO of the Cyclic 1-Be complex shows that
the energies of the low-lying unoccupied MQO’s in ascending order are assigned to those
in C3-C4, C1-C2 and C5-N6, respectively (Figure 6.5). Therefore, nucleophilic addition

to the C3 cation center is energetically favorable based on FMO argument.
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1 HOMO -3 Cyclic 1-Be LUMO

Cyclic 1-Be LUMO +1 Cyclic 1-Be LUMO+2
Figure 6.5 Frontier Molecular orbitals(FMO) of 1 and its cyclic complex with Be(ll).

6.2.5 Energetics of Divalent Complexes

Accuracy on calculated G3 energies used to deduce relative stability of beryllium(Il)
adducts with unsaturated carbonitrile receptor models have first been verified using
experimental (NIST) heats of formation (Namazian et al., 2008). The following
reactions involving hydrogenation of beryllium(ll) oxide and fluorination of
beryllium(l) hydride and beryllium atom are employed to determine G3 error in
calculating energies of beryllium compounds (Table 6.8).

Table 6.8 Benchmark reactions involving beryllium compounds
(G3 and NIST energies in kcal/mol)

NIST AH G3 AHxn Error
BeO + H,»Be + H,O rxn1 -13.0 -17.8 4.8
BeH + F,> BeF + HF rxn 2 -187.4 -185.5 1.9
Be + F, 2 BeF; rxn 3 -267.7 -266.2 15
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The results show that G3 reproduces the experimental heats of reaction for
reactions 1, 2 and 3 within experimental error (4.8, 1.9 and 1.5 kcal/mol, respectively).
It should be noted that experimental data for beryllium compounds are old and limited
in number and could be inaccurate. The effectiveness of interactions between
beryllium(l1) and the carbonitrile receptor models and simpler models are estimated by
the relative stabilization of doubly charged and naked beryllium cation by the ligands.
Stabilization of beryllium(Il) by one molecule of water in Be(ll)-H,O is used as a
reference for zero energy. Roughly this reflects the ability of the neutral model

molecules in stabilizing doubly charged beryllium.

G3 results (Table 6.9) show that individual contribution of one ethylene is
negligible (destabilization by 2 kcal/mol) and comparable to one water molecule. Quite
on the contrary, one molecule of acetonitrile model affords 44.4 kcal/mol stabilization.
Conjugation effect in acrylonitrile gives 52.1 kcal/mol stabilization or 7.7 kcal/mol
additional stability when compared to Be(ll)-CH3CN. Likewise, in unsaturated
carbonitrile models 2-CN BD when there is no vinyl participation (in the acyclic
complex) the stabilization energy is reduced by 9.7 kcal/mol. The presence of
conjugation due to one diene moiety in 2-CN BD gives additional stability of 6.6

kcal/mol compared to the analogous cyclic Be(ll)-3- CN P complex.
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Table 6.9 Beryllium(I1) dissociation energies involving Be(ll) complexes as measure of
stabilization by receptor models; using one water molecule as reference.

G3 AHryn

Complex (kcal/mol)
1 (H,0)-Be** > Be** + H,0 -142.8
2 (H,0)-Be** > Be*" + 2H,0 -260.3
3 CH,=CH,-Be** > Be*" + CH,=CH, -140.8
4  CHs-CN-Be** > Be*" + CH3-CN -187.2
5 CH,=CHCN-Be** > Be?* + CH,=CHCN -194.9
6  CHs-CN-Be”"-CH,=CH; >Be”* + CH3-CN 280.7

+CH,=CH> '

7 3-CN P-Be** (cyclic) > Be?* + 3-CN P -208.8
8 3-CN P-Be** (cyclic) > Be?* + 3-CN P -194.8
9 2-CN BD-Be” (acyclic) > Be*" + 2-CN BD -199.1
10 2-CN BD-Be* (cyclic)> Be®" + 2-CN BD -215.4

The results reveal that cyclic complexes between 2-cyanobutadiene (receptor 1)
and Be(I1), Mg(Il) and Ca(ll) are all bound in the gas phase (Table 6.10). We initially

thought that only the cyclic adduct of Be(ll) is important.

In later part of this work comparison in binding strengths between carbonitrile
receptor and Group Il divalent cations became more critical. Consequently, the G4
method that covers calcium utilizing Dunning’s correlation consistent aug-cc-pVnZ
basis sets, were employed to determine binding energies for complexes involving
Be(l11), Mg(ll) and Ca(ll). G4 calculations show that formation of the Cyclic 1-Be is
46% more exothermic than that of Cyclic 1-Mg. Likewise, while the formation of
Cyclic 1-Ca is still exothermic by -76.9 kcal/mol, but it is 35% less exothermic
compared to the Mg(l1) complex.

Table 6.10 G4 dissociation energies of 2-cyanobutadiene complexes
with Be(l1), Mg(ll) and Ca(ll).

G4 AHyy,
Complexes (kcal/mol)

2-CN BD-Be?*> Be®* + 2-CN BD (cyclic) -216.1

2-CN BD-Mg®* >Mg?** + 2-CN BD (cyclic) -117.6

2-CN BD-Ca?* >Ca®" + 2-CN BD (cyclic) -76.9
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6.2.6 Overlap Population Analysis

Overlap population between two interacting centers and atomic valence on the central
atoms in molecular fragments indicate the importance of valence type interaction or
electron-sharing type chemical bonding as opposed to ionic interaction. AOMix
program by S. Gorelsky was utilized to obtain individual atom-metal spin, total spin and
metal atomic valence populations (Gorelsky, 2013).

Table 6.11. Metal valence and overlap population analysis

M C-M N-M Total

Valence Spin Spin spin

Cyclic 1-Be 1.870 0.462 0.140 0.602
Cyclic 1-Mg 1.570 0.396 0.462 0.858
Cyclic 1-Ca 0.673 0.124 0.274 0.398
Cyclic 2-Be 1.838 0.454 0.278 0.732
Cyclic 2-Mg 1.543 0.352 0.428 0.780
Cyclic 2-Ca 0.707 0.142 0.262 0.404

Although the C4-Be bond distance (1.78 A) in Cyclic 1-Be is longer than that in
N6-Be (1.61 A), the former shows significantly higher overlap population (0.462)
compared to the later (0.140). This observation presumably due to high electronegativity
of nitrogen atom that keeps its lone electron pair close to its nuclei and not in the
overlap area. On the contrary, the rehybridized C4 (from sp® to sp-like) shows
significant migration of electron population from the C3-C4 =-bond to the covalent-type
C4-Be overlap area. The interaction between Be(ll) and 3-cyanopropene (receptor 2)

shows similar pattern of carbon versus nitrogen overlap population.
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Figure 6.6. Plot of metal atomic valence versus overlap population in

complexes between Be(Il), Mg(Il) and Ca(ll) with 2-CN BD and 3-CN P.

Mg(Il) shows more balanced overlap population with carbon and nitrogen
terminals in both unsaturated carbonitrile receptor models 1 and 2. Ca(ll) exhibits
predominantly ionic type interaction and has only less than one electron in its atomic
valence (Table 6.11). Both Be(Il) and Mg(ll) show consistently high atomic valence

(greater than 1.5) involved in formation of cyclic complexes (Figure 6.6).

6.2.7 Transition Structure

In order to locate the structures of the transition states we use the Synchronous Transit-
Guided Quasi-Newton method utilizing Gaussian 09 QST2 keyword, wherein the
acyclic structure (Acyclic 1-Be) had been designated as the reactant and the cyclic
structure (Cyclic 1-Be) as the product. One imaginary frequency at -220.8 cm™ has been
located that corresponds to the transition state. Formation of the acyclic complex
between Be(ll) and 1 in the gas phase is exothermic by 213.3 kcal/mol. Interaction
between Be(ll) and C4 gives additional stabilization by 12.5 kcal/mol and thus gives

rise to the cyclic complex (Figure 6.7).
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Intrinsic Reaction Coordinate (IRC) result confirms that the transition structure
which has a forward activation barrier of 12.3 kcal/mol connects the two optimized
minima. In further solvent effect studies utilizing the IEFPCM continuum model, that
are not described in details in this work, we found that the cyclic complex (Cyclic 1-Be)
survives in non-polar solvents such as heptane, benzene and dichloromethane. However,
polar solvents such as diethyl ether and tetrahydrofuran were found to stabilize Be(ll)

and break the Be(11)-C4 bond, and the cyclic complex ring opens to the acyclic form.
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Figure 6.7 Energy profile of 2-CN BD and its complexes with Be(11)(M) Uncomplex
(C1) Reactant, (TS) Transition Structure and (C2) Product.

6.2.8 Rationale for Beryllium(l1) Recognition using Unsaturated Carbonitriles

Our results suggest that beryllium cation interacts with unsaturated carbonitrile initially
by forming N-Be bond. The interaction between Be(ll) and the cyano nitrogen atom is
more than 45 kcal/mol stronger than that with vinyl carbons, using the acetonitrile and
ethylene simple models and examined separately (Table 6.9). Moreover, the energetics
data reveal that interaction with the vinyl carbon to form Cyclic 1-Be further the
complex by 12 kcal/mol. Furthermore, G4 results show that Mg(ll) and Ca(ll)are also

capable of making interaction with vinyl carbon, after forming acyclic complexes
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through N-Be bonding. Consequently, it is important to investigate if a complex
between Be(Il) and a conjugated carbonitrile could still form another interaction with a
separate vinyl moiety. For this purpose we investigate the complex between Be(ll) and
two separate fragments; acrylonitrile and ethylene (Figure 6.8), and the results confirm
that Be(ll) complexes with fragmented conjugated carbonitrile and vinyl moeity are

bound.

The optimized structures show that the Be-C bond distance in the simple model
(1.777 A) is very similar to that in Cyclic 1-Be (1.78 A). On the contrary, the Be-N
bond length in the fragmented simpler model (1.54 A) is significantly shorter than that
in Cyclic 1-Be (1.61 A). This presumably is due to the ring strain in the Acyclic 1-Be
six-membered complex. The m-network results in a strained planar structure, except for
the dihedral angle involving the sp*-like C4 center,that could not adopt a less strained
chair conformation. The Acyclic 1-Be exhibits even shorter Be-N bond distance (1.48
A). This could be explained in terms of more efficient interaction between Be(ll) and
only one ligand, the imparted positive charge delocalized by the conjugated carbonitrile
receptor, and the resulting acyclic complex free from ring strain. The C4 in Cyclic 1-Be
exhibits more significant rehybridization to sp®-like centre having H-C4-H bond angle

of 110.8° compared to 116.7° in the fragmented simple models.
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Figure 6.8 Optimized geometries of simple models

Optimized geometries indicate that in unconjugated carbonitriles, interaction with
cations leaves the cyano bond unaffected. However, stabilization due to m-network in
conjugated carbonitriles strongly suggests formation of ketenimine reactive
functionality and significant reduction of the C-N bond order (Woi et al., 2014). In a yet
unpublished work, the interactions between carbonitrile-carboxaldehyde receptor
models and Group | and 1l cations can be elucidated using electron sharing versus ionic
interaction approach. The results reveal that electron sharing by uncharged heteroatom
receptors favous divalent cations, and Group | cations can be effectively discriminated
utilizing this approach. Moreover, magnesium exhibits significantly higher atomic
valence compared to calcium. Therefore, calcium can be discriminated in highly
selective magnesium determination based on electron sharing ground (Zhang &
Spichiger, 2000). However, lacking in valence electron but retaining its positive charge,
calcium can be selectively determined using multiple negatively charged receptors. In
addition, being more weakly hydrated, calcium is favored by the Hofmeister
effect (Kherb et al., 2012; Zhang & Cremer, 2006). Beryllium recognition follows

similar line of reasoning as that described for magnesium. In all cases it exhibits similar
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nature of interactions with receptor models; carbonitriles, carboxaldehyde, polyether
and vinyl carbon (Marynick et al., 1988) in particular. Preferential recognition towards
beryllium is expected with uncharged ionophores, having multiple ligands and having
suppressed Hofmeister effect (Kherb et al., 2012; Zhang & Cremer, 2006). Judicial
choice of polymeric sensing membrane, lipophilic borate and plasticizer that reduces ion

exchanging characteristics can further favour beryllium (Bakker et al., 1994).

6.3 Conclusions

Beryllium(Il) recognition molecules have been designed using DFT and G3
computational methods. 2-Cyanobutadiene and 3-cyanopropene represent unsaturated
carbonitrile models, with and without m-system. Small molecule models such as
ethylene, acetonitrile and acrylonitrile illucidate individual participation and cumulative
effect of vinyl and cyano functionalities in critical design parameters especially the
strengths of the Cyinyi-Be and Be-Ngyano interactions. GIAO NMR shifts probed centers
of positive charges in the models and beryllium(ll) complexes. In all cases the changes
in the degree of carbon nuclei shielding is consistent with the reasoning on how doubly
charged beryllium imparts and distributes the donated positive charge. NBO analysis
examined orbital occupancies that suggest rehybridization at the terminal vinyl carbon
to sp®, forming interaction with beryllium atom and at the carbon and nitrogen atoms,
adjusting to the positively charged centers. Beryllium(Il) cyclic complexes with 2-CN
BD and 3-CN P exhibits almost perfect planar, except for slight out of plane dihedral
angle at one atom of the six membered ring. This and numerous other evidence suggest
that both cyano and vinyl groups participate in binding with beryllium, and n-system
conjugation in 2-CN BD affords 16.3 kcal/mol stabilization. Relative stabilization by
one water molecule, ethylene alone has negligible effect, whereas stabilization of

unconjugated carbonitrile model (acetonitrile) gives rise to 44.4 kcal/mol stabilization.
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The interaction of Be (11)-2 CN BD is the strongest compared against Mg(ll) and Ca(ll)
complexes, proven by the dissociation energy obtained from G4 calculation. The Be(ll)-
2-CN BD complexes of cyclic and acyclic forms separated by 12.3 kcal/mol barrier
height as shown by the QST2 method. Discrimination of Ca(ll) from Be(ll) and Mg(ll)
can be based on the overlap population analysis that showed Ca(ll) prefers ionic

interaction with the receptor models.

116



Chapter 7 : Conclusion

7.1  Major Achievements

DFT/B3LYP method is the best method to study the electronic structures of the receptor
molecules. This includes the study on optimized geometries and vibrational frequencies.
Other specialized tools can help provide more information such as nuclear magnetic
shielding, electrostatic charge distribution, bond orders and overlap populations from

the optimized geometry.

The Gn theory had proven itself as the most accurate compound method to obtain
energies. The benchmark against NIST data showed remarkable performance for

relevant cases and had been comprehensively used in this work.

Polymeric membrane based sensor cell had been successfully fabricated by
incorporating carbonitrile molecule into acrylic membrane. The fabricated sensor cell

shown distinctive signal pattern that can be utilized by sensor array approach.



7.2 Limitations

The main drawback for this work is to maintain the accuracy of the method utilized
within the molecules size limit. The G3 and G4 theory can only guarantee accuracy for
the energy obtained from small system (less than 10 large atoms). Meanwhile,
DFT/B3LYP can optimize large molecule system (such as lonomycin) but it can take up
to few days to complete. Certain desired method such as CBS-APNO can only covers
certain elements (first and second row elements as in periodic table) and limited to less
than six atoms. Those are not computationally feasible with current method and

hardware.

Beryllium(Il) had been studied intensively on chapter 6, but due to the toxic nature of
beryllium(l1), no experimental works were able to carry out to evaluate the sensing

ability of carbonitrile on beryllium(Il).

7.3 Future Works

Although the result presented in this dissertation showed the ability of DFT/B3LYP and
Gn theory, a few recommendations for future works can be implemented to raise the
quality of this research. This includes the access to superior computing machines such
as supercomputer or dedicated workstation, where both can handle highly expensive
methods such as W1, M1, CBS-APNO and Full CI with moderate time compared with

the current hardware.

More comprehensive and exhaustive study on the sensor itself can be done to further
characterize the sensor. The test includes drift test, temperature effect, accuracy test, pH

stability and limit of detection. Improvement on materials, carbon quality, nanomaterials
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in tranducer (polythiophene). Different sensor platform can be explored such as state of
the art tungsten(W) IDE based platform on roger board. This platform can improve

consistency and reliability over current screen printed platform.

Sensor array approach is deemed to be suitable for this work. The signal pattern
produced by the sensor array can be further processed to gain selectivity for
magnesium(ll) or calcium(ll). Extra work and different expertise required for the
development of this platform that covers the algorithm for pattern recognition, neural

network and signal processing.
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1. Benchmark Structures
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HCN

Symbol X Y Z
C 0 0 -0.5117
N 0 0 0.664423
H 0 0 -1.58079
Mg(11)-H,0
Symbol X Y Z
@) 0 0 -1.00818
H 0 0.786319 -1.60806
H 0 -0.78632 -1.60806
Mg 0 0 0.940131
Mg(l1)-HCN
Symbol X Y Z
Mg 0 0 1.441744
N 0 0 -0.57422
C 0 0 -1.74209
H 0 0 -2.82887
NH3—BH3
Symbol X Y Z
N -0.71562 0.000025 0.000009
B 0.910729 -1.2E-05 -9E-06
H -1.09918 -0.27609 -0.90494
H -1.09925 0.921743 0.213351
H -1.09923  -0.6456  0.691599
H 1.25129 0.341064 1.114228
H 1.250837 -1.13564 -0.26173
H 1.251215 0.794417 -0.85252
Ethane
Symbol X Y Z
C 0 0 0.766238
C 0 0 -0.76624
H -0.51028 0.883952 1.164521
H -0.51039 -0.88389 1.164521
H -1.02067 -0.00006 -1.16452
H 0.510281 0.883952 -1.16452
H 1.020666 -0.00006 1.164521
H 0.510385 -0.88389 -1.16452
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2.

Geometrical Structures

CH3CN
Symbol X Y Z
C 0.273053 0.000036 0.000074
N 1.450787 -1.4E-05 -3.1E-05
C -1.18659  -5E-06 -8E-06
H -1.55806 0.578153 -0.84747
H -1.55804  -1.023  -0.07707
H -1.55821 0.44476  0.92436

Sum of electronic and thermal Enthalpies
=-131.883190 hartrees

Mg—CH3CN
Symbol X Y z
C -0.98716 -0.04353 0.00006
N 0.1805 -0.11206 -1.8E-05
C -2.43712 0.051242  -8E-06
Mg 2.306119 0.042253 -3E-06
H -2.72551 1.103334 -0.01879
H -2.83394 -0.45229 -0.88248
H -2.83178 -0.41993 0.901111
Sum of electronic and thermal Enthalpies
= -331.340853 hartrees
Be—CH3CN
Symbol X Y Z
C 0.202038 -0.02106  0.00021
N -0.96325  -0.04274 0.000144
C 1.645698 0.018501 -9.6E-05
H 2.012613 -0.395 0.941093
H 2.017835 -0.57094  -0.83993
H 1.965726 1.057331 -0.10184
Be -2.58497  0.055774  -0.00025

Sum of electronic and thermal Enthalpies
= -146.253335 hartrees

Malono nitrile

Symbol
C

Z T TOO

X
-1.20945
0
1.209446
-3.2E-05
0.000034
2.190386

Y
0.035464
0.86391
0.035465
1.510394
1.510297
-0.61641

z
0.000048
0.000049
-4.3E-05
-0.88341
0.883583
-0.00012
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N -2.19039 -0.61641 0.000047

Sum of electronic and thermal Enthalpies
=-223.604231 hartees

Be—Malono nitrile

Symbol X Y Z
C 1.072616 -0.38718 0
C 0 -1.4118 0.000003
C -1.07262 -0.38718 0.000001
H -1E-06  -2.02876 -0.90343
Be 0 1.735182  -2E-06

N -1.44656 0.730978  -1E-06
N 1.446562 0.730977 -2E-06
H 0 -2.02876 0.903441

Sum of electronic and thermal Enthalpies
=-237.904143 hartees

n-Pentane carbonitrile

Symbol X Y Z
C -1.51004 0.698612 0.000025
-0.34329 -0.31358  -2E-06
1.018701 0.390409 -3E-06
2.198832 -0.59019 0.000031
3.562087 0.11097 -3.3E-05
-2.82349 0.051256 -0.00001
-3.85925 -0.47726 -2.4E-05
-1.45642 1.348367 0.881268
-1.45639 1.348435 -0.88117
-0.4295 -0.95983 0.881359
-0.42952 -0.95981 -0.88137
1.089979 1.044742 0.880264
1.090016 1.044713 -0.88029
2.124338 -1.24476 0.879088
2.124294 -1.24496 -0.87887
3.680138 0.746221 0.885851
3.679016 0.748205 -0.88465
H 4.381984 -0.61541 -0.00137

Sum of electronic and thermal Enthalpies
=-289.875391 hartrees

I T T T T T T T T T Z2 00000
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Mg--n-Pentane carbonitrile

Symbol
C

I T T T T T T T T T T Z2 000020

Mg

X
-0.35078
0.661714
2.106823
3.133631
4.582535

-1.7287
-2.81294
-0.22021
-0.22029
0.48477
0.484807
2.268574
2.268527
2.965515
2.965642
4.788885
4.789054
5.290031
-4.71717

Y
1.051676
-0.12041
0.391662
-0.74925

-0.2488
0.585066
0.181437
1.687538
1.687097

-0.7446
-0.74484

1.02775
1.027944
-1.38574
-1.38533
0.363893

0.36424
-1.08485
-0.62857

z
-0.00016
0.000039
0.000031
-0.00014
0.000091
0.000074
0.000177
0.883119
-0.88376
0.882675
-0.88244
0.881041
-0.88085
0.878959
-0.87955
0.885586
-0.88512

-9E-06
-4.3E-05

Sum of electronic and thermal Enthalpies
= -489.750237 hartrees

3. IR spectra
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IR Spectrum
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4. NMR GIAO Spectra
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SCF GIAO Magnetic shielding
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Malono Nitrile
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SCF GIAO Magnetic shielding
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5. Mulliken Charges
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Malono nitrile

2

(8.128)

Be-Malono Nitrile

n-Pentane carbonitrile
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Mg--n-Pentane carbonitrile

Mg(I1)-2 CH3CN

7. Molecular Orbitals
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Appendix B
Supplementary Information for Chapter 5

Contents:

1. Geometrical Structure

2. AOMix Plots

1. Geometrical Structure

2 CN Keto(1a)

Tag Symbol X Y Z
1 C 1.083122 -0.37951 0.142858
2 C -0.02615 0.680821 0.084762
3 C -1.36683 0.106465 -0.01689
4 @) 2.221612 -0.12659 -0.16884
5 N -2.41608 -0.38388 -0.09678
6 H 0.784666 -1.38117 0.509941
7 H 0.040612 1.276661 1.005915
8 H 0.173546 1.357722 -0.75207

2 CN Enol(1b)

Tag Symbol X Y Z
1 C 1.188583 0.452385 -0.00009
2 C -0.07364 0.921087 0.000081
3 C -1.2267 0.087146 -5.1E-05
4 N -2.19294 -0.56366 0.000034
5 0] 1.474009 -0.86746 -0.00012
6 H 2.030179 1.140946 -0.00011
7 H -0.22921 1.993994 0.000154
8 H 2.428071 -1.01338 0.001013
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2 CN Enolate(1c)

Tag

~N o ol W N B

Symbol X

I TOZ000

-1.28109
0.02456
1.207012
2.222914
-1.6674
-2.06066
0.136568

Y
0.317569
0.847752
0.085359

-0.5087
-0.87452
1.123688
1.929278

z
0.000019
0.000011
-1.6E-05
-3.9E-05
0.000013
0.000052
0.000029

1,2 Dicyanoethylene (2)

Tag

0 ~NOo ok WwWDN PP

Symbol X

C

I T=Z20Z200

-0.67474
0.674741
-1.48552
-2.18493
1.48552
2.184926
-1.20672
1.206721

Y
1.041331
1.041331
-0.13263
-1.06297
-0.13263
-1.06297
1.988594
1.988594

z
0.000024
0.000009
0.000015
0.000008
-1.9E-05
-4.2E-05
0.000045
0.000018

2 CN Keto(1a)-Mg

Tag

© 00 N O Ol & WDN P

Symbol X

C

ITIT=Z2000

1.218112
1.617767
0.354301
0.041618
-0.79689
2.028154
2.239984
2.240135
-1.70034

Y
-0.94521
0.535892
1.265072

-1.3281
1.438067
-1.68931
0.761105
0.761292
-0.36744

Z
-5.4E-05
-8E-06
-6.8E-05
0.000141
0.000095
-0.0003
0.883533
-0.88338
-7.3E-05
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2 CN Enol(1b)-Mg

Tag Symbol X Y Z
1 C 1.516117 0.529055 0.000149
2 C 1.454837 -0.81692 0.000398
3 C 0.127648 -1.3019 0.000146
4 N -1.04375 -1.33717 -0.00087
5 @) 0.335313 1.304305 -0.00081
6 Mg -1.60921 0.546231 0.000612
7 H 2.4352 1.1093  0.000391
8 H 2.335699 -1.45353 0.000793
9 H 0.571759 2.253784 -0.00015
2 CN Enolate(1c)-Mg
Tag Symbol X Y Z
1 C 1.398207  -0.58876  -6.5E-05
2 C 1.384439  0.801882 0.000312
3 C 0.08054  1.289176 0.000597
4 O 0.334773  -1.34836  -0.00016
5 Mg -1.39693  -0.64606 0.000276
6 N -1.10337 1.31672 -0.0008
7 H 2.271841  1.418777 -8.2E-05
8 H 2.357552  -1.11001 -0.00139
1,2 Dicyanoethylene (2)-Mg
Tag Symbol X Y Z
1 C -1.81614 -0.68315 0.00001
2 C -1.81614 0.683151 0.000011
3 C -0.51947 -1.29172  -3E-06
4 N 0.634804 -1.45358 -1.1E-05
5 C -0.51947 1.291715 0.000006
6 N 0.634804 1.453576 0.000009
7 H -2.72732  -1.27991 0.000016
8 H -2.72732  1.279914 0.000022
9 Mg 2.04956 0 -1.4E-05
Ether Carbonyl-Mg
Tag Symbol X Y Z
1 C -2.34594  0.047872 1.807408
2 O -0.9556  0.058906 1.780786
3 C -3.11704 0.009154 0.705235
4 C -2.64836 -0.02453 -0.6779
5 @) -1.41233 -0.02635 -0.93798
6 H -2.76303 0.074148 2.809369
7 C -3.64254 -0.05663 -1.78149
8 H -4.29495 -0.93367 -1.66912
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9 H -4.30396 0.818094 -1.71255
10 H -3.15121 -0.07838 -2.75387
11 H -4.18869 0.00533 0.878165
12 H -0.60942 0.100415 2.688798
13 Mg 0.21923 0.000568 0.049151
14 0] 1.691378 1.321241 -0.01504
15 O 1.673412 -1.32121 -0.12886
16 C 2.923558 0.703859 -0.51119
17 C 2.991837 -0.70935 0.04136
18 C 1.665285 2.780663 -0.15604
19 H 0.694248 3.11976 0.205557
20 H 2.462152 3.206505 0.456504
21 H 1.794812 3.04787 -1.20746
22 C 1.684853 -2.78718 -0.13812
23 H 2.110293 -3.15293 0.79918
24 H 0.650053 -3.11415 -0.2417
25 H 2.270868 -3.12865 -0.99345
26 H 3.731778 -1.28934 -0.51743
27 H 3.244652 -0.72837 1.106673
28 H 2.895581 0.718162 -1.60595
29 H 3.781221 1.284461 -0.15939

Ether Carbonyl-Ca
Tag Symbol X Y Z

1 C 2.938038 0.016815 1.734185

2 0] 1563091 0.014749 1.884075

3 C 3.585806 0.011935 0.552384

4 C 2.981667 0.002839 -0.77562

5 0] 1.728604 0.001366 -0.90616

6 H 3.482198 0.022633 2.674225

7 C 3.869135 -0.00458  -1.97199

8 H 452844  0.873563 -1.95244

9 H 4531714 -0.87983  -1.93955
10 H 3.287221 -0.01226  -2.89328
11 H 4669511 0.014361 0.613032
12 H 1.360061 0.015583 2.834583
13 @) -2.02001  -1.37945 0.016976
14 O -2.02646  1.365411 -0.13965
15 C -3.22575  -0.71759  -0.46893
16 C -3.293 0.684096  0.10414
17 C -2.0879  -2.83441 -0.08571
18 H -1.1279  -3.22874  0.252259
19 H -2.8852  -3.20515 0.562714
20 H -2.26801  -3.12642  -1.12382
21 C -2.14984  2.81931  -0.19771
22 H -2.57251  3.194137 0.73825
23 H -1.14685  3.223505 -0.34514
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24 H -2.78287  3.094432  -1.04452
25 H -4.09921  1.232173  -0.39368
26 H -3.48267  0.677251 1.183532
27 H -3.19993  -0.70951  -1.5646
28 H -4.10378  -1.28128  -0.13697
29 Ca -0.19305 0.010426 0.117449
3 ligands 2 CN enol-Mg
Tag Symbol X Y z
1 C 0.851655 2.681507 -1.43842
2 O 0.258516 1.443678 -1.50936
3 H 0.669724 3.320464 -2.29778
4 C 1.601724 3.084618 -0.3948
5 H 2.025469 4.080985 -0.46156
6 C 1.844887 2.314688 0.821065
7 0] 1.413366 1.141715 0.951369
8 Mg 0.440147 -0.2501  -0.05571
9 0] 1.407893 -1.55409 -1.3286
10 0] 0.891114 -1.78548 1.241786
11 C 1.173648 -3.02729  0.55889
12 C 2.025285 -2.68567 -0.64781
13 H 1.728399 -3.69883 1.222111
14 H 0.228908 -3.50537 0.273077
15 H 3.041812 -2.39833 -0.35748
16 H 2.067621 -3.5376 -1.3334
17 C 0.48283 -1.93445 2.626675
18 H 0.33166 -0.92995 3.021954
19 H -0.44433 -2.51219 2.685536
20 H 1.279305 -2.43243 3.185023
21 C 1.942772 -1.35096 -2.66428
22 H 3.024569 -1.19766 -2.61249
23 H 1.710204 -2.22143 -3.28259
24 H 1.46193 -0.46535 -3.07785
25 C -4.1644  -0.82168 0.007987
26 H -4.49623 -1.85416 0.02301
27 C 2.615985 2.954665 1.927502
28 H 2.108125 3.870773 2.25597
29 H 2.729323 2.271521 2.768764
30 H -0.36974 1.410996 -2.24835
31 H 3.603228 3.266726 1.563122
32 C -5.08119 0.183052 0.059628
33 C -2.78248  -0.5849  -0.05916
34 0] -4.72529 1.461779 0.039115
35 N -1.62569 -0.43028 -0.11578
36 H -6.14158  -0.0539 0.118735
37 H -5.48938 2.056564 0.095124
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3 ligands 2 CN Enolate-Mg

Tag

© 00 N O U1l WOWN P

W WWWWOWWNRNNRNRNNMNNNNNRERRERRRRR P R
O B WONPOOONOUORWNRPRODOOONO®UGNWDNLERERO

Symbol

IZOOOIIIIOIOIIIOIIIOIIIIOOOOEOOIOIOO

X
-2.55299
-1.27179
-3.02643
-3.20442
-4.23369
-2.63235
-1.44155
0.260366
0.468573
1.770976
2.401044
1.296287
2.943508
3.104057
0.683528
1.724362
2.623291
2.032759
3.508221
2.921241
-0.50813
-1.19116
-0.00248

-1.0619
1.711096
2.248176
-3.53201
-3.84703
-3.01022
-0.89597
-4.44407
0.924871
1.714956
0.295476

1.50941
0.833538

Y
-1.09882
-0.74353
-1.74896
-0.66058
-0.98051
0.211927
0.580472
-0.05587
1.858581
0.859079
1.962588
2.772954
2.581285
1.574538
3.280751
3.518725
0.192253

-0.6122
-0.21408
0.905164

2.52294
3.111979
3.173085
1.750899
-3.10694
-4.02676
0.664574

-0.2062
1.369042
-1.20147
1.121836
-2.86381
-2.01789
-1.76444
-0.98079
-3.65767

z
-1.23726
-1.51593
-1.96757
-0.14005
-0.02234
0.885329
0.858666

-0.0585
-0.99728
1.063347
0.387511
-0.25673
1.111132
-0.35973
0.499387
-0.93685
2.020606
2.455277
1.519631
2.795199
-1.81694
-1.19431
-2.53777
-2.34944

-0.3819
-0.56183
1.998902
2.588046
2.646755
-2.28631
1.598844
0.740887
-1.25686
0.964961
-1.77686
1.490843
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3 Ligands 1,2 Dicyanoethylene (2)-Mg

Tag

© 00 N O U1l WOWN P

W W W W W WWWPNDNNDNDNMNMNNMNNNMNNNRFFRPRPRPERPERPEREREERPREPRE
~NOo O WONNPFP OO NOOULR, WO NP OCOOONO OGP WDNEO

Symbol

ZOIZOOIIIIOIOIIIOIIIOIIIIOOOOEOOIOIOO

X
-2.01856
-0.9583
-2.29103
-2.8871
-3.74815
-2.71367
-1.74311
-0.01748
-0.69713
0.822293
0.802466
-0.54135
0.922966
1.623146
-1.35128
-0.57536
1.914142
1.802568
2.872292
1.859535
-1.92345
-2.78286
-1.96221
-1.93236
3.872053
4.889584
-3.73269
-3.23978
-4.09536
1.390597
-4.58063
3.509685
2.911497
1.732112
4.126373
2.191249
1.065879

Y
-1.8565
-1.17402
-2.54534
-1.81818
-2.47713
-0.96396
-0.15357
-0.15001
1.808054
1.448913
2.737205
2.89693
3.517917
2.813455
2.874238
3.851546
1.267595
0.271779
1.337493
2.029126
1.86254
1.818231
2.7867
0.995357
-0.90608
-0.52951
-0.98634
-1.32218
0.030805
-0.22607
-1.64225
-1.99338
-0.44859
-0.03917
-2.86687
-1.92264
-1.61281

z
-1.40707
-1.5759
-2.2234
-0.3077
-0.33054
0.808177
0.942329
-0.10571
-1.04543
1.156025
0.540852
-0.13714
1.304218
-0.18549
0.605287
-0.68148
2.071154
2.495636
1.543295
2.858528
-1.78103
-1.10085
-2.37152
-2.43974
-0.52373
-0.59854
1.929036
2.848488
2.112831
-2.4977
1.718729
0.373095
-1.34968
-1.54941
0.544142
0.761992
0.975493
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3 Ligands Carboxylate-Mg

Tag

© 00 N O U1l WOWN P

W W W WNDNDNMNDNMNDNDNMNDNNMDNNNMNMNNNRPRPRPRPRPERPRPERPRPRPRER
W NP OOWOONO UL, WO NP OOOONO OGP WDNEO

Symbol

IIIIOIOOOIIIOIIIOIIIIOOOOEOOIOIOO

X
2.801495
1.486808
3.481609
3.241949
4.314182
2.383773
1.137289
-0.30456
-0.99529
-1.96884
-2.83868
-1.95693
-3.45454
-3.49139
-1.42183
-2.56384

-2.6442
-1.89945
-3.44729
-3.05218
-0.28055
0.276066
-0.98653

0.40846
-0.27054
-0.95782
-0.74518
-0.97344
3.045558
3.607302
2.300641
1.288189
3.772436

Y
0.712756
0.786582

1.22129
0.035912
0.005131

-0.6328
-0.60551
0.401719
-1.27336
-0.20293

-1.1066
-2.06385
-1.66407
-0.53246
-2.74831
-2.64529
0.604883
1.280458
1.181636
-0.04761
-2.02643
-2.84654
-2.42369
-1.33996
2.296096
1.958955
2.740818

3.81205
-1.36275
-0.64946
-1.86604
1.440404
-2.08853

z
-1.07185
-1.39495
-1.74986
0.010307
0.167621
0.984681
0.908507
-0.08526
-1.18252
1.023436
0.320729
-0.45433
1.035891
-0.34895
0.215858
-1.15754
2.015486
2.432549
1.544658
2.793095
-2.18004
-1.71264
-2.91559
-2.67068
0.751536
-1.32071
-0.33723
-0.43648
2.116882
2.733339
2.733293
-2.08597
1.734325
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2. AOMix Plots
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Appendix C

Supplementary Information for Chapter 6

Contents:

1. Benchmark Details

2. Geometrical Structure

3. Intrinsic Reaction Coordinate

4 Molecular orbitals

1. Benchmark Details

BeO
Symbol X Y Z
Be 0 0 -0.90418
@) 0 0 0.45209

BeO + H2 = Be + H20
BeO H2 Be H20 AH,, Error

NIST 32.6 0.00 77.438 -57.8 -13.0 0.0
G3 -89.8432 -1.16407 -14.657364 -76.378265 -17.8 4.8
CBS-QB3 -89.7677 -1.16278 -14.61818 -76.333703 -13.4 05

BeH
Symbol X Y Z
Be 0 0 0.269683
H 0 0 -1.07873

BeF
Symbol X Y Z
Be 0 0 -0.95364
F 0 0 0.423838
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BeH + F,> BeF + HF

BeH F2 BeF HF AH.. Error
NIST 81.7 0 -40.6 -65.1 -187.4 0.0
G3 -15.2316  -199.423 -114.55231 -100.3978 -1855 1.9
CBS-QB3  -15.1907 -199.343 -114.47119 -100.35663 -184.6 2.8
BeF,
Symbol X Y Z
Be 0 0 0
F 0 0 1.386233
F 0 0 -1.38623
Be + F2 > BeF2
Be F2 BeF2 AH,, Error
NIST 77.438 0 -190.3 -267.74 0.0
G3 -14.6574 -199.423 -214.50438 -266.16 1.6
CBS-QB3 -14.6182 -199.343 -214.38241 -264.30 3.4

2. Geometrical Structures

2CNBD mo

no

Tag

© 00 N O Ul WN P

e
[N )

Symbol
C

ZO0OIITITOOIIITO

X
-0.7156
-0.16271
-1.78995
-0.08673
1.290264
1.886888
1.891243
2.968672
1.3182
-1.0261
-1.70541

Y
1.80043
0.568784
1.944055
2.685406
0.340215
-0.86023
1.247395
-0.94273
-1.78607
-0.58717
-1.53146

Z
0.00001
0.000005
-1.2E-05
0.000036
0.000034
0.00003
0.000061
0.000053
0.000003
-3.1E-05
-0.00006
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Be—2 CN BD Cyclic

Tag Symbol X Y Z

1 C -0.11183  1.197422  -0.11268

2 C -0.92106  -0.01318  0.03633

3 C -0.00906  -1.1252  0.069207
4 H -0.64065 2.075038 -0.49791

5 C 1.282408 1.263428 0.118046

6 H 1538132 0.884631 1.144349

7 H 1.768242  2.2189 -0.0737

8 N 1.05465 -1.60851 -0.03867

9 C -2.28791  -0.06961 0.014944
10 H -2.8301  -1.00857  0.124259
11 H -2.87517  0.842058  -0.09458
12 Be 1.985419 -0.31741 -0.27171

Mg—2 CN BD Cyclic

Tag Symbol X Y Z

1 C 0.605038 -1.23603 -0.10179

2 C 1.269616 0.072864 0.018598

3 C 0.282821 1.097233 0.204499

4 H 1.182044 -2.00048 -0.62685

5 C -0.65974 -1.55311 0.352089

6 H -1.01097 -1.0367 1.264489

7 H -1.01983 -2.57285 0.235401

8 N -0.77337 1599524 0.221962

9 C 2.602626 0.289879 -0.14253
10 H 3.041663 1.279369 -0.03588
11 H 3.274952 -0.53762 -0.36048
12 Mg -2.05471 0.137218 -0.33464

Ca—2 CN BD Cyclic

Tag Symbol X Y z

1 C -1.11554 1.238751 -0.17745

2 C -1.65374 -0.13329 -0.01948

3 C -0.58485 -1.04399 0.214416

4 H -1.68555 1.892117 -0.83673

5 C 0.007096 1.705765 0.419865

6 H 0.416416 1.180953 1.29336

7 H 0.304063 2.743807 0.300976

8 N 0.471423 -1.53202 0.296047

9 C -2.94111 -0.50432 -0.17219
10 H -3.26377 -1.53192 -0.03847
11 H -3.70202 0.229703 -0.42164
12 Ca 2.117988 -0.0684 -0.19804
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3CNP

Tag Symbol X Y Z
1 C -1.19407 0.081776 -0.00012
2 C -0.07058 1.023098 0.000195
3 C 1.297549 0.371522 -0.00016
4 C 1.545929 -0.93841 0.000188
5 H -0.17369 1.677246 -0.87617
6 H -0.17356 1.676392 0.877203
7 H 2.121389 1.083123 -0.00085
8 H 0.748854 -1.67698 0.000827
9 H 2.565799 -1.30962 -0.00027
10 N -2.08026  -0.6683 -0.00019
Be—3CNP
Tag Symbol X Y z
1 C 1.123092 0.449546 0.071093
2 C -0.0136  1.370373 0.089631
3 C -1.19591 0.42414 -0.1921
4 C -1.26236  -0.91054 0.173458
5 H -0.12871 1.891105 1.059694
6 H 0.086884 2.143274 -0.68733
7 H -1.99864 0.861571 -0.79534
8 H -0.79085 -1.1799 1.154443
9 H -2.16802 -1.47549 -0.04953
10 N 1.652683 -0.58671 -0.06065
11 Be 0.380797 -1.53368 -0.27746
Mg-3CN P

Tag Symbol X Y Z
1 C 0.169221 -1.30781 0.118086
2 C 1514141 -0.76288 -0.0389
3 C 1.305822 0.745702 -0.25522
4 C 0.370831 1.522351 0.366113
5 H 2.141241 -0.94786 0.850496
6 H 2.016924 -1.23302 -0.89393
7 H 1.99278 1.202977 -0.97036
8 H -0.07109 1.176097 1.318222
9 H 0.373639 2.59968 0.205392
10 N -0.99386 -1.38882 0.143642
11 Mg -1.63805 0.478303 -0.22132
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3. Intrinsic Reaction Coordinate

Be—2 CNBD TS

Total Energy along IRC

Tag Symbol X Y z
1 C 2.160834 -0.73795 0.008007
2 C 0.902758 -0.20222 -0.01927
3 C 0.543614 1.241502 0.114524
4 C -0.65128 1.815823 -0.13084
5 C -0.26458 -0.96805 -0.08624
6 N -1.40649 -1.26271 -0.0546
7 H 2.337089 -1.80702 -0.08405
8 H 3.028411 -0.0894 0.114663
9 H 1.378269 1.865806 0.439112
10 H -0.82693 2.866892 0.08001
11 H -1.45408 1.319893 -0.69647
12 Be -2.69136 -0.55295 0.302943
262225 —
-262.230
U -262.235 -
=
T 262040 -
5-252245—
S
@ -262.250
c
W' 562255
o
2 -262.260
-262.265
262270 -

4 2

0

2 4 B

Intninsic Reaction Coordinate
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4. Molecular Orbitals

MO No

27 LUMO+4
26 LUMO+3
25 LUMO+2
24 LUMO+1

23 LUMO
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11 HOMO-11

10 HOMO-12
. HOMO-13
8 HOMO-14
7 HOMO-15
6 HOMO-16
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