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Abstract

As the global demand for electric power surges and the transition away from fossil fuels continues,
developing optimized energy storage systems has become increasingly important. The optimization
of electrode materials and electrolytes is central to maximizing storage efficiency. In this context,
nanoporous materials, such as porous carbons, carbon nanotubes and metal-organic frameworks
have gained significant attention. The geometry of their porous networks governs the structure and
dynamics of the confined electrolytes and is fundamental to consider for further optimizations of
electrode-electrolyte systems.

At the same time, nanoplastics have become ubiquitous in the environment over the past decades.
The particles primarily arise from tire abrasion, mechanical wear of textiles and degradation of
macroplastics improperly disposed of. While the long term toxicological impacts on human health are
not yet fully understood, recent studies show that nanoplastics can cross various biological barriers
and have been found in the digestive tract, blood and even the brain. These findings underscore the
need for further studies in this area and to establish new methods that provide further insight into how
nanoplastics behave on a molecular level.

Although the two topics do appear unrelated at first glance, both cover areas of nanoscience in
which understanding the behavior of matter at an atomic resolution is key. This thesis relies on
computational methods to model these systems and novel analysis methods and modeling approaches
to advance the research in both fields are presented.

The first part focuses on modeling liquids within nanoporous materials using molecular dynamics
simulations. The liquids studied include ionic liquids, salt-in-ionic liquid mixtures, and water, while
the nanoporous materials comprise carbon nanotubes of differing size and the metal-organic framework
ZIF-8. In order to resolve the structure and dynamics of liquids of these highly anisotropic, solid–liquid
systems, a main part of this thesis covers the development of a new analysis program, CONAN. It is an
open-source software that focuses on the analysis of confinement effects impacting the structure and
dynamics of confined liquids. Using CONAN, the structural features of ionic liquids and salt-in-ionic
liquids in the confinement of sub-nanometer carbon nanotubes and the metal-organic framework ZIF-8
are analyzed relying on novel analysis tools. Furthermore, structural and dynamical properties of
water in confinement of single, isolated carbon nanotubes and vertically aligned carbon nanotube
arrays are discussed.

Secondly, this thesis explores various methods for folding individual polymer strands into nanoplastic
particles. The goal of this task lies in capturing the variability of nanoplastics found in the environment
in terms of their structure and composition and to generate sets of relevant conformations. As these
plastics consist of multiple, interwoven polymer strands which can fold into a myriad of possible
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conformers, a complete scan of the conformational space is computationally unfeasible. Instead, sets
of nanoplastic structures are generated, evaluated, and provided as datasets for further research. In
addition, nanoplastics readily aggregate with surrounding colloidal matter and organic molecules. This
includes other pollutants such as antibiotics, which are increasingly prevalent in the environment. In
this context, the adsorption of the antibiotic onto various types of nanoplastics is studied, and relevant
nanoplastics and nanoplastic–tetracycline aggregate conformations are discussed. Furthermore, a
novel approach for nanoplastic folding is presented that significantly expands the diversity of accessible
nanoplastic structures.
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CHAPTER 1

From Philosophy to Nanoscience

Since ancient times, humans have sought to understand and manipulate the materials around them,
driven both by curiosity and the need to create tools with specific, tailored properties. Material
science and chemical processes, although not yet considered as such, were already important back
then. Around 500 BC, the philosophers Leucippus and Democritus from ancient Greece were devoted
to the question of how matter is built. They concluded that all matter must be composed of indivisible,
smallest units, which they named “atomos”, meaning “indivisible” in Greek language. It laid the
foundation for the atomic concept, even if the conclusion was drawn from a purely philosophical
perspective. A systematic approach to describing matter did, however, not emerge until the Age of
Enlightenment, starting in the 17𝑡ℎ century. Experimental evidence and reasoning became the basis
of explaining natural phenomena and establishing physical concepts. Based on this methodology, it
was Lavoisier to first recognize oxygen as a chemical element and to describe its role in combustion
reactions. Further, his work, and works from other researchers at the time, lead to the discovery of the
law of mass conservation. His experimental work and data-based reasoning earned him his reputation
as the “father of modern chemistry”. Building on this foundation, it took until the 19𝑡ℎ century to
further consolidate the atomic view on matter. In 1803, Dalton came to the conclusion that elements
consist of atoms of the same type, while chemical compounds consist of different types of atoms,
which come in fixed compositions. Avogadro could show in 1811 that two ideal gases with the same
volume and temperature contain the same number of particles, introducing the connection between the
amount or weight of a substance and the number of particles it contains. Then, in 1869, Mendeleev
and Meyer independently constructed the periodic table of elements. The logical arrangement of
elements allowed for the prediction of yet undiscovered elements and even forecasted their physical
and chemical properties.
The discovery of the electron by Thomson in 1897 changed the view on the most fundamental particles
again. It took the work of Rutherford12 and Bohr13 in 1911 and 1913, respectively, to introduce
a new atomic model, with a tiny, positively charged nucleus in the center surrounded by a cloud
of electrons. Bohr was the first to introduce quantization into the atomic model by describing the
movement of electrons in discrete orbitals, accounting for some quantum effects. When an electron
jumps from one orbit to another, the transition is accompanied by the absorption or emission of
quantized electromagnetic radiation. The quantum mechanical description of matter was continuously
developed further by Planck, Dirac, Fermi, Einstein, Schrödinger, Heisenberg, de Broglie14–21 and
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Chapter 1 From Philosophy to Nanoscience

others.
With the newly developed theoretical framework to accurately describe matter on an atomic and
electronic level, including chemical bonding and intermolecular interactions, the conceptual basis for
a new scientific discipline was laid: nanoscience. The beginning of nanoscience is often attributed
to Feynman, who delivered a famous lecture “There’s plenty of room at the bottom” in 1959.22 In
his lecture, he envisioned that many devices could be miniaturized and materials be customized
on an atomic level. Nanoporous compounds such as activated carbons, zeolites and clays were
already known at that time, but it took until the 1980s, for the first experimental breakthroughs to
be made in synthesizing new nanomaterials. The discovery of fullerenes in 1985 by Kroto, Curl
and Smalley,23 who were awarded the Nobel Prize in Chemistry in 1996, marked the beginning of
modern nanoscience. The discovery of carbon nanotubes (CNTs) by Iijima in 1991 further fueled
the research on nanomaterials, followed by the first synthesis of graphene by Geim and Novoselov in
2004,24 who were awarded the Nobel Prize in Physics in 2010 for their work. Besides carbon based
materials, other porous, tunable nanomaterials were developed in the last decades. Metal-organic
frameworks (MOFs) were synthesized for the first time by Yaghi in 1995.25 They are highly porous
compounds consisting of inorganic metal clusters and organic linkers, building a three-dimensional
network. Yaghi, Kitagawa and Robson were awarded the Nobel Prize in Chemistry for their work on
MOFs in 2025.26 CNTs and MOFs have in common that they allow for a high degree of tunability of
their porous structure, i.e., pore size.𝑎

Parallel to this development, the 20𝑡ℎ century was transformed by the invention and widespread use
of synthetic polymers. Starting with Bakelite in 1907, many different polymers were developed and
found their way into everyday life. Much of this progress can be attributed to the works of Staudinger,
who was awarded the Nobel Prize in Chemistry in 1953 for his work on macromolecules.27 Ziegler
and Natta were also awarded the Nobel Prize in Chemistry in 1963‚28 for their work on polymerization
catalysts, which enabled the synthesis of polymers of high molecular weight with specific properties at
low cost. With this development, plastics became ubiquitous in modern life due to their durability and
versatility. However, in recent times, it has become clear that the widespread use of plastics causes
environmental problems. The accumulation of plastic waste in the environment, especially in the
oceans, has become a major concern. The degradation of plastics is slow and leads to the formation of
micro- and nanoplastics (MNPs) over time. The environmental impact of these particles and their
toxicological effects on living organisms are not yet fully understood. At the nanoscale, polymer
fragments behave fundamentally differently compared to macroplastics, and the interaction between
nanoplastics (NPs) and biological systems is an active field of research. Recent studies show that they
do impact ecosystems and human health.29–33

Despite the progress in understanding and manipulating nanomaterials, their interaction with the
environment requires insights at an atomic level that are difficult to obtain experimentally. This task
has driven the rise of computational chemistry as an important part of modern material science. By
solving the fundamental equations of quantum mechanics (QM) and classical physics, computational
models allow for the prediction of molecular properties and reaction mechanisms, as well as the
simulation of dynamic processes.
This thesis builds upon these theoretical foundations to investigate structural and energetic properties
of nanomaterials. The following sections in this chapter provide an overview of the computational
methods employed and their theoretical background. The materials investigated are presented in

𝑎 Details for these materials are given in Section 2.2.
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1.1 Computational chemistry

Chapter 2, together with an introduction to novel analysis tools developed to study them. Chapter 3–
Chapter 6 present research contributions on the behavior of liquids confined in nanoporous materials.
Chapter 7–Chapter 9 focus on the molecular structure of NPs and their interactions with other
molecules. Finally, Chapter 10 summarizes the key findings and gives an outlook on future research
directions in this field.

1.1 Computational chemistry

1.1.1 Theoretical background

The description of molecular systems through the use of computer models is an ever-growing field in
chemistry and material science. Historically, in the latter half of the 19𝑡ℎ century, multiple microscopic
phenomena were observed, e.g., the emission spectra of atoms, which could not be explained using
Newtonian mechanics. First attempts to describe these phenomena were made by Planck in 1900,
introducing the quantization of energy levels and the Planck’s constant ℎ.15 He showed that any
harmonically oscillating system can only absorb and emit energy in discrete quantities, based on
multiples 𝑛 of ℎ and connected to the frequency 𝜈 of the oscillation:

𝐸 = 𝑛ℎ𝜈, 𝑛 = 1, 2, 3, . . . (1.1)

This theoretical framework was further developed by de Broglie, who introduced the concept of
electron waves.21 He argued that electrons positioned around the nucleus of an atom could be
understood as standing waves. Based on this introduction, all matter could be described as waves,
laying the groundwork for the wave-particle duality concept. Developed by Schrödinger in 1926, the
time-dependent Schrödinger equation19 provides a mathematical framework to describe the behavior
of quantum mechanical systems as a function of time 𝑡:

iℏ
𝜕

𝜕𝑡
|Ψ(𝑡)⟩ = 𝐻̂ |Ψ(𝑡)⟩ (1.2)

Here, the Hamilton operator 𝐻̂ is applied to the wavefunction Ψ(𝑡) of the system, and the result shows
the time evolution of the wavefunction. 𝑖 is the imaginary unit, ℏ the reduced Planck constant and
𝜕
𝜕𝑡

the partial derivative with respect to the time 𝑡. The probability of finding a particle at a given
position 𝑟 is described using a probability density:

𝑃(𝑟, 𝑡) = |Ψ(𝑟, 𝑡) |2 (1.3)

When considering stationary states only, the time independent Schrödinger equation can be formulated:

𝐻̂ |Ψ⟩ = 𝐸 |Ψ⟩ (1.4)

Here, the Hamilton operator is applied to the wavefunction of the system, resulting in the total energy
𝐸 as its eigenvalue. Analytical solutions to the Schrödinger equation exist only for simple systems,
such as the hydrogen atom, or theoretical models like the particle in a box. For realistic systems,
approximations are required to estimate the solution by an iterative numerical approach.

The Hamilton operator describes the total energy contributions of a quantum chemical system,
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Chapter 1 From Philosophy to Nanoscience

consisting of kinetic and potential energy terms for electrons and nuclei:

𝐻̂ = 𝑇e + 𝑇n + 𝑉̂ee + 𝑉̂nn + 𝑉̂en (1.5)

𝑇e and 𝑇n describe the kinetic energy of electrons and nuclei, respectively. The potential energy
contributions are described through the electron-electron repulsion 𝑉̂ee, the nucleus-nucleus repulsion
𝑉̂nn and the electron-nucleus attraction 𝑉̂en.

For the computation of molecular systems, the full Hamiltonian is often simplified using the
Born-Oppenheimer approximation,34 which is the basis for most electronic structure methods. By
assuming that the wave functions of the nuclei and electrons can be treated separately, the nuclei are
treated as fixed point charges. This is based on the fact that nuclei are much heavier than electrons,
and therefore move much slower. One can envision this approximation as the electrons moving in a
static potential created by the fixed nuclei. With the nuclear positions being constant, the electronic
Hamiltonian 𝐻̂el that acts on the electronic coordinates is

𝐻̂el = 𝑇e + 𝑉̂ee + 𝑉̂en, (1.6)

as the nuclear kinetic operator 𝑇n is neglected and the nucleus–nucleus repulsion 𝑉nn is a constant for
the given nuclear geometry.

The electronic Schrödinger equation can then be used to obtain the electronic energy 𝐸el at fixed
nuclear positions R, which defines the potential energy surface (PES) on which the nuclei move. The
total energy 𝐸tot on the potential energy surface is calculated using

𝐸tot(R) = 𝐸el(R) +𝑉nn(R). (1.7)

A central challenge in solving the Schrödinger equation for multi-electron systems lies in accurately
describing the electron-electron repulsion term 𝑉̂ee. Here, the motion of each electron is influenced
by the presence and motion of all other electrons, leading to a complex many-body problem. To
approximate the solution to the Schrödinger equation, multiple ab-initio methods have been developed.
They split into two main categories, wavefunction theory and density functional theory (DFT). As no
wavefunction-based methods are used in this work, only DFT is briefly discussed in Section 1.2.

1.2 Density functional theory

The fundamental concept of DFT is to describe a quantum-mechanical system through its electron
density 𝜌(r) rather than the complex many-body wavefunction Ψ(r1, r2, . . . , r𝑁 ). While r denotes
the three-dimensional spatial coordinates, r𝑖 represents the coordinates of the 𝑖-th electron, with 𝑁

being the total number of electrons in the system. While Thomas and Fermi were the first to propose a
model based on the electron density in the late 1920s,17,35 it was the work of Hohenberg and Kohn in
1964 that laid the formal foundation for modern DFT with two central theorems.36 The first theorem
establishes that the ground state density uniquely determines the system’s potential and thereby all
other ground state properties. The second theorem introduces the concept of a universal energy
functional 𝐸 [𝜌(r)], which yields the ground state energy when minimized with the correct ground
state density. However, the theorems only prove the existence of this functional, not its exact form. In
particular, the kinetic energy term and the electron–electron exchange–correlation energy are difficult
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1.2 Density functional theory

to express as explicit functionals of the electron density. Nevertheless, the theorems gave a prospect
of a significant reduction in computational cost compared to wavefunction-based methods, as the
energy functional depends on three spatial coordinates instead of 3𝑁 coordinates for a wavefunction
of 𝑁 electrons. In 1965, Kohn and Sham introduced the Kohn-Sham equations, marking a major step
forward in making DFT a practical method.37 They introduced the idea of mapping the interacting
many-electron system onto a fictitious system of non-interacting electrons moving in an effective
potential. This approach allows the total energy functional to be approximated as

𝐸 [𝜌(r)] = 𝑇s [𝜌(r)] +
∫

𝑉ext(r)𝜌(r)dr + 𝐸H [𝜌(r)] + 𝐸xc [𝜌(r)], (1.8)

where 𝑇𝑠 [𝜌(r)] describes the kinetic energy of non-interacting electrons with density 𝜌(r), and the
external potential, 𝑉𝑒𝑥𝑡 (r), accounts for the interaction between the electrons and the nuclei.
The Hartree energy 𝐸𝐻 [𝜌(r)] describes the classical electrostatic repulsion between electrons. All
complex many-body effects that are difficult to capture, as well as correction terms, are summarized in
the exchange-correlation functional 𝐸𝑥𝑐 [𝜌(r)]. This term accounts for the difference between the exact
and non-interacting kinetic energy, non-classical electron-electron exchange effects, and correlation
contributions. The practicality of the approach and the ability to systematically improve 𝐸𝑥𝑐 [𝜌(r)]
to enhance accuracy (see Section 1.2.1), drove the widespread adoption of DFT in computational
chemistry.

1.2.1 Exchange-correlation functionals

The need to improve the exchange-correlation term to achieve higher chemical accuracy led to the
development of various classes of functionals. These functionals are grouped into different rungs on
“Jacob’s Ladder”, which categorizes them based on their complexity and accuracy.38

Local density approximation One of the simplest approximations is the local density approximation
(LDA).37 The LDA assumes that the exchange-correlation energy at each point in space depends only
on the local electron density 𝜌(r) at that point. It is expressed as:

𝐸
LDA
xc [𝜌(r)] =

∫
𝜌(r)𝜖uni

xc (𝜌(r))dr (1.9)

Here, 𝜖uni
xc (𝜌(r)) is the exchange-correlation energy per particle of a homogeneous electron gas with

density 𝜌(r). This approach is efficient and works well for systems with slowly varying spatial
electron densities, such as metals. A major drawback is that the approach does not account for density
variations in space, often overestimating correlation effects while underestimating exchange effects.
Consequently, the LDA is often not suitable for systems with strong inhomogeneities in the electron
density, such as molecular systems.

Generalized gradient approximation To better account for the spatial variation of the electron
density, the generalized gradient approximation (GGA) was developed.39–41 Its form depends not only
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on the local density but also on its gradient:

𝐸
GGA
xc [𝜌(r)] =

∫
𝜌(r)𝜖uni

xc (𝜌(r),∇𝜌(r))dr (1.10)

This approach can significantly improve the description of inhomogeneous systems. Common
functionals such as PBE42 and BP8640,43 belong to this family. Meta-GGAs (mGGAs) further extend
the GGA by including higher-order derivatives of the electron density. Despite these advances, these
local and semi-local approximations are still prone to systematic errors, such as the self interaction
error and the inability to capture long-range dispersion effects.

Hybrid functionals Introduced by Becke in 1993,44 hybrid functionals represent a significant
advancement in density functional theory. By incorporating a fraction of exact Hartree-Fock (HF)
exchange into the GGA or meta-GGA framework, they reduce the self-interaction error inherent in
pure DFT functionals, leading to improved accuracy. A prominent example is the Becke-3-LYP
(B3LYP) functional, which constructs the exchange-correlation energy by mixing 20% exact HF
exchange with 80% local spin density approximation (LSDA) exchange, supplemented by the Becke
88 (B88) gradient correction.40 Other widely used hybrid functionals are , e.g., PBE0,45 where 25%
of exact HF exchange is combined with 75% of Perdew-Burke-Ernzerhof (PBE) exchange, along with
the full PBE correlation energy:

𝐸
PBE0
xc = 0.25𝐸HF

x + 0.75𝐸PBE
x + 𝐸

PBE
c (1.11)

Dispersion corrections A general shortcoming of mean field theory methods is their inability to
accurately describe long-range electron correlation, resulting in a lack of London dispersion forces. To
address this, additive dispersion corrections are often used. In this work, the D3 dispersion correction
with Becke–Johnson damping [D3(BJ)] is utilized during geometry optimizations.46,47 It adds an
atom-pairwise potential to the DFT potential, improving the description of non-covalent interactions
at minor computational cost.

1.2.2 Basis sets

To solve the Kohn-Sham equations computationally, the molecular orbitals (and thus the electron
density) must be represented mathematically. This is achieved by constructing the molecular orbitals
𝜓𝑖 as linear combinations of a set of atomic orbitals 𝜙 𝑗 , called basis functions. This approach is known
as the linear combination of atomic orbitals (LCAO) method:

𝜓𝑖 =
∑︁
𝑗

𝑐𝑖 𝑗𝜙 𝑗 (1.12)

The running parameters 𝑗 and 𝑖 denote the number of basis functions and molecular orbitals,
respectively. The set of the functions {𝜙 𝑗} represents the basis set. The coefficients 𝑐𝑖 𝑗 are determined
by minimizing the total energy. Ideally, a complete basis set (infinite number of functions) would be
used to reach the basis set limit, but in practice, a finite set must be chosen to keep calculations feasible.
Most quantum chemical codes rely on simple Gaussian-type orbitals (GTOs) as basis functions because
they allow for efficient integration. They are used to approximate Slater-type orbitals (STOs), which
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1.3 Semiempirical models

are computationally more difficult to handle due to the cusp at 𝑟 = 0. The GTOs are centered around
the atom nuclei. Minimal basis sets use the minimum number of functions required to describe all
occupied orbitals of the atoms. For example, STO-𝑛G (e.g., STO-3G) approximate a single STO using
𝑛 GTOs. This makes them computationally efficient, but they often lack the flexibility to accurately
describe molecular properties. Valence electrons are involved in chemical bonding and reactivity,
and often require a more flexible description. Split-valence basis sets (e.g., Pople’s 6-31G*)48 try to
address this by using multiple functions for valence orbitals, while keeping the minimal approach for
core electrons. Core orbitals are thus described with one set of functions and valence orbitals with
two or more sets (double-𝜁 , triple-𝜁 , etc.). This allows the valence electron density to adjust more
flexibly to the chemical environment.

In this work, the “def2” family of basis sets developed by the Ahlrichs group is primarily used.49 The
basis sets cover nearly the entire periodic table and are designed to minimize basis set superposition
error (BSSE).50 Common examples include the split-valence def2-SV(P) (Split Valence Polarization)
for quick estimates and the triple-𝜁 def2-TZVP (Triple Zeta Valence Polarization) for accurate energies
and geometries.

1.3 Semiempirical models

Semiempirical methods aim to simplify high-level ab initio methods, offering a compromise between
computational efficiency and accuracy.51–55 Derived from first-principles theories such as HF and
DFT, they introduce approximations, particularly regarding the two-electron interactions, which are
computationally the most expensive part of standard QM calculations. Empirical parameters are
introduced, which are fitted against experimental data or high-level quantum chemical reference values
to account for the approximations made.

In the works presented here, the GFN2-xTB (Geometry, Frequency, Non-covalent interaction
eXtended Tight Binding) method is employed.55 In this model, only valence electrons are treated
explicitly using a minimal basis set of atom-centered Gaussian functions to estimate STOs, while
core electrons are modeled by effective potentials. To accurately describe non-covalent interactions,
such as hydrogen bonding and dispersion forces, the model includes anisotropic second-order density
fluctuation effects.

1.4 Molecular dynamics

The quantum-mechanical methods discussed in the previous sections are important tools for determining
static properties of molecules and materials by solving the time-independent Schrödinger equation.
The access to the electronic structure enables, for example, the calculation of energy minima on
the PES, yielding optimized molecular geometries. Transition states of chemical reactions, or the
prediction of reaction enthalpies and reaction barriers can be calculated. However, these methods
describe static configurations, specific points on the PES that are searched for.

In many cases, not only the static properties of a molecular system and its equilibrium configurations
are of interest, but also the system’s dynamic behavior. A time-dependent evolution of a system
provides valuable insight into chemical reaction mechanisms, conformational changes of molecules,
the diffusion of molecules and other dynamical properties, or vibrational spectra.56–60
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Also, some static quantities within molecular systems are not directly time-dependent, but require a
large number of system configurations for a robust statistical evaluation. Examples include liquids,
in which the local structure around a molecule fluctuates over time and is not strictly defined as it
is in solids. To generate such a set of configurations, molecular dynamics (MD) simulations are an
important tool.

In the MD formalism, the time evolution of a molecular system containing 𝑁 atoms is described by
repeatedly solving Newton’s second law of motion,61 which connects the change in the momentum of
an atom to the force exerted on it:

F𝑖 (x𝑖 (𝑡), v𝑖 (𝑡), 𝑡) =
dp𝑖 (𝑡)

d𝑡
, 𝑖 = 1, . . . , 𝑁 (1.13)

The position, velocity and momentum of atom 𝑖 are denoted by x𝑖 (𝑡), v𝑖 (𝑡) and p𝑖 (𝑡), respectively.
The momentum is defined as p𝑖 (𝑡) = 𝑚𝑖 · v𝑖 (𝑡) and combines the mass 𝑚𝑖 and velocity of a given
particle. All quantities in Eq. (1.13) are functions of time 𝑡. The equation can be rearranged as:

F𝑖 = 𝑚𝑖 ·
dv𝑖 (𝑡)

d𝑡
= 𝑚𝑖 · a𝑖 , 𝑖 = 1, . . . , 𝑁 (1.14)

Here, a𝑖 describes the acceleration of atom 𝑖. The force acting on atom can also be expressed as the
negative gradient of the systems potential energy 𝑈pot, following the equation:

F𝑖 = −∇x𝑖𝑈pot(x1, · · · , x𝑁 ) (1.15)

The potential energy depends on all particle positions x𝑖 within the system and describes all
intramolecular and intermolecular atomic interactions.

The total energy (𝑈tot) of a molecular system is defined as the sum of its kinetic (𝑈kin) and potential
(𝑈pot) contributions,

𝑈tot = 𝑈kin +𝑈pot, (1.16)

where the kinetic energy represents the sum of the kinetic energies of all atoms present in the system,
covering vibrational and translational motions:

𝑈kin =

𝑁∑︁
𝑖=1

1
2
𝑚𝑖v𝑖 (𝑡)

2 (1.17)

The potential energy 𝑈pot of each atom is computed using a potential energy function or force field,
with specifics discussed in the next sections.

The time integration of the system is achieved by solving the equation of motion using small,
discrete time steps Δ𝑡, typically in the order of femtoseconds. The choice of the time step is important,
as it has to be small enough to accurately describe fast motions, such as bond vibrations, but large
enough to allow for the simulation of relevant time scales with reasonable computational effort.𝑎

For each time step, the forces F𝑖 acting on each atom are calculated based on their current positions.
Using Eq. (1.14), the acceleration a𝑖 of each atom is computed, and the positions and velocities are
updated. This is done using established integration algorithms from the Verlet62 or Velocity-Verlet

𝑎 The studies presented in this work rely on simulations using time steps of 0.5 fs to 1 fs, depending on the system
investigated and the model used.
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family of algorithms.63 The Verlet algorithm in its original form is given by:

x𝑖 (𝑡 + Δ𝑡) = 2x𝑖 (𝑡) − x𝑖 (𝑡 − Δ𝑡) + a𝑖 (𝑡)Δ𝑡
2 (1.18)

Here, the new position x𝑖 (𝑡 + Δ𝑡) is calculated based on the current position x𝑖 (𝑡), the previous
position x𝑖 (𝑡 − Δ𝑡), and the current acceleration a𝑖 (𝑡). The velocity is not explicitly calculated in this
formulation, but can be estimated as:

v𝑖 (𝑡) =
x𝑖 (𝑡 + Δ𝑡) − x𝑖 (𝑡 − Δ𝑡)

2Δ𝑡
(1.19)

The velocity calculation is thus always lagging behind by one time step. With the Velocity-Verlet
variation, the velocities are also updated explicitly, ensuring a simultaneous update of positions and
velocities:

v𝑖 (𝑡 + Δ𝑡) = v𝑖 (𝑡) +
a𝑖 (𝑡) + a𝑖 (𝑡 + Δ𝑡)

2
Δ𝑡 (1.20)

By iterating through this process over a large number of time steps, a MD trajectory is generated,
providing a time-resolved picture of the studied system. A trajectory file contains the positions of all
atoms at each saved time step. Depending on the file format, it can also include the atomic velocities
and other system information. Typically, simulations require either long simulation times or multiple
independent replicas to adequately sample the configurational space of a system. The number of time
steps that need to be calculated to gain a robust set of configurations varies between several hundred
thousand to multiple millions, depending on the system and the properties of interest.

A trajectory of the system is generated by saving every 𝑛
𝑡ℎ computed time step, resulting in a series

of configurations forming the set. The frequency of saving frames is a compromise between having a
sufficiently large number of configurations to capture the systems behavior, while keeping the size of
the trajectory file manageable. It also depends on the properties of interest, as some require a high
temporal resolution, e.g., for the computation of short-lived dynamical properties or the computation
of vibrational spectra. Other system properties, such as average structural motifs, are best evaluated
with a large time gap between saved configurations to avoid structural correlations.

The computational feasibility of running MD simulations in relation to the system size and the
number of time steps strongly depends on the method used to compute 𝑈pot. A prominent but costly
option is ab initio MD, which estimates the potential energy and the resulting forces at each simulated
time step through electronic structure calculations𝑎 (Section 1.2).

Feasible systems sizes are in a range of 100 − 1000 atoms modeling 0.1 − 1 ns, even when relying
on small basis sets and low-cost functionals. The systems covered in this work, e.g., modeling liquids
in CNTs or modeling NPs, require systems containing multiple thousand of atoms and simulation
times of multiple ns. This is accomplished by relying on methods which try to estimate the PES by
further approximations.

𝑎 Often, ab initio MD simulations are performed using DFT with GGA-type functionals, e.g., PBE, and small basis set
for sufficient computational speed.
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Figure 1.1: a) Scheme of four atoms connected by bonds to form a chain. 𝜃 describes the angle between the
bonds B-A and B-C. 𝜙 describes the dihedral angle between the planes created by ABC and BCD. b) Scheme
of two molecules, with two atoms highlighted in light-red interacting through non-bonded interactions. The
respective atoms are assigned partial charges 𝛿+ and 𝛿

− to model electrostatic interactions. 𝑟0 describes the
equilibrium distance between two bonded atoms.

1.5 Force fields

Force field (FF)-based MD simulations, as the name suggests, rely on classical force fields (FFs)
and empirical parametrization to approximate 𝑈pot. Atoms are modeled as classical point particles,
with intra- and intermolecular interactions described by a set of fixed parameters. This allows
for the modeling of large systems, containing tens of thousands of atoms, over long time scales.
Coarse-grained methods group multiple atoms, functional groups or even entire molecules into larger
particles, further reducing the computational cost. Usually, chemical reactions are not considered with
this approach, however several reactive force fields do exist.64–66 Rather, the focus lies on describing
the structural and dynamic properties of materials. In this thesis, all MD simulations were carried out
at an atomistic resolution.

Using a set of parameters to model the bonded and non–bonded interactions, the potential energy
function is given as:

𝑈pot = 𝑈bonds +𝑈angles +𝑈dihedrals +𝑈nonbonded (1.21)

The individual contributions are calculated depending on the FF used. A common approach is to
describe the bond and angle terms (𝑈bonds and 𝑈angles) using harmonic potentials. Figure 1.1a depicts
a scheme of four atoms connected by bonds, forming a line. 𝜃 describes the angle between atoms
A, B and C, while 𝜙 is the dihedral angle between atoms A, B, C and D. At the example of the
OPLS-AA67,68 force field,𝑎 intramolecular interactions are calculated by:

𝑈bonds =
∑︁

bonds
𝑘r(𝑟 − 𝑟0)

2 (1.22)

𝑈angles =
∑︁

angles
𝑘 𝜃 (𝜃 − 𝜃0)

2 (1.23)

𝑎 The OPLS-AA force field was employed for multiple works presented here.
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rij
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Figure 1.2: The figure depicts a LJ potential 𝑈LJ (𝑟𝑖 𝑗 ) in relation to the radial distance 𝑟𝑖 𝑗 between two atoms 𝑖
and 𝑗 . The well depth is described by −𝜖𝑖 𝑗 , the position of the minima by 6√2𝜎LJ.The contributions from the
Pauli repulsion and London forces terms are depicted in dotted, and dashed lines, respectively.

𝑈dihedrals =
∑︁

dihedrals

1
2
[
𝑉1(1 + cos(𝜙 − 𝜙1)) +𝑉2(1 − cos(2𝜙 − 𝜙2))

+𝑉3(1 + cos(3𝜙 − 𝜙3)) +𝑉4(1 − cos(4𝜙 − 𝜙4))
] (1.24)

The force constants 𝑘𝑟 and 𝑘 𝜃 define the stiffness of the bonds and angles, respectively, while 𝑟0 is the
equilibrium bond length and 𝜃0 the equilibrium bond angle. 𝑉𝑖 and 𝜙𝑖 are the Fourier coefficients and
phase shifts for the dihedral angle potential. Non–bonded interactions 𝑈nonbonded are described using
a Lennard-Jones (LJ) potential to account for van der Waals (vdW) interactions. The LJ potential
consists of an attractive term, which models the London dispersion forces, using:

𝑈disp(𝑟𝑖 𝑗) = − 𝐶

𝑟
6
𝑖 𝑗

(1.25)

Here, 𝐶 is a term depending on the ionization energies and polarizabilities of the interacting atoms,
while 𝑟𝑖 𝑗 is the distance between the atoms 𝑖 and 𝑗 . At short distances, a repulsive term ensures that
atoms do not collapse into each other, modeling Pauli repulsion. For practical reasons, this term
is often modeled using a 𝑟

−12 dependence, as it is the square of the attractive term and therefore
computationally easily available. The complete (12-6)-LJ potential is given by

𝑈LJ(𝑟𝑖 𝑗) =
𝐶

𝑟
12
𝑖 𝑗

− 𝐶

𝑟
6
𝑖 𝑗

, (1.26)
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or in its more common form:

𝑈LJ(𝑟𝑖 𝑗) = 4𝜖𝑖 𝑗


(
𝜎𝑖 𝑗

𝑟𝑖 𝑗

)12

−
(
𝜎𝑖 𝑗

𝑟𝑖 𝑗

)6 , (1.27)

where 𝜖𝑖 𝑗 describes the depth of the potential well, 𝜎𝑖 𝑗 the distance at which the crosses the zero point
between atoms 𝑖 and 𝑗 .

In addition to the LJ term, fixed partial charges 𝑞𝑖 are assigned to each atom, and electrostatic
interactions are modeled using Coulomb’s law (see Figure 1.1b). This results in the total non-bonded
interaction energy:

𝑈nonbonded =
∑︁
𝑖< 𝑗

(
𝐴𝑖 𝑗

𝑟
12
𝑖 𝑗

−
𝐶𝑖 𝑗

𝑟
6
𝑖 𝑗

+
𝑞𝑖𝑞 𝑗𝑒

2

4𝜋𝜖0𝑟𝑖 𝑗

)
(1.28)

𝐴𝑖 𝑗 and 𝐶𝑖 𝑗 are the FF parameters to adjust the LJ potential. 𝑟𝑖 𝑗 is the distance between atoms 𝑖 and 𝑗 ,
while 𝑞𝑖 and 𝑞 𝑗 are the partial charges assigned to the respective atoms. 𝑒 is the elementary charge
and 𝜖0 the vacuum permittivity.

The parameters of a FF are normally derived from a combination of experimental data and theoretical
calculations. A FF is usually not generic, but optimized for specific classes of molecules or materials.
Examples of classical force fields employed in studies presented in this thesis are optimized for ionic
liquids (ILs),69,70 water,71–73 carbons74,75 and hydrocarbons for NP research.76–78 To run the MD
simulations, multiple software packages were used.79–82

1.6 MB–pol potential

The data-driven many-body potential for water, MB–pol, developed by Francesco Paesani and co-
workers,83–89 is a subclass of potential energy functions, trained to accurately predict the behavior of
water across different phases and environments on a molecular level. It is based on the many body
expansion, describing the energy of a system of 𝑁 water molecules by:

𝐸𝑁 (1, . . . , 𝑁) =
𝑁∑︁
𝑖=1

𝑉
1B(𝑖) +

𝑁∑︁
𝑖< 𝑗

𝑉
2B(𝑖, 𝑗) +

𝑁∑︁
𝑖< 𝑗<𝑘

𝑉
3B(𝑖, 𝑗 , 𝑘) +𝑉pol(1, . . . , 𝑁) (1.29)

The 1-body, 2-body and 3-body terms are expressed as 𝑉1B, 𝑉2B, and 𝑉3B, respectively. 𝑉pol describes
many-body polarization effects. The intramolecular 1-body term 𝑉

1B represents the distortion energy
of a single water molecule from its equilibrium geometry. It is fitted to high-level ab initio data and
accurately captures the vibrational properties of water. Geometry-dependent atomic partial charges
and polarizabilities are calculated. The 2-body term 𝑉

2B describes the interaction between pairs of
water molecules, including electrostatics and dispersion:

𝑉
2B

= 𝑉
2B
elec +𝑉

2B
disp +𝑉

2B
ML (1.30)

The electrostatic term𝑉
2B
elec models the Coulomb interactions between partial charges on different water

molecules. The dispersion term𝑉
2B
disp accounts for London dispersion forces using a damped 1/𝑟6 term.
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𝑉
2B
ML is a machine-learned correction term, represented by a permutationally invariant polynomial

(PIP), fitted to high-level ab initio data and accounting for short-range quantum mechanical effects,
such as exchange-repulsion and charge transfer. The 3-body term 𝑉

3B is solely represented by fitted
machine-learned PIP terms, 𝑉3B

ML. Beyond the 𝑉3B term, higher-order many-body interactions (𝑛 > 3)
are implicitly captured through polarization effects. However, it is possible to also explicitly include
4-body terms 𝑉4B, using the same approach as for the 3-body term.

To describe the decay of interactions with increasing distance between water molecules, switching
functions are applied to the 2-body and 3-body terms. Beyond a set cutoff distance, the contributions
smoothly go to zero. For 2-body interactions, for O–O distances larger than 6.5 Å, the contributions
are switched off. The same is true for 3-body interactions, whenever the distance between any two
oxygen atoms in the trimer exceeds 4.5 Å.

With this approach, all essential physical interactions are captured, representing all relevant
many-body effects for all water molecules without reliance on experimental parameterization. The
MB–pol potential has been tested extensively against experimental data and has shown to predict
the properties of water very accurately in gas- and condensed phases. This includes vibrational
spectra,90,91 thermodynamic and dynamical properties,87,92 as well as reproducing the phase diagram
of water over a wide range.86,93

MBX94 is the standalone program package to employ the MB–pol potential in MD simulations, but it
is also interfaced with popular MD engines, such as LAMMPS95.

1.7 Periodic boundary conditions

Figure 1.3: a) Scheme depicting a simulation box positioned in the center, with periodic images surrounding it
in x and y direction. The orange arrows indicate layer crossing of an atom from one periodic box to another. b)
2D depiction of a similar simulation box. The green and purple, dashed circles mark the radial cutoff distance
with respect to the central atom.

In real materials, particles interact with an effectively infinite environment. Simulations, however,
are restricted to a finite number of atoms, limited by the box size. This limitation introduces artificial
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boundary effects, as atoms located at the edge of the simulation box can collide with the simulation
box wall, affecting the system’s behavior and introducing artifacts, even in amorphous systems with
no long-range order. Thus, to accurately model the behavior of bulk systems like liquids or solids,
simulations must account for length scales beyond the finite simulation box.

To address this problem, periodic boundary condition (PBC) are used. The goal is to enable the
calculation of macroscopic properties of bulk systems while using minimal system sizes. For a proper
implementation of PBC, the simulation box must be able to tile space in all three dimensions without
gaps. By creating mirror images of the box along all dimensions, an infinite system is approximated. A
scheme is depicted in Fig. 1.3a, showing a two dimensional simulation box with surrounding periodic
images in x and y direction. When a particle leaves the simulation box on one side, it re-enters from the
opposite side, conserving the total number of particles. To avoid artifacts from interactions between
a particle and its periodic images, the simulation box must be sufficiently large. This is showcased
in Fig. 1.3b, where the radial cutoff distance 𝑟cut for nonbonded interactions is marked with dashed
circles. To ensure that each atom within the system interacts with only one image of any other atom
and does not interact with its own periodic image, 𝑟cut must satisfy 2𝑟cut < 𝑑

min
box , with 𝑑

min
box as the

minimal simulation box dimension.
PBC were included for all MD simulations presented in this thesis.

1.8 Thermodynamic ensembles in molecular dynamics

An MD simulation generates a series of configurations of the system studied, connected through
their time evolution. These configurations can be related to macroscopic thermodynamic properties
using the principles of statistical mechanics. By computing ensemble averages over the generated
configurations, various thermodynamic properties of the system can be derived. The thermodynamic
ensembles are classified based on the constraints imposed on the system and its interaction with the
environment. Common ensembles used in MD simulations include:

• microcanonical ensemble (NVE): constant number of particles (N), volume (V) and total energy
(E)

• canonical ensemble (NVT): constant number of particles (N), volume (V) and temperature (T)

• grand canonical ensemble (𝜇VT): constant chemical potential (𝜇), volume (V) and temperature
(T)

• isothermal-isobaric ensemble (NpT): constant number of particles (N), pressure (p) and
temperature (T)

Often, systems are modeled as a thermodynamically closed system, where the number of particles
remains constant. An exception is the grand canonical ensemble, which allows for particle exchange
with a reservoir at a constant chemical potential.

By default, MD simulations follow the microcanonical ensemble. However, for many applications
and for the comparison to experimental data, it is desirable to control the temperature or pressure of
the system. This is achieved using thermostats and barostats, which modify the equations of motion to
maintain the desired temperature or pressure. The Nosé-Hoover thermostat96–98 represents a common
choice for temperature control. In this approach a heat bath is simulated, which exchanges energy with
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the system to maintain a constant temperature. Barostats, on the other side, allow for fluctuations in the
simulation box volume to maintain a constant pressure. Variables are coupled to particle velocities and
simulation box dimensions, enabling the box to expand or contract. In the MD-simulations presented
in the following chapters, the isothermal-isobaric ensemble is used to equilibrate the studied systems.
The canonical ensemble is used in the production runs, enabling temperature control at a fixed system
size.
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CHAPTER 2

Modeling and Analysis of Molecular Systems

With the theoretical background laid out, the focus shifts to nanomaterials and nanoporous environments.
In the following subsections, the liquids and solids investigated in this work are presented. Then,
the methods and programs designed to extract relevant structural and dynamic properties from the
simulations are presented.

2.1 Liquids

Figure 2.1: Ionic liquids (black) are a combination of anions (red) and cations (green) with functional groups
attached (blue). Shown are exemplary cations, anions and functional groups utilized. The shown ILs and
composites [C4C1Im][OAc],57,99–101 [C2C1Im][BF4] and [Pyr14][NTf2]/Li[NTf2]102–104 were modeled in the
studies presented in this thesis.1–3 (color code: hydrogen = white; nitrogen = blue; fluor = green; sulfur = yellow;
carbon = beige; oxygen = red; phosphorous = orange; lithium = purple; boron = salmon).
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Ionic liquids ILs are a versatile class of materials,105–109 defined as salts that remain in a liquid
state at temperatures below 100◦C,110 some even at room temperature (room temperature ionic liquids
(RTILs)),111 consisting solely of ions without any additional solvent.112 Cations are generally organic,
bulky and asymmetric, preventing the formation of a stable crystal lattice and thus preventing early
solidification. Furthermore, the hydrophobic nature of many cations leads to the formation of distinct
polar and non-polar domains within the bulk liquid, resulting in a micro-heterogeneous structure.113–115

The anion is either organic or inorganic and often smaller in size. Referred to as “designer solvents”,
ILs exhibit a high structural diversity, and their properties can be fine-tuned for specific applications
by adjusting the chemical composition of the anion and cation, including their functionalization and
combination.116 Depicted in Figure 2.1 are commonly used cations, comprising imidazolium (Im+),
pyrrolidinium (Pyr+) and ammonium (NH+

4 ) based groups, while typical anions include tetrafluorobo-
rate (BF−

4 ), hexafluorophosphate (PF−
6 ), bis(trifluoromethylsulfonyl)imide (NTf−2 ) or acetate (OAc−).

The shown ILs butyl-methyl-imidazolium acetate ([C4C1Im][OAc]), ethyl-methyl-imidazolium tetraflu-
oroborate ([C2C1Im][BF4]) and pyrrolidinium bis(trifluoromethylsulfonyl)imide together with the
salt lithium bis(trifluoromethylsulfonyl)imide at various concentrations ([Pyr14][NTf2]/Li[NTf2]),𝑎

were modeled in the works presented in this thesis.1–3 In general, ILs are characterized by high
thermal stability, negligible vapor pressure, and a wide electrochemical stability window (ESW).117

These properties make them ideal candidates for energy storage applications, particularly in electric
double-layer capacitors (EDLCs) where they are used as electrolytes.117,118 Small amounts of additives
like water or organic solvents can be intentionally used to tune the performance of ILs.119,120 Water is
often introduced accidentally, as many ILs are hygroscopic and absorb moisture from the environment.
At very low concentrations, water can enhance the viscosity and ionic conductivity of ILs.8,121–123 At
higher concentrations, it however also reduces the ESW.124 Adding salts to the IL can mitigate this
effect, as the salt ions do interact strongly with water molecules, reducing the amount of free water in
the IL.125 In the confinement of nanopores, ILs exhibit unique behaviors that differ significantly from
their bulk properties, both structurally and dynamically.126 Strong ion-ion correlations lead to complex
structural arrangements, such as an alternative cation-anion ordering in confinement with a lowered
coordination as well as layering effects at the carbon interface. On one hand, the characteristics of
ILs in the confinement of CNTs in the sub- and low nanometer regime is investigated.1,2 Further,
salt-in-ionic liquids (SiILs), are studied in the confinement of the zeolitic imidazolate framework
(ZIF)-83 and CNTs.

Water Water is arguably the most important liquid on Earth, both due to its abundance and as the
fundamental basis of life. Although its molecular structure is simple, water exhibits complex and
anomalous behavior compared to other liquids.127 Examples include its high surface tension and
density anomaly (the density decreases upon freezing). This anomalous behavior is also evident
in its phase diagram, where, in addition to the gas and liquid phases, there are 20 described and
characterized phases of ice.128 These chemical and physical properties are closely linked to strong
intermolecular interactions. In bulk water, extensive dynamic hydrogen bond (HB) networks form.
Together with the molecule’s polar nature, these networks are key to many of its properties. The
HB network is highly dynamic, with short-lived water clusters forming and breaking in the order of
picoseconds.129 Due to its importance and complexity, water is the most thoroughly studied liquid in
both experimental and computational research. This applies to direct studies of water under various

𝑎 The IL was modeled with and without added salt at various concentrations in the confinement of the MOF ZIF-8.3
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conditions, as well as its frequent use as a solvent, for example, in biomolecular systems.
Despite extensive studies, there are ongoing debates in the scientific community regarding the correct

description of water, such as the coordination and its structure and dynamics at solid interfaces.130–132

Additionally, it is experimentally known that water shows anomalous behavior under extreme
confinement,133 such as an increased flow rate in CNTs.134–136 The extreme spatial limitations
significantly alters the waters’ HB network, as well as its structural and dynamic properties.137–139

An accurate description of water at a molecular level using theoretical approaches is challenging. The
peculiar characteristics of water are not fully captured by conventional classical FF models, especially
when considering a wide range of temperatures or pressures using the same model. Capturing
phase transitions and complex behavior under extreme conditions (such as nanoconfinement) remains
difficult. Consequently, most classical water models are optimized for specific temperature or pressure
ranges, or to reproduce certain thermodynamical properties well, leading to the development of
numerous water models over the years.

The simplest classical models are the 3–site models, where each water molecule is represented by
three interaction sites corresponding to the atoms, with fixed partial charges and masses. In most
models, the molecules are treated as rigid entities, matching experimental findings of the molecule’s
geometry (angle and bond terms). Multiple classical water models have been developed and improved
over the years, like the well-known SPC140 model or its successor the SPC/E model,71 which includes
updated partial charges for the oxygen and hydrogen atoms and an additional average polarization
correction term. These models are still widely used today, as the simplicity of these approaches makes
them highly computationally efficient and effective at ambient conditions for many applications.

In more complex models, additional dummy interaction sites are included. In 4–site models (e.g.,
TIP4P72), an additional dummy site is added near the oxygen atom along the bisector of the two O–H
bonds. The dummy site bears no mass, but the negative partial charge of the oxygen atom. This way,
the electrostatic distribution around a water molecule is captured more accurately. 5–site models (e.g.,
TIP5P141) incorporate two additional dummy sites to explicitly represent the lone electron pairs of
the oxygen atom. Together with the two hydrogen atoms, this arrangement reproduces a tetrahedral
coordination geometry with the oxygen atom at its center. 6–site models incorporate the approaches
from both 4– and 5–site models. Flexible models, such as SPC/Fw142 or TIP4P/2005f73, also consider
dynamic bond lengths and angles, allowing for vibrational modes of the water molecules. Also,
special models have also been developed for a detailed description of ice phases, such as the TIP4P/Ice
model143. Generally, the computational cost of these models increase with the number of interaction
sites considered, as well as with including flexibility. However, these computational models are still
significantly less demanding than any ab initio approach and allow for the simulation of large systems
over long time scales with reasonable accuracy.

More recently, many-body potentials have been developed to better capture the complex interaction
between a water molecule and its local surroundings. As presented in Section 1.6, MB–pol is a very
sophisticated water model, accurately capturing many properties of water across different phases
and conditions. This is especially important when studying water under extreme conditions, such as
nanoconfinement, where its molecular behavior deviates significantly from bulk water.

In Chapter 6, water is modeled in the confinement of CNTs of different sizes to identify how
nanoconfinement impacts the water’s structure and dynamics using the MB–pol potential, TIP4P and
TIP4P/2005f. Chapter 7 deals with studying the behavior of NPs interacting with antibiotics in an
aqueous environment,5 where the SPC/E model for water was used.
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2.2 Materials

2.2.1 Carbon allotropes

Figure 2.2: Depicted are different carbon structures: a) A Graphene sheet, b) A Graphite consisting of three
ABA-stacked graphene sheets. When rolling up the graphene sheet shown in a) along the arrows (green/red),
either a (9,0) CNT in zigzag configuration (red, c)), or a (6,6) CNT in armchair configuration (green, d)) is
formed. e) A pore structure as a combination of two graphene sheets attached to a CNT. All structures were
generated using CONAN1 and visualized using ChimeraX144–146. The carbon structures are shown in bond
depiction, colored in beige.

Carbon materials come in a rich variety of allotropes, each with distinct structures and properties.
The basis for this diversity lies in the basic properties of carbon atoms. Each atom comes with four
valence electrons, allowing for covalent bonding with up to four neighboring atoms. Additionally,
the carbon atom can assume different hybridization states (sp3, sp2, sp), leading to a wide range
of bonding configurations and structures. In diamonds, for example, the carbon atoms are fully
sp3-hybridized, and each atom forms four covalent bonds with adjacent carbon atoms in a tetrahedral
shape and a three-dimensional crystal lattice is formed. Sp2-hybridized carbon forms three bonds and
is characteristic for graphitic structures. Lastly, sp-hybridized carbons allow for the formation of triple
bonds, and are found in, e.g., linear carbon chains. The type of hybridization generally determines the
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structure and properties of the respective carbon material, ranging from one dimensional structures,
such as CNTs, over two-dimensional graphene sheets to three-dimensional allotropes. Both amorphous
and highly crystalline forms can be synthesized. The carbon materials relevant in the context of this
work are presented in more detail in the following.

Graphite & graphene Graphite is a naturally occurring mineral form of carbon, consisting of
stacked layers of graphene (see Figure 2.2b). In a graphene layer (see Figure 2.2a), each carbon
atom is sp2-hybridized and bonded to three neighboring carbon atoms, creating a two-dimensional
honeycomb structure. Each bond is separated by an in-plane angle of 120◦, resulting in a highly
symmetric structure, with a bond length of approximately 1.42 Å. The double bonds originating
from the sp2-hybridized carbons are fully delocalized in the structural plane. In graphite, individual
graphene layers are held together by vdW forces with an interlayer distance of 3.35 Å, allowing for
exfoliation in one direction. Graphite comes in two stacking configurations, namely alpha (hexagonal)
graphite with an ABA stacking and beta (rhombohedral) graphite with an ABC stacking sequence. In
the more common ABA stacking, every second layer is aligned, while the layer in between is shifted by
a C–C bond length (see Figure 2.2b). This layered structure gives graphite its characteristic properties,
such as high electrical and thermal conductivity along the planes, but low conductivity perpendicular
to them. Graphite and graphene are widely used in various applications, e.g., as transistors, for water
filtration or in EDLCs.147 In this work, graphene mostly poses as planar carbon interfaces for the
study of a liquids behavior at the interface and their usage as building blocks to construct pores (see
Figure 2.2e). Next to the pristine carbon structures, doped and functionalized graphene structures
have emerged to further tune the properties of graphene for specific applications.148,149

Carbon nanotubes CNTs can be understood as rolled up graphene sheets, with their configuration
determined through the basis vectors ®𝑢 and ®𝑣 (see Figure 2.2). The direction in which a graphene
sheet is rolled up is described by the two vectors, from which the chiral vector ®𝐶h is constructed (two
examples for ®𝐶h are shown as dashed arrows (green/red) in Figure 2.2a)

®𝐶h = 𝑚®𝑣 + 𝑛®𝑢, (2.1)

with 𝑛 and 𝑚 being integers defining the chirality and diameter of the CNT. For 𝑚 = 0, the CNT
assumes a zigzag configuration (see Figure 2.2c), if 𝑚 = 𝑛 the CNT is in armchair configuration
(see Figure 2.2d). For all other cases, with 𝑚 ≠ 𝑛 and 𝑚 ≠ 0, the resulting (𝑚,𝑛) CNT is chiral, and
its enantiomeric counterpart is obtained by switching 𝑚 and 𝑛. CNTs either come as single-walled
CNTs (SWCNTs), consisting of a single graphene sheet rolled up into a tube, or as multi-walled CNTs
(MWCNTs), where multiple concentric graphene sheets are rolled up.𝑎 CNTs show various highly
desirable properties, though often only at a microscopic scale. Along the tubular axis, they are highly
conductive, both electrically and thermally, and exhibit a high tensile strength, making them suitable
for a wide range of applications. However, all properties are highly depending on the chirality and
diameter of a given CNT. In contrast to graphene, CNTs can be either metallic or semiconducting,
depending on their chirality, but only along the tube axis. Armchair CNTs are always metallic, while
zigzag and chiral CNTs can be either semiconducting or metallic, depending on 𝑚 and 𝑛. In the context
of this work, CNTs are used as model systems to study liquids under extreme confinement. With their

𝑎 In the context of this work, only SWCNTs are studied and simply referred to as CNTs in the following.
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idealized geometries and the tunability of the CNT diameter, CNTs allow for systematic studies of
confinement effects as well as their size dependency on the structure and dynamics of confined liquids.

CNTs are predominantly synthesized using chemical vapor deposition (CVD) methods.150 Starting
from a substrate (e.g., MgO or Al2O3), metal nanoparticles (e.g. Fe, Ni, Co), functioning as catalysts,
are introduced to the substrates surface. Then, a carbon based gas (e.g. C2H4 or CH4) is injected. At
very high temperatures, the gas decomposes at the catalysts surface, while the carbon atoms moves to
the nanoparticles edges, where the CNT forms.

Vertically aligned carbon nanotube arrays Vertically aligned carbon nanotube arrays (VANTAs),
also referred to as CNT forests, as the name suggests, are structures consisting of vertically aligned
CNTs. The tubes are in parallel arrangement to one another, while the individual tubes are stacked
and held together purely by vdW interactions. Structurally, this yields a highly anisotropic system,
and the thermal and electrical conductivity is very high along the aligned tubular axes. VANTAs are
also synthesized using CVD, with deliberate care that the catalytic seeds are in close proximity to one
another. This way crowding effects prohibit the CNTs to grow in any other direction than vertically
upwards, resulting in the parallel alignment. Potential applications of VANTAs are diverse, as the high
electrical and thermal conductivity are characteristics sought after in many applications. In addition,
the very high porosity and tunability make them very interesting compounds for the use as electrode
materials and for filtration membranes.

2.2.2 Metal organic framework

Another class of nanoporous materials are MOFs, hybrid materials consisting of metal ions or clusters
connected by organic ligands, often referred to as linkers. The metal centers act as the nodes of the
scaffold, while the organic linkers connect them into a periodic network. A key concept in MOF
chemistry is the secondary building unit (SBU), a minimal building block containing the metal center
and its immediate coordination environment. The extended framework is constructed by repeating
these SBUs in three dimensions. Depending on the choice of metal nodes (e.g., Zn, Cu, Zr) and
organic linkers (typically carboxylates, imidazolates, or other nitrogen/oxygen-rich heterocycles), the
resulting structure, pore size, and chemical properties can be tuned. While 1D and 2D structures exist,
this work focuses on 3D crystalline MOFs, which generally exhibit exceptionally high surface areas
and porosity.

Beyond their static porosity, the choice of ligands can introduce flexibility into the framework.
Some MOFs exhibit dynamic behaviors such as “breathing modes”, where the pore structure reversibly
deforms upon adsorption or desorption of guest molecules. This tunability and structural diversity
make MOFs promising candidates for applications including hydrogen and methane storage, carbon
dioxide capture, use as an electrocatalyst in the oxygen reduction reaction, and use in electrochemical
energy storage.151–153 ZIFs are a widely studied subclass of MOFs and are structural isomorphs of
zeolites. In ZIFs, tetrahedrally coordinated metal ions are linked by imidazolates. The M–Im–M
bond angle between the metal center M and the imidazolate units Im is approximately 145◦, closely
resembling the Si–O–Si angle in zeolites. In addition to the porous network, ZIFs exhibit a high
thermal stability and chemical resistance.155 ZIF-8 is a prominent and widely studied ZIF, composed
of zinc ions which are tetrahedrally coordinated by four 2-methylimidazolate linkers (see Figure 2.3
top). These form the SBU of the ZIF-8 structure, which, when interconnected, form the 3D porous
network.
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Figure 2.3: Top: Pathway from individual building blocks to ZIF-8 structures. ZIF-8 consists of zinc cations
(Zn2+) and 2-methylimidazolate units. Its SBU consists of a single metal cation in the center, tetrahedrally
coordinated by four imidazolate units. From these SBUs, the porous MOF structure is build. (color code:
hydrogen = white; carbon = beige; nitrogen = blue; zinc = gray (shown as tetrahedrons to highlight the tetrahedral
coordination)). Bottom: From the skeletal formula of nylon 6,6 (N66) to polymer chains of finite length to
the formation of a N66 NP. The polar groups in the polymer structure are highlighted in red color. Nonpolar
regions in the polymers are shown in yellow (black in the skeletal formula). The figures were generated using
vmd and VESTA.154

2.2.3 Nanoplastic particles

Plastics are solid materials consisting of aggregated polymer chains. Starting from monomer units,
long polymer chains are formed through polymerization reactions. This can either result in linear
chains, branched structures or cross-linked networks, depending on the polymerization method and
monomers used. To tune the plastic’s properties, additives are mixed with the polymer matrix, such
as plasticizers, stabilizers or colorants, and, if desired, a vulcanization process introduces additional
cross links between the polymer chains to increase the material’s mechanical strength.

Plastics have found their way into everyday life due to their low manufacturing costs, versatility and
chemical inertness. Commonly used plastics include polyethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC), polystyrene (PS), polyethylene terephthalate (PET) and nylon 6,6 (N66). Often using
Ziegler-Natta catalysts,156,157 the polymerization is realized, for example, by:

(CH2 = CH2)𝑛
cat.−−→ H − (CH2 − CH2)n − H (2.2)

The arrangement of polymer chains within a plastic can be amorphous, semi-crystalline or crystalline,
depending on the polymer type and processing conditions. The driving force for polymer packing are
intermolecular forces, with vdW interactions as the main driving force for non-polar polymers, such
as PE or PP. N66, on the other hand, exhibits strong hydrogen bonding between the polymer chains,
resulting in an extensive HB network.
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The worldwide production of plastics has been increasing steadily over the last decades, reaching
over 400 million tons in 2022.158 The overall recycling rate of 9%159 is generally low, and inadequate
waste management has led to a significant accumulation of plastic waste in the environment. NPs are
a type of MNP, only comprising the smallest particles with diameters ranging from 1 nm to 1 µm.160

These particles are predominantly originating from the abrasion of tires, the mechanical wear of
clothing or the breakdown of larger plastic debris in the environment through degradation processes.
NPs are also intentionally manufactured. In recent years, it has become clear that these particles have
become ubiquitous in the environment, and have been found along the food chain, in the air and in
water. Consequently, NPs are unintentionally consumed by humans, raising concerns about their
potential health effects.29–33 Studies have shown that NPs can cross biological barriers and accumulate
in organs.161 For an assessment of the potential health risks, it is crucial to characterize NPs based on
their structure, size and chemical composition. NPs found in the environment cover a wide range of
sizes and chemical composition. This is especially true for the surface, as weathering leads to possible
surface oxidation and functionalization. Additionally, plastics potentially interact with other colloidal
organic or inorganic matter forming agglomerates.162,163

As NP research using computational approaches is still in its infancy, models and workflows that
allow for the generation of stable, pristine NPs with a defined size and chemical composition are
developed. These plastic particles are the basis for further research into the behavior of NP on a
molecular level, such as their interaction with biomolecules.

Simulated annealing An established way to generate NP conformers is the simulated annealing
(SA) approach using classical MD simulations.33 Multiple polymer chains of well-defined length are
created and randomly placed within a simulation box. It is taken care that the simulation box size
is chosen large enough to avoid self interaction of the individual polymer chains with their periodic
image. In an initial simulation run, the system is heated to very high temperatures, often higher than
the polymers physical degradation point,𝑎 before a graduate cooling of the system to low temperatures.
While doing this, the mobility of the polymer chains is tracked and Tstart, defined as the temperature
where the chains form a single aggregate, and Tend, where the polymer chain’s mobility is restricted to
such a degree, that major conformational changes are suppressed, are identified. Tstart and Tend highly
depend on the type of plastic and therefore have to be defined individually. In a subsequent step, new
simulation boxes are constructed containing dispersed polymer chains. The number of individual
simulations with differing starting configurations determine the number of NP structures produced.
A temperature protocol Tstart → Tend is set, where the polymer chains agglomerate and form a NP
particle. Theoretically, an infinitely slow cooling rate would yield the most stable structure, i.e., the
global minimum on the PES would be found, however this is computationally not feasible and in
practice, a compromise between computational cost and stability of the resulting NP has to be found.
This makes the SA approach a stochastic method, where an ensemble of NP conformations are needed
for further analysis.

2.3 Calculating properties from simulations

In MD, the first step is the computational modeling of the system of interest, i.e., performing a
simulation and producing a trajectory. Extracting relevant properties from the generated trajectories

𝑎 The used classical FFs do not allow for bond breaking, the polymers do not thermally degrade.
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is however key to gain insight into the system. Tools to visualize trajectories, such as VMD164,165,
ChimeraX144–146 or PyMOL166 are valuable to gain a first insight and visual impression of the system.
In addition, various analysis tools exist to calculate structural and dynamic properties, such as
Travis167,168, MDAnalysis169,170 or MakroLyzer11, just to name a few. For the systems presented
here, most readily available analysis options are not directly applicable. The anisotropic nature of the
confinement does not allow for a simple averaging over all molecules within the system, as is often
done for bulk systems, prohibiting the use of most established analysis tools.

Instead, molecules located at the interface or within the confinement of a pore show fundamentally
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Figure 2.4: Schematic depicting a simplified flowchart of CONAN. Processing steps are shown as orange rectangles,
input and output, either user input or files, are shown as blue parallelograms and conditional branches as green
diamonds. Detailed information regarding the analysis options are discussed in Section 2.4.𝑎

different behavior compared to those in bulk systems. Consequently, customized analysis tools
allowing for the study of these systems are required. With the aim of generalizing the analysis code to
also be applicable for a broader field of studies, a new analysis code CONAN1,2 (Confinement Analyzer)

𝑎 This work does not include a discussion on the coordination number analysis, as this is part of other people’s work.
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was developed in recent years as integral contribution to this thesis. The terminal based code is written
in Python, relies on many standard libraries𝑎 and is openly available.177,178 A simplified flowchart of
CONAN is depicted in Figure 2.4. The focus of the code is on the analysis of liquids confined in porous
materials, offering multiple analysis options, which will be discussed in detail in the following sections.
Another option is to build carbon structures, as is shown in Figure 2.2, where all depicted structures
were produced using CONAN. 𝑏 Other functionalities of the code include setting up simulation boxes
comprising carbon nanostructures and liquids, as well as tools to cut out structures from trajectories,
e.g., for visualization purposes. Generally, the code is designed modular, allowing for easy additions
of further analysis modules, while ensuring that functions from other parts of the code can be easily
reused.

2.3.1 Molecular and structure recognition

A fundamental aspect of generalizing the analysis code to work for a wide range of systems is to ensure
that the code does correctly and reliably identify the molecules and structures within a trajectory.
While some topology files do provide insight into which atoms belong to which molecule, this is not
the case for all file formats. Additionally, no bonding information between atoms is provided. For
structures, it is also desirable to identify substructures, such as the CNTs within a pore structure. To
achieve this, a set of functions was developed to identify molecules and structures, and provide further
structural information, e.g., the center of mass (COM) of molecules or the center axis of a CNT.

For all steps along the workflow, PBC are considered to ensure correct distance calculations, which
is crucial for the identification of bonds between atoms in neighboring periodic images.

Molecular recognition
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Construct graph
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Construct kd-tree
for efficient search

Identify all bonds
between atoms

Identify all
Molecules

Unique Molecules
& Occurrences

Assign molecule
IDs and atom IDs

Print Molecule
Figures

Figure 2.5: Flowchart of the molecular recognition in CONAN. The shown table and depiction of [NTf2]− are
exemplary outputs from CONAN.

Molecular recognition Identifying all molecules within a given system is achieved in a multi-step
process using graph theory. The flowchart for the molecular recognition is shown in Figure 2.5. First,

𝑎 NumPy171, pandas172 MDAnalysis169,170, SciPy173, RDKit174 Matplotlib175 and networkx176.
𝑏 New versions of CONAN have introduced additional features, such as nitrogen doping of various kind, functionalization

or introducing defects into carbon structures. This however goes beyond the scope of this thesis and will not be
discussed in detail.
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all atomic coordinates are extracted from the first frame in a provided trajectory file. All atoms within
the system are represented as nodes within a graph, each atom labeled with its element type and
assigned the respective covalent radius.179 The maximum possible covalent radius .𝑟max

cut within the
system is identified as the largest combination of covalent radii of two atoms 𝑎 and 𝑏 found

𝑟
max
cut = 1.15(𝑟cov,𝑎 + 𝑟cov,𝑏) (2.3)

The tolerance factor of 1.15 accounts for variations in bond length due to vibrational modes and was
found to work very reliably. Based on 𝑟

max
cut , the atomic coordinates are structured into a 𝑘-𝑑–tree data

structure,180 allowing for efficient neighbor searching. This way, candidate bonds between atoms 𝑖
and 𝑗 are identified. Using a similar approach as before, however using the specific elemental covalent
radii of atoms 𝑖 and 𝑗 , the cutoff radius is determined as

𝑟cut = 1.15(𝑟cov,𝑖 + 𝑟cov, 𝑗), (2.4)

where 𝑟cov,i and 𝑟cov, 𝑗 are the covalent radii of atoms 𝑖 and 𝑗 . A bond between two atoms is assumed if
their interatomic distance 𝑑𝑖 𝑗 is smaller than the cutoff radius 𝑟cut. With all bonds identified, edges are
created between the nodes representing the atoms within the graph. Each molecule is then identified
as a connected component within the graph. The bonding information further allows identifying
which molecules are of the same species, by comparing their bonding patterns. This way, unique
molecules and their count within the system are identified. Each atom is assigned a molecule ID,
but also an atomic ID, representing its position within the molecule. The atomic ID is important to
distinguish between atoms of the same element type within the molecule, and an atomic ID set for a
given atom is the same across all molecules of the same species. This allows for a detailed analysis of
individual atoms, or groups of atoms of a given molecule kind. For convenience, figures depicting
schematics of the molecules are printed, together with the atomic IDs. Additionally, a table is printed
providing an overview of all molecules found, including their count and their chemical composition
(see Figure 2.5).

Structure recognition A flowchart of how the structure recognition is achieved is shown in
Figure 2.6. Flexible structures need to be defined manually by the user after the molecular recognition
step. Alternatively, the automatic identification of immobile structures is achieved by also considering
the second frame of the trajectory file. By comparing the two frames, all molecules with immobile
atoms are automatically identified. For all structures, general information like the number of atoms,
element types and bonding patterns are stored. Carbon structures are usually modeled extending
infinitely in one or more directions (PBC), and their orientation and periodic extend are stored as well.
When a porous structure is found, the code automatically checks if substructures can be identified
(CNTs/graphene sheets).
For CNTs, the center axes and tube radii are calculated, and their chirality determined (zigzag/armchair).
The calculation of the center axis is achieved in three different ways, depending on the CNT. Often,
CNTs are modeled as pristine and immobile structures, oriented in one of the main axes of the
simulation box. This makes the calculation of the center axis trivial, as one can simply calculate the
COM to determine the center of the CNT in the two directions perpendicular to its main axis. The
extend of the center axis is determined by identifying the minimal and maximal coordinate of all
carbon atoms along the main axis direction. For flexible, finite CNTs, a more elaborate approach is
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Figure 2.6: Flowchart of the structure recognition in CONAN. For immobile structures, the identification can be
done automatically. Flexible structures are user defined. After the identification, the structure characterization
is automated. Processing steps are shown as orange rectangles, input and output, either user input or files, are
shown as blue parallelograms and conditional branches as green diamonds.

required. First, the open ends of the CNTs are identified and all terminal carbons are identified. They
are split into two groups, based on a maximum distance criterion, each representing an open end of
the NP. The COM of each group is calculated, defined as ®𝑝1 and ®𝑝2. In case of infinite CNTs, the
center axis is calculated by isolating atoms forming one ring of the CNT. The COM of these atoms is
calculated, and set as ®𝑝1. Using the periodicity of the CNT, the periodic image of ®𝑝1 constitutes ®𝑝2.
Finally, the center axis ®𝑧 is then defined as the vector between ®𝑝1 and ®𝑝2. With the center axis at hand,
the radius of a CNT is calculated as the average radial distance of the carbon atoms to ®𝑧, while the
length of the CNT, 𝑙CNT, is simply |®𝑧 |.

2.4 Analysis options

With all basic information about the system gathered, the analysis of structural and dynamical
characteristics of the confined liquid can be performed. All analysis features presented here are
structured into separate modules, allowing for easy extensions and modifications. The modules are
divided into three parts: (i) user input and gathering system information, (ii) analysis of the trajectory
and processing of the desired property, and (iii) output of the results (see Figure 2.7). In this structured
way, all modules can use the same functions of the backbone code, unifying the analysis process and
allowing for modules to build on one another.
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Figure 2.7: System: Overview of the systems studied:1,3,4 [C4C1Im][OAc] in the confinement of a pristine (12,0)
CNT (top); [Pyr14][NTf2]/Li[NTf2] in the confinement of the MOF ZIF-8 (center); Water in the confinement of
(15,0) CNT VANTAs (bottom). Analysis: 3D grid, which can be adjusted to a system of choice to perform
analyses for each grid point individually (top); Front view of a CNT with the radius 𝑟CNT filled with water, with
radial layers from the center axis ®𝑧 up the CNT wall. An exemplary water molecule is shown with the bond
vectors ®𝑑1 and ®𝑑2, while ®𝑢 is their bisector (center); Side view of a CNT of length 𝑙CNT filled with water. The
movement of an exemplary water molecule over time is depicted with a viridis color code (bottom). Result: 3D
density distribution of Li+ ions in the confinement of ZIF-8 (top); Combined distribution functions relating
the angular and radial distributions of CNT confined water (center); Mean square displacements and radial
layer residence times computed for water confined in CNTs (bottom). (All structures were visualized using
ChimeraX, vmd and PyMOL. The depicted molecules follow an atomic color code: hydrogen = white; oxygen =
red; nitrogen= blue; carbon = beige. The atoms belonging to the MOF ZIF-8 framework are shown in darkgray.)

2.4.1 Static properties

Density distributions As the systems investigated comprise interfaces between liquids and solids,
their anisotropic nature needs to be considered. In the most primitive form, the simulation box is
divided into two-dimensional slices along the orientation of the interface, or pore axis. Within each
slice and for each frame, the density is calculated counting all atoms present including a weighting
based on their mass. Additionally, a 3D grid-based approach was developed, where the simulation box
is divided along all three main axes. For each grid cell, the density is calculated individually. This
way, complex porous networks present in, e.g., MOFs, can be analyzed.

Average filling and accessible volume within CNTs The average filling of liquids within CNTs
is calculated by first identifying the space in the simulation box, which represents the pore volume
of the CNT. For immobile CNTs it is sufficient to simply take the known pore position from the
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Chapter 2 Modeling and Analysis of Molecular Systems

initial frame and the CNT radius to capture the volume in the simulation box representing the space
within the pore. For flexible CNTs, a different approach is needed. As described in the structure
recognition part (Section 2.3.1), the start and end point of the CNT center axis are identified as ®𝑝1 and
®𝑝2. Using these two points and the radius of the CNT 𝑟CNT, a cylinder is constructed representing the

pore volume of the CNT. For each time step, all atoms at position ®𝑥 are identified which are within the
cylinder, using the conditions:

(®𝑥 − ®𝑝1) · ( ®𝑝2 − ®𝑝1) ≥ 0 (2.5)

(®𝑥 − ®𝑝2) · ( ®𝑝2 − ®𝑝1) ≤ 0 (2.6)

| (®𝑥 − ®𝑝1) × ( ®𝑝2 − ®𝑝1) |
| ®𝑝2 − ®𝑝1 |

≤ 𝑟CNT (2.7)

PBC are considered to ensure that atoms are identified correctly, even when the CNT crosses
periodic boundaries. The average filling is calculated by simply counting the total mass of all atoms
within the CNT over all frames and dividing it by the pore volume and the number of frames considered.
As the calculation is done for all time steps, the pore filling can also be resolved as a function of time,
allowing for further interpretation, e.g., to capture filling and emptying processes. The CNT’s length
𝑙CNT is calculated as the distance between ®𝑝1 and ®𝑝2.

For stationary CNTs, the accessible volume can be calculated. Throughout the analysis the maximal
radial distance from the center axis, 𝑟max, considering all confined atoms, is identified, allowing to
calculate the accessible volume 𝑉acc by:

𝑉acc = 𝜋 · (𝑟max)
2 · 𝑙CNT (2.8)

Density profiles within CNTs With the confined atoms identified and center axis of the CNT
known, the basis is set for further analysis. Using the cylindrical approximation of the CNT, the pore
volume is divided into radial increments with the central axis as their origin (see Figure 2.7). The
number of increments is freely adjustable and realized by dividing the CNT radius into n slices of
equal length.𝑎 The volume of each increment 𝑉n

cyl is calculated by:

𝑉
n
cyl = 𝜋 · (𝑟n

Δ)
2 · 𝑙CNT (2.9)

𝑉
n
Δ = 𝑉

n
cyl −𝑉

n−1
cyl = 𝜋 · 𝑙CNT · ((𝑟n

Δ)
2 − (𝑟n−1

Δ )2) (2.10)

where 𝑟n
Δ is the radius of the n-th increment. With the volume of each increment known, the density

within each increment can be calculated by counting the total mass 𝑚n
total or charge 𝑞

n
total of all atoms

located within the increment over all frames (NFR) considered. The density 𝜌
n
Δ and charge density

𝜌(𝑞)n
Δ within each increment is then calculated by:

𝜌
n
Δ =

𝑚
n
total

𝑉
n
Δ · NFR

(2.11)

𝜌(𝑞)n
Δ =

𝑞
n
total

𝑉
n
Δ · NFR

(2.12)

𝑎 Radial increments are of equal radial width, but do not have the same volume. The volume increases for larger
displacements from the center.
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2.4 Analysis options

From these relations, radial density profiles are constructed, providing insight into layering effects of
the liquid within the confinement.

Angular distributions The preferred orientation of confined molecules with respect to their radial
position in the confinement of a CNT and in relation to other molecules in the immediate surrounding
is a defining property. Especially at the interface, molecules tend to align in specific orientations to
optimize their interactions with the confining material. To capture this effect, angular distribution
functions can be calculated. Two user defined vectors are used to calculate the angle of choice, 𝜃. Five
vector options are provided (see Figure 2.7):

• The center axis ®𝑧 of the CNT.

• The radial vector ®𝑟 from the CNT center axis to the COM of the molecule or an atom of choice.

• A vector defined between two atoms within the molecule, ®𝑑.

• The bisector ®𝑢 between two vectors ®𝑑1 and ®𝑑2 defined within the molecule.

• Provided vectors in the trajectory file, e.g., dipole moments.

During the analysis, the COM radial distance 𝑟 to the CNT center axis is calculated for each molecule
and for each time step. Based on the radial distance, each molecule is assigned to a given layer. Then,
for each molecule, the angle 𝜃 between the two user defined vectors is calculated and stored in a
histogram, depending on the radial layer. In post processing, the histograms are visualized as angular
distribution functions and contour plots. The angular and radial distributions are shown on the 𝑥 and 𝑦

axis, respectively, while a color scheme depicts the occurrence of 𝜃 within a radial layer.

2.4.2 Dynamic properties

Mean square displacement The mean square displacement (MSD) is a measure to characterize
the movement of molecules over time. It is defined as the average of the squared displacement of their
respective COM. For a bulk liquid without external forces acting on it, the molecular movement can be
described as Brownian motion. Averaged over all particles of a given species, it provides insight into
the mobility and diffusion characteristics of the species within the system. The maximum correlation
depth 𝜏max describes the maximum time interval observed. The MSD is calculated as:

MSD(𝜏) = ⟨|𝑥(𝑡 + 𝜏) − 𝑥(𝑡) |2⟩, (2.13)

where 𝑥(𝑡) represents the position of the particle at time 𝑡. In practice, the MSD is calculated with
each time step 𝑡 as a starting point, and the displacement after a time interval 𝜏 is calculated. The
average is taken over all particles 𝑁 of the same kind for all time steps, which significantly increases
the statistical robustness.

The diffusion coefficient 𝐷 is directly related to the MSD through the Einstein relation:

𝐷 =
MSD(𝜏)

2𝑑𝑡
; 𝑑 = 1, 2, 3 (2.14)

The dimensionality of the system is represented by 𝑑. In practice, the diffusion coefficient is extracted
from the slope of the MSD curve in the linear regime in post processing.
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Chapter 2 Modeling and Analysis of Molecular Systems

Layer residence times Layer residence times 𝜏𝑙,𝑐 describe the average time a molecule remains
within a user defined radial layer 𝑙 in the confinement of one or multiple CNTs or a pore, 𝑐. To
calculate the residence time, functions from previously described analysis methods are exploited to
define the CNTs center axis. The radial distance is calculated for each molecule at each time step and
assigned to a radial layer 𝑙. The survival correlation function 𝐶𝑙,𝑐 (𝑡, 𝑡

∗) for each layer and CNT is
expressed as:

𝐶𝑙,𝑐 (𝑡, 𝑡
∗) =

𝑁𝑙,𝑐 (𝑡, 𝑡
∗)

𝐷𝑙,𝑐 (𝑡
∗)

(2.15)

Here, 𝑡 represents the lag time (correlation depth), while 𝑡∗ is a user defined tolerance time interval,
which allows for transient departures of molecules from the layer. If a molecule re-enters the layer
quicker than 𝑡

∗, it is considered as a continuous residence. 𝐷𝑙,𝑐 (𝑡
∗) is the total number of molecules

present in the layer at a given starting time, and 𝑁𝑙,𝑐 (𝑡, 𝑡
∗) is the number of those molecules that

remained in the same layer over the lag time 𝑡 (neglecting transient departures). Both quantities
are computed for all possible starting times in the trajectory and averaged to improve statistics. In
post processing, the residence time 𝜏𝑙,𝑐 is then calculated from the survival correlation function by
assuming an exponential decay:

𝐶𝑙,𝑐 (𝑡, 𝑡
∗) = 𝑒

−𝑡/𝜏𝑙,𝑐 (2.16)

𝜏𝑙,𝑐 = − 𝑡

ln
(
𝐶𝑙,𝑐 (𝑡, 𝑡

∗)
) (2.17)

When the correlation drops below 1/𝑒, the residence time is extracted. Additionally, throughout the
simulation, the number of atoms present in every layer and time step is stored.
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Chapter 3 CONAN- Novel Tool to Create and Analyze Liquids in Confined Space

This chapter deals with the capability of the CONAN code and its applicability to build and analyze
anisotropic systems. The behavior of the IL 1–butyl–3–methylimidazolium acetate ([C4C1Im][OAc])
in pristine CNTs of different sizes in the low- to sub-nanometer range is investigated. Using FF-based
MD simulations, structural properties of the confined IL are evaluated. Using CONAN, all carbon
structures are generated and the simulation boxes set up.

Generally, the density of the IL is reduced in the confinement of a given CNT compared to its bulk
phase, an effect which is most pronounced for the smallest nanotube considered ((12,0) CNT) and
diminishes with increasing pore diameter. For the smallest CNT system studied ((𝑛, 0) CNT with
𝑛 = 12, 14), two additional effects come into play. For both, but especially for the smallest studied
CNT, slow filling kinetics are observed during equilibration. Since the pores are filled from both
sides simultaneously, it is additionally possible that ions of the same kind meet in the center of the
pore, a scenario which was observed in both systems. The extreme confinement limits the spatial
freedom of the confined ions to such a degree that the arrangement of the ions relative to each other is
fixed once they enter the pore, i.e., it is not possible for confined ions to swap positions. While this
is partly an artifact from the simulation setup, it also illustrates a realistic scenario for ions in pore
networks of nanoporous materials, where the order in which the ions enter fixes their arrangement in
the pore. This is consistent with experimental observations by Futamura et al.,181 who report a partial
breakdown of the Coulombic ordering, i.e., the alternating arrangement of cations and anions, of ILs
in sub-nanometer carbon nanopores.

Radial density distributions further highlight the distinct structuring of the ions in dependence to
the CNT diameter. In the smallest CNT, the ions are confined to the pores’ central axis, forming a
single-file chain. In the (14,0) CNT based pore, the ions are shifted toward the carbon wall, a structure
best described as a helical arrangement that spirals around the central axis, optimizing ion–wall and
ion–ion interactions.

With a comparatively larger volume within the (16,0) CNT, the ions have more spatial freedom and
assume a tubular arrangement where two ions reside next to each other at the same axial coordinate,
with both ions radially displaced from the CNTs’ central axis. The ions assume a similar structure
confined in the (18,0) CNT, but the density profile is less distinct compared to the one obtained for the
(16,0) CNT system, due to the increased volume accompanied by a less strict order. In the (20,0) CNT
system and a second IL layer emerges in the center of the tube. By only considering contributions form
individual atoms, further insight is gained regarding the orientation of the molecules. A comparison
of the density distributions of oxygen in the confinement of (16,0) and (18,0) CNTs shows, that the
orientation of the carboxylate group changes. While it is oriented towards the carbon wall in the smaller
CNT, with both oxygen atoms in the same distance toward the carbon wall, the density distribution is
split in the confinement of the (18,0) CNT, describing an orientation where the carboxylate group
stands perpendicular to the carbon wall.

Additionally, radial charge density profiles were calculated by considering the fixed partial charges
assigned to each atom. Although small in magnitude, with maximal charges of |0.01|𝑒, oscillating
distributions emerge, which are more complex than the individual mass density profiles and show that
the molecules are not only highly restricted to their radial position in the confinement, but also assume
in a preferred orientation toward the CNT wall, leading to the observed charge layering stemming
from the assigned partial charges.

In summary, it can be stated that the packing behavior of the IL depends heavily on the size of the
confinement, while the overall density is reduced compared to the bulk, especially in the smallest CNTs.
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The structure of the IL ranges from single-file chains to tubular arrangements up to the formation
of multiple layers. In addition to the radial position, the orientation of the ions toward the interface
changes in different confinement environments. The use of CONAN was the foundation for all of the
carbon structures that were examined and all of the results that were presented.
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Chapter 4 Coordination Behavior of a Confined Ionic Liquid in Carbon Nanotubes from Molecular
Dynamics Simulations

In addition to pristine ILs, the doping of ILs with salts, often referred to as SiILs, is an approach
to tune the properties of an IL. The cation is usually an alkali metal, while the anion is generally
chosen to be the same as the IL anion. In this context, the structural behavior of the IL 1–ethyl–
3–methylimidazolium tetrafluoroborate ([C2C1Im][BF4]) and its mixture with 25 mol% NaBF4 in
the confinement of sub-nanometer CNTs are investigated. The conducted classical MD simulations
comprise pores with CNTs with radii of approximately 5 Å to 8 Å. Additionally, the influence of
reduced charges on the ions, a simple model to mimic charge transfer effects, is studied using the
approach of Stuchebrukhov et al.,182 where the charge scaling factor is defined as the inverse of the
square root of the dielectric constant of the IL.

Special care was taken to fill the CNTs only from one side during equilibration, and a Coulombic
ordering, i.e., a single–file chain with alternating cation–anion arrangement observed in the smallest
studied CNT The computed radial density profiles are consistent with the trends discussed in Chapter 3,
where the step-wise increase in tube radius shows a formation of a single–file chain, a tubular
arrangement and ultimately the formation of a second radial layer. Interestingly, the second, central
radial layer forming in the (12,12) CNT is solely comprised of [C2C1Im]+ ions, while the BF−

4 anions
in their immediate surrounding always reside in the outer, tubular layer. The addition of salt does
not impact the structure of ions in the confinement, as the Na+ ions overwhelmingly do not enter the
CNTs. An exception to this was observed in one case, where a cluster consisting of two Na+ ions and
two BF−

4 ions entered the (10,10) CNT, and stayed inside the confinement for the remainder of the
simulation time.

In bulk, the Na+ ion forms stable clusters with the surrounding anions in mixtures of ILs and
sodium-based salts, and moves as a single entity with its solvation shell.183 This makes it bulky,
resulting in poor transport properties184 and prohibiting the easy transfer into the extreme confinement
of a CNT. Conversely, upon entering the confinement, the Na+ ions need to shed parts of their solvation
shell, and this de-solvation is energetically unfavorable. To elucidate the energetic barrier which
would need to be overcome for a sodium cation to partially shed its solvation shell and enter the
confined space, additional MD simulations were carried out for each pore, respectively, to calculate
free energy profiles for Na+. A radial spring potential is set in place to pull a sodium cation from the
bulk phase into the confinement of a given CNT, up to the CNT’s center of mass. The equilibrium
distance is adjusted in incremental steps of 0.25 Å, covering a total of 40 Å. The energy profiles show
that there is a significant energy barrier for the sodium cation to move from the bulk phase into the
confinement of a pore, while the height of the barrier depends on the pore size. Interestingly, the free
energy decreases as the ion moves deeper into the confinement, further away from the open ends of
the pore, and the position directly at the entrance is the most unfavorable. To further elucidate the
structural characteristics of the confined Na+ ions, a new analysis tool was introduced to CONAN to
compute coordination numbers.𝑎 By adjusting a three dimensional grid to the simulation box, the
local dependency of coordination for a given ion is calculated for the anisotropic systems. It shows that
the coordination number is reduced for the confined ions compared to the bulk. The trend of reduced
coordination is also present for ions residing near the graphene interface. In addition, referring to
the Na+ ion, the coordination numbers in relation to the coordination distance (the distance between
the sodium cation in the center in relation to the surrounding anions) shows that the average distance
toward surrounding ions decreases in confinement. While on average 4.5 anions surround the Na+ ion

𝑎 The coordination number analysis tool was developed by a coworker, and is therefore not discussed in detail in
Section 2.4 of this thesis.
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at a cutoff distance of 5 Å in the bulk phase, in the confinement of the (10,10) CNT this number is
reduced to 3.5. In this altered coordination state, two anions of the solvation shell come particularly
close to the sodium cation.

Atomic radial velocity distributions were calculated for all confined atoms and for all pores,
respectively. They show that the dynamics are generally slightly increased upon scaling ion charges.
Further, the velocity distributions show an increased velocity for atoms which are displaced the most
from the tube’s center, indicating a rotational motion of the confined molecules around the CNT axis.

The investigation adds to the findings from in Chapter 3 regarding IL ion structuring within CNT
confinement and also demonstrates that Na+ ions prefer to remain in the bulk. The formation of stable
solvation shells in bulk creates a significant energy barrier that needs to be overcome for Na+ ions to
enter the confinement, as this requires a partial de-solvation. In general, ion coordination decreases
near the interface and within the confinement. During the project the functionalities of CONAN were
further expanded.
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Chapter 5 Influence of Internal Interfaces on the Structure and Dynamics of IL-Based Electrolytes
Confined in a Metal–Organic Framework

In addition to carbon based structures, MOFs are another class of nanoporous materials. Their
porous network is highly symmetrical and the pore size and shape depends on the individual MOF
of choice. In the context of Chapter 4, the behavior of SiIL in nanoporous confinement is further
discussed, focusing on lithium salts in combination with ILs confined in a MOF (ZIF-8; see Figure 2.7,
central depiction in the system column).

While the high ESW and low volatility of lithium based SiILs make them promising electrolytes,
the formation of large Li-clusters accompanied by poor vehicular transport properties of Li+185,186

prevents their use in batteries and EDLCs. To address these limitations, hybrid solid-state electrolytes
have emerged as an alternative. In these composites, an electrolyte is confined inside a nanoporous
solid material, e.g. MOFs. The solid serves as a structural element and also, as discussed in the
two previous chapters, drives the IL or SiIL into a frustrated packing. In this state, the confined
ions assume a structure altered from bulk behavior, accompanied by a reduced coordination and
reduced Coulombic ordering. Next to the restricted spatial freedom of the ions are competing ion-wall
interactions at the solid-liquid interface.

In a collaborative study, the structure and dynamics of Li+ in various SiILs confined by ZIF-8 were
investigated in connection to how interactions of the SiILs with the inner surface of the MOF dictates
the ions behavior.

Parts of this work are done experimentally,𝑎 and cover the study using various SiILs. The
computational work focuses on the description of the structure and dynamics of [Pyr14][NTf2]/Li[NTf2]
in the confinement of ZIF-8 at varying salt concentrations and temperatures using classical MD
simulations. In the confinement, ion–ion interactions and the interplay between ions and the ZIF-8
framework govern the liquids’ behavior.

Multiple radial distribution functions (RDFs) were computed to resolve the average coordination
the liquid species assume in the confinement. These show, that the NTf−2 anions𝑏 prefer to reside near
to the zinc atoms of the MOF framework. On the other hand, the lithium cations position themselves
near the imidazolate-based linker units, while the Pyr+14 reside close to the methyl group of the linkers.
Thus, the confined cations are in competition to coordinate with the imidazolate-based linkers of
ZIF-8. These findings are supported by NMR spectra, and Raman spectra further resolve that varying
the IL cation also impacts the Li+ dynamic behavior. Connected by the competition to coordinate
with the organic linkers, stronger interaction of an IL cation with the ZIF-8 framework was found to
reduce the coordination of the Li+ with the framework, resulting in increased local Li+ dynamics.

The properties of the lithium ion dynamics is further elucidated by calculating MSDs for the ionic
species at different temperatures in the MOF and in the bulk phase. In line with observations in
Chapter 3 and Chapter 4, Li+ ions, coordinated by NTf−2 anions, are the slowest species in bulk.
In contrast, while the transport is generally decreased for all species in ZIF-8 confinement, Li+ is
the fastest species in confinement. This can be rationalized when considering the change in ion
coordination in confinement. In bulk, the transport mechanism of Li-cluster is a vehicular transport.
However, the confinement within a given pore not only alters the immediate coordination, but it also
prohibits a pore-to-pore passage for Li-anion clusters. Therefore, in confinement, the transport of Li+

changes to a ligand exchange mechanism, where the Li+ changes ligands upon moving from one pore
to another. This effect is supported by the computed MSDs, and by the calculated 3D density profiles

𝑎 The experimental work was conducted by the collaborators in this project. See Chapter C for more information on how
the experiments were conducted.

𝑏 NTf−2 anions are referred to as TFSA anions in the publication.
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using CONAN. Additionally, visualizations of the MD trajectories show this is indeed a ligand exchange
mechanism at play.

These findings show that the coordination environment and dynamics of the ions of the SiIL,
particularly of the Li+ ions, change in confinement of ZIF-8. Importantly, the choice of IL cation
influences the dynamics of the alkali metal, and the transport mechanism of Li+ changes from a
vehicular transport in the bulk phase to a ligand exchange mechanism in confinement.
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Chapter 6 Carbon polarization and carbon nanotube stacking impacts the behavior of water in
nanoconfinement

This chapter is devoted to the behavior of water confined in CNTs. In this context, individual,
isolated CNTs filled with water are modeled, and also VANTAs, in order to understand whether
interactions between water in adjacent CNTs impact the structural and dynamic properties of the
confined water. The MB-pol water model (see Section 1.6) is utilized and compared to the TIP4P/2005f
water model (see Section 2.1). In addition, polarization effects of the CNT carbon atoms are taken
into account to monitor changes in the behavior of the confined water. Compared to the studies of
ILs confined in CNTs (see Chapter 3 and Chapter 4), two central changes are made to the simulation
setup. Instead of relying on immobile carbon structures, the CNTs are modeled as fully flexible
entities. The modeling of a reservoir from which the water molecules can enter the confinement
(and into which they can leave the CNT) is omitted in the simulation production runs. Instead,
the CNTs are filled in an initial simulation step and subsequently modeled as infinite structures,
creating a closed system in which water permanently remains confined. This setup offers the distinct
advantage that all molecules reside in the confined environment over the whole simulation time,
allowing for better statistics but more importantly also allowing for a serious reduction of the re-
quired system size and thereby the computational effort. Additionally, dynamic properties of the
confined water are better captured, as no exchange of molecules with a reservoir takes place and no
ordering effects at the CNTs’ open ends occurs. The analysis of these systems required a significant
expansion of CONAN to account for the flexibility on CNTs and maintain the validity of previously
written code (see Section 2.4). Additionally, analysis methods are developed to investigate molecular
orientations as a function of radial position within CNTs, as well as to calculate dynamic properties,
namely diffusion coefficients extracted from MSD calculations and layer residence times (Section 2.4.2).

Three CNTs in zigzag configuration are studied ((𝑛,0) CNT with 𝑛=10, 15, 20). In the smallest
tube, with a radius 𝑟CNT of approximately 4 Å, the water molecules form a single-file chain along the
CNTs’ central axis. The water molecules form HBs with their two adjacent neighbors, resulting in
a one-dimensional HB network. One O–H bond of each water molecule is approximately oriented
along the direction of the tube axis, while the other one is dangling and roughly oriented radially
in direction of the tube wall. Within the (15,0) CNT, water molecules arrange in pentagonal rings,
stacked along the tube axis. Each water molecule participates in in-plane hydrogen bonding in the
formed pentagon, while out-of-plane HBs interconnect the pentagons, although these come with less
favorable angles. In the largest studied CNT ((20,0) CNT), water molecules arrange are less ordered,
forming a dynamic network of HBs, while two distinct radial layers of water molecules emerge. These
effects are described in the combined distribution functions of radial positions and angular orientations,
but are also visible in water infrared (IR) spectra, where a distinct splitting of the O–H stretching
modes (𝜔 > 3200 cm−1) is observed for the (10,0) and (15,0) CNTs, while a broader band without
distinct features is seen for the largest tube studied. The ice-like, highly ordered nature of water in the
(10,0) and (15,0) CNTs is underlined by distinct peaks in the librational region of the IR spectra (𝜔 ≈
100–1000 m−1), showcasing that some librational modes are favored, while others are suppressed.

Structurally, minor deviations are observed when comparing the systems with and without con-
sidering carbon polarization effects. This is the case when comparing the results for single CNTs to
those obtained modeling VANTAs, as well as when comparing the results from both water models.
An exception to this is the angular distribution of water molecules confined in (20,0) CNTs, where
the inclusion of carbon polarization effects leads to a change in the preferential orientation of water
molecules at the carbon interface. Without considering polarization, water molecules at the interface
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tend to orient with one O–H bond roughly parallel to the CNT wall (with a slight tilt toward the wall),
while the other bond is oriented more towards the tube center. When carbon polarization is accounted
for, a second preferred orientation emerges, where one O–H bond points directly towards the CNT
wall, while the other bond is oriented more towards the tube center.

With respect to the dynamics of the confined water, especially the systems comprising (20,0) CNTs
are analyzed in detail. Large differences are observed when comparing the dynamics of water confined
in isolated CNTs compared to water confined in VANTAs. Intermittent hydrogen bond lifetimes, a
measure of the longevity of HBs, are decreased by approximately 20–25% when comparing water
confined in isolated CNTs or VANTAs. This indicates that CNT stacking and the presence of water
in adjacent CNTs destabilizes the HB network within a given tube. Further, layer residence times
are computed for water confined in (20,0) CNTs, where two radial water layers form. It provides an
estimate of how long water molecules reside in a given radial layer before moving to the other one.
A decrease of approximately 20% is observed in VANTAs, further highlighting that the presence of
adjacent tubes filled with water makes the water molecules more dynamic.

This underlines the various forces that are at play and need consideration at such nanoscale.
Considering carbon polarization effects and modeling stacked CNTs (VANTAs) was shown to only
have minimal impact the water structure, especially for the smallest CNTs considered. However,
it does also show that those effects are important to consider for a good description of the water
orientation at the solid–liquid interface as well as for the water dynamics.
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With the ever increasing demand of plastics and consequently also its accumulation in the
environment (discussed in Section 2.2.3), studies on MNPs and their interaction with biological
matter have become increasingly important. It has been shown that MNPs interact with various
biologically active substances and especially NPs are toxicologically worrying, as it has been shown
that they can cross many tissues in the human body, including the blood-brain barrier.161,188 This
chapter focuses on the theoretical approach to model the interaction of pristine NPs with an exemplary
antibiotic, tetracycline (TC), to gain a deeper understanding of the aggregation process and interaction
characteristics. Stable, pristine NP structures are generated, and two pathways are explored for
generating TC@NP aggregates. Four different plastics are studied, namely N66, polyethylene (PE),
polypropylene (PP) and polystyrene (PS),𝑎 using the SA approach (see Section 2.2.3) for particle
folding. For each type of plastic, 50 structures were generated to obtain robust sets of conformations.
In the first approach for generating TC@NP aggregates, similar to the initial folding of pristine NPs,
polymer chains are folded together with the antibiotic through SA, allowing for a high degree of
structural freedom when the aggregate is formed. In the second approach, a pre-folded NP is used
instead (the energetically most stable conformation in the NP set generated for each type) and the TC
is attached to various positions on the NP surface. Then, the newly formed aggregate is relaxed in a
short MD run at low temperatures. This approach skips the computationally demanding folding of
the NP together with TC, but allows for a drastically less exploration of the configurational space.
For each NP, a total of 104 aggregates are generated following both approaches, which are further
geometry optimized considering implicit solvation. Interaction and sorption energies between the NP
and TC are calculated for the optimized structures.

Overall, the approach which relies on the SA ansatz to produce TC@NP aggregate is shown to be
superior. On average, energetically low-lying aggregate structures are produced and larger interactions
energies between the NP and the antibiotic obtained. Furthermore, this approach allows for greater
variability in the generated structures. In the final aggregates, the antibiotic stays not only on the
surface of the NP, but also positions itself inside it, completely embedded between the polymer chains.
These observations are highly depending on the type of plastic and can be rationalized in this regard.
For N66, polymer strand interactions and the interactions between polymer chains and TC are mostly
governed by polar interactions, and an extensive HB network forms throughout the particle. On the
other side, intermolecular interactions in non-polar NPs are driven by dispersion forces, which are
much weaker and favor different interaction sites of the TC, impacting its preferred radial position
and orientation. This is quantified by the relation of the center of mass distance between the NP
and TC (𝑟com), divided by the radius of gyration (𝑟gyr) of the plastic: 𝑟com/𝑟gyr. It gives an estimate
regarding the position of the antibiotic, where a smaller value indicates that the TC is more embedded
into the plastic. The average 𝑟com to 𝑟gyr ratios are lower for all plastic types when folding the NP
together with TC, highlighting that the second approach, where the TC is attached to various surface
positions, is insufficient to generate relevant sets of configurations. However, these results also show
that a certain dynamic of the polymer chains at ambient conditions is required for a formation of such
aggregates, where the TC is fully embedded in the NP. Therefore, two additional MD simulations
over 50 ns are modeled for each type of plastic, placing a TC@NP aggregate together with 32000
water molecules at ambient conditions to study the dynamics of the NP and the antibiotic. For each
type of plastic, considering all structures which are in a range of 20 kcal mol−1 with respect to the

𝑎 The modeled PP NP is built from isotactic polymer chains, while the PS NP is made of atactic polymer chains. Both
tacticities are the most common for their respective plastic types.
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energetically best found TC@NP aggregate, the structures with the highest and lowest 𝑟com to 𝑟gyr ratio
were chosen for modeling. The dynamics of polymer strands are governed by intermolecular polymer
chain interactions, but also by steric hindrance, which is a factor for PP and especially PS, where the
bulky methyl/phenyl groups hinder large conformational rearrangements. Consequently, during the
MD simulation runs, the mobility of individual polymer chains are found to depend highly on the NP
studied. Radial diffusion of the antibiotic during the MD simulations is observed, but the assumed
radial positions are found to depend on the initial position of the TC, demonstrating the complexity of
the adsorption mechanisms and the timescales that must be considered. However, the fact that the
TC was found to be mobile within NPs and on their surface, and staying aggregated throughout the
simulation (except for one case for PS, where the TC briefly detaches during equilibration before
being re-adsorbed) demonstrates the validity of the approach of generating TC@NP aggregates. In
terms of adsorption energies, the affinity of the TC to interact with NPs depends on the type of plastic:
N66 > PS > PP > PE. Furthermore, the findings of the study are supported by experimental work. In
a cell culture experiment, a 40–50% reduction TC-induced marker expressions in both human and
mouth cell lines was reported when NPs were added.

This underlines the validity of the theoretical approach to describe NP-TC interactions through
theoretical modeling. While TC was found to aggregate on all NPs studied, the interaction energy and
type of sorption is individual for each plastic.
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As was presented in Chapter 7, a robust set of conformations is key in describing the structure of
NPs and for continuous works, e.g., to describe their interactions with other matter. To address this
need, this chapter deals with the exploration of refining the SA approach by establishing a systematic
workflow to generate energetically stable NP structures. It further deals with the exploration of
structure descriptors to assess the quality of the produced conformations. As in Chapter 7, the widely
used plastics PE, PP, PS and N66 were studied, and after the initial SA runs, the produced NPs are
further geometrically optimized. Single point DFT calculations are done on the optimized structures,
using various functionals𝑎 and composite methods.𝑏 This way, the quality of the FF and the the
workflow is assessed and it allows for a detailed energetic evaluation of the produced NPs. Additionally,
the structural features of the produced sets of NPs are investigated. Finally, all generated structures are
provided in an open database which is freely accessible.193

The first thing considered for optimization is the simulation time required during the SA run to
generate low-energy NP structures. As discussed in Section 2.2.3, the simulation time, and thereby
the cooling rate Tstart → Tend, is a compromise between the computational feasibility and the required
length to yield low energy conformations. Using 50 replica simulations for stochastic robustness, the
cooling protocol was run for 20 ns and 50 ns, respectively. The 50 ns runs yield energetically more
stable NP structures on average, demonstrating that a slower cooling rate is important for finding
better conformations. A comparison of the FF-based relative energies of all produced NPs (related to
the energetically best conformer found) to DFT energies show a reasonable to very good agreement,
depending on the type of NP, underlining the validity of the SA approach based on a simple FF for
conformer generation.

All plastics are also structurally evaluated. At these sizes, with NPs coming in diameters of 3-5 nm,
two opposing effects are at play. For large plastics, i.e., macromolecules with polymer chains in bulk,
the intra- and intermolecular interactions are the driving force in polymer chain structuring, often
leading to the formation of crystalline of semi-crystalline phases, depending on the type of plastic and
polymer tacticity, which defines the stereochemical arrangement of the side groups along the polymer
backbone. However, considering the small size of the produced NPs in the low nanometer range,
surface effects are also important to consider. For particles of these sizes, the surface-to-volume ratio
is considerable, and the high relative surface area causes a significant part of the polymer chains to
be imperfectly embedded with stabilizing polymer–polymer interactions reduced. Accordingly, the
driving force towards a minimal surface area cause NPs to assume a spherical shape. This stands
in contrast to the formation of well-ordered polymer strands and crystalline phases, which form the
internal structure and govern the shape of the particle according to their alignment. This conflict
is particularly evident for PE, where the low energy conformations all show a fairly high degree of
structuring and their overall shape becomes increasingly less spherical over the course of the SA
protocol. This trend is monitored by tracking the percentage of gauche conformations in the C–C–C–C
dihedral angles of the backbone as well as an order parameter, which quantifies the crystallinity
of a given NP.11 For the energetically lowest conformation found, a significant shift occurs after
approximately 35 ns of simulation‚ time, where a drastic trend towards dihedrals in trans conformation
occurs, accompanied be a drastic increase in the NP internal ordering. The governing structure

𝑎 The functionals B3LYP,44 BP86,40,43 PBE,42 PBE0,45
𝜔B97X-D3189 together with the def2-SV(P)49 basis set and

the def2-MTZVP/J auxiliary basis set for Coulomb fitting and the D3 dispersion correction with Becke–Johnson
damping46,47 were used.

𝑏 The composite methods PBEh-3c190 and r2SCAN-3c191,192 were used.
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descriptor in the formation of stable PE NPs is therefore the formation of well-aligned polymer chains.
This trend is not observed for PP and PS, which can be rationalized by the side groups which impacts
the preferred alignment of polymer chains, and the gauche ratio increases over the course of the SA
runs. The relevant NPs conformers assume a more spherical shape compared to the PE counterpart.
In case of N66, the number of HB was found to steadily increase over the simulation time, while the
gauche dihedral angle ratio and the order parameter were found to be stationary for the largest part of
the simulation time after the first a few ns. This shows, that the main driving force of the structure
formation within a given N66 NP is the formation of a HB network.

Overall, the quality of the NP structures produced using the SA method was verified. The degree
of order within a NP, and consequently its shape is ultimately a compromise between two opposing
driving forces, namely surface effects and optimal polymer chain alignment. This rationalized the
different shapes and characteristics of the individual plastics. All NP conformers are available in an
open database.
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Chapter 9 Nanoplastics can build themselves

While the SA ansatz, together with the described workflow in Chapter 7 and Chapter 8, has proven
to give robust results for generating sets of NP conformations, the MD simulations require significant
computational effort. In addition, the SA method is subject to a limitation to generate sets of NPs with
different conformations: As described in Section 1.5, for classical MD simulations using ordinary
FFs, bonds are rigidly defined when running a simulation. Thus, when generating NPs, the number of
polymer strands and their respective length, i.e., the number of monomer units, must be defined a
priori. Rerunning calculations with differing starting configurations therefore yields NPs consisting of
identical polymer strands, differing only in their conformation. However, chemical intuition suggests
that NPs, also those with the same total number of monomer units, should consist of differing numbers
of polymer strands of differing length. This becomes particularly clear when considering that they
often result from degradation processes rather than controlled synthesis (see Section 2.2.3). In this
context, the ratio between the number of monomer units building an NP (𝑁mono) and the number of
end-group pairs (𝑁chain) is important to consider. End-groups within a particle introduce steric effects
and, depending on the type of plastic, may also contain functional groups that participate in hydrogen
bonding. Therefore, they influence the structure in a given NP, and their abundance is an important
factor. To accurately capture the structural heterogeneity of NPs of the same size, it is reasonable to
assume that considering multiple, diverse compositions of a respective NP in terms of the number of
polymer strands and their individual length, next to a proper polymer chain folding, is important.

To address the described limitation, a novel approach was developed and validated for N66 NPs,
where NPs are solely defined by their total number of monomer units. Generating NPs is realized in a
three step procedure.

First, N66 monomer units are placed randomly inside a simulation box. Terminal atoms of the
monomers which would split off during polymerization (OH group and an H atom) are treated as
“naked atoms”. They only serve as placeholders and bear no partial charge nor interact with any other
atom belonging to a terminal group. LJ interactions between the terminal carbon atom on one side
and the terminal nitrogen atom on the opposite side (the atoms which form a peptide bond during
polymerization) are deactivated. During the initial run, the dispersed monomers assemble into a single
aggregate, driven by intermolecular monomer–monomer interactions, dominated by the formation
of an extensive HB network. The terminal carbon and nitrogen atom are allowed to come into close
proximity, as the “naked atoms” can overlap, however do not interact with each other at this point.

In the second step, peptide bonds are formed by activating LJ interactions between the terminal
nitrogen and carbon atoms. These bonds are not explicitly expressed through the FF, but instead
modeled through a scaling of the LJ interactions, modeling a C–N bond. The LJ parameters of
surrounding atoms are scaled as such that a trans configuration of the backbone is enforced. After the
polymerization run, excess “naked atoms” are removed wherever a new peptide bond was formed.

In the final simulation step, the formed NP structure is relaxed at 300 K, where the newly formed
peptide bonds are explicitly modeled through the FF. Any special scaling factors used in previous
simulations are discarded, and the ordinary LJ parameters from the FF are used. All generated
NP structures are further geometrically optimized to allow direct comparison with the structures
generated in Chapter 8, which are taken as reference.𝑎 A special feature of this workflow is that
the polymerization step also allows for the formation of polymer loops. Therefore, one needs to
distinguish between polymer “chains” and polymer “rings” (where multiple monomers form a loop and

𝑎 The reference NPs structures, taken from Chapter 8, are built from eleven polymer strands, each consisting of nine
monomer units. Thus, the total number of monomer units in a reference NP is 99.
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no end-groups are present), which are collectively described as polymer “strands” in the publication.
Three different sets of 50 NP structures are generated, comprising 70, 99 and 130 monomer units. In a
second series of simulations, the use of dimers as the smallest initial building blocks was investigated
to elucidate the relationship between the size of the initial unit and the number of polymer rings
formed, again producing sets of 50 NP structures each. On average, the number of polymer rings, as
well as the total number of polymer strands formed, decreased when longer initial building blocks
were used.

The newly generated NP structures all come with smaller 𝑁chain/𝑁mono ratios compared to the N66
reference structures taken from Chapter 8, showing a tendency towards less, and thus on average
longer, polymer chains. However it also shows that many strands formed are short, comprising just a
few monomers, while others are very long (>40 monomer units). The Herfindahl Index (HHI)194 was
used to quantify the lengths distribution of the polymer strands forming an NPs. On average, it shows
that strands are becoming longer, while also showing that a complete monopolization of one dominant
strand does not occur. Rather, it is a mixture of strands of different lengths that compose a plastic.
Further, the HHI shows that using more monomers to aggregate into a single NP, i.e., building a larger
particle, makes it further unlikely that few dominating polymer chains will form.

To compare NPs with varying numbers of monomers and end-groups, the total energy (𝐸tot) is
approximated as a sum of an end-group energy contribution (𝐸chain · 𝑁chain) and monomer energy
contributions (𝐸mono · 𝑁mono). Normalized by 𝑁mono, 𝐸tot is expressed by the linear relation:

𝐸tot
𝑁mono

= 𝐸chain ·
𝑁chain
𝑁mono

+ 𝐸mono (9.1)

A linear regression was fitted using all newly generated NPs with and without considering the
reference structures (N=300/N=401). The corrected energy term, 𝐸cor, obtained by removing the
linear dependency for each individual NP 𝐸tot term, allows for a direct comparison, and the new
structures are found to be energetically similar compared to the reference structures. The lowest 𝐸cor
value is found for a newly generated NP, however, there is also a considerably larger spread of 𝐸cor
energies across the newly generated NPs compared to the references.

Structural parameters, like the number of HBs formed, the radius of gyration or the anisotropy
factor, reveal, that the newly produced NPs are structurally very similar to the reference NPs, while the
gauche ratio of the dihedral angles of the polymer backbone is smaller for the newly generated NPs.

Generally, the applicability of the approach to produce NP conformations of good quality is
underlined, while considerably reducing the computational effort compared to the SA approach.
Further, the structures produced come with differing 𝑁chain/𝑁mono ratios, showcasing that the approach
covers a broader landscape of NP structures.
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CHAPTER 10

Summary

The first part of this thesis focused on computational studies of ionic liquids (ILs) and water,
confined in carbon nanotubes (CNTs) and the metal-organic framework (MOF) ZIF-8. To model
these complex liquid-solid interfaces, both classical and many-body based molecular dynamics (MD)
simulations were carried out. The main focus lied on characterizing the behavior of confined liquids,
primarily governed by the pore size and shape of, as well as the interfacial interactions with the
confining materials.

A major part of this thesis evolved around the development and application of the analysis code
CONAN (Confinement Analyzer), which was explicitly developed for the study of anisotropic systems.
Section 2.3 described the general architecture of CONAN, while Section 2.4 presented the theoretical
background of the implemented analysis tools. All tools were made openly accessible alongside a
provided manual,177,178 ensuring the reproducibility of the presented results. The code is designed to
process various trajectory data types and comes with a molecular recognition and automatic structure
evaluation to ensure a wide applicability. Furthermore, its modular fashion allows for a straightforward
implementation of new analysis tools building on existing functions of the main part of the code.

Using the tools provided by CONAN, the drastic changes to the structural arrangement of ions of
the ILs 1–butyl–3–methylimidazolium acetate ([C4C1Im][OAc]) and 1–ethyl–3–methylimidazolium
tetrafluoroborate ([C2C1Im][BF4]) and its mixture with 25 mol% NaBF4 within sub-nanometer CNTs
were discussed in Chapter 3 and Chapter 4. The arrangement of ions was found to be highly dependent
on the size of the CNTs, which dictate the structural features of the liquid phase. Radial mass and
charge density profiles with respect to the CNT axis, as well as axial density profiles along the
dimensions of the simulation box provided insights into the arrangement of ions in confinement. In the
smallest studied CNTs, ions were forced to assume a chain-like arrangement along the CNT’s central
axis, while for slightly larger CNTs with radii of approximately 5.5–7Å, a tubular arrangement of the
ions was observed. In the largest examined pores ((20,0) CNT and (12,12) CNT), a second radial
layer was formed. In addition, the coordination number of each ion was determined as a function
of distance with respect to surrounding ions and their distance to the pore wall. The coordination
number was calculated both for the bulk liquid and liquid in confinement and demonstrated a vast
decrease of ion coordination in confinement, due to the limited available space. Generally, a clear
reduction in density and ion coordination in confinement was observed for all studied liquids. In
bulk of the salt-in-ionic liquid (SiIL) [C2C1Im]0.75[BF4]/Na0.25[BF4], Na+ cations were found to form
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large clusters with surrounding anions. Furthermore, free energy curves calculated for the Na+ cation
revealed that a significant energetic barrier needs to be overcome for the ion to enter the confinement
of the studied (10,10) CNT, stemming from a partial desolvation of the cation.

In Chapter 5, confined IL-based electrolytes in MOF structures were discussed, which are promising
composites for hybrid solid-state electrolytes. The collaborative study was devoted to the analysis of
SiILs in the confinement of zeolitic imidazolate framework (ZIF)-8.

The computational studies focused on studying [Py14][NTf2]0.67/[Li][NTf2]0.33 in detail. Comple-
mented by experimental studies, it was demonstrated that while Li+ ions in the SiIL come with the
slowest relative transport properties in bulk, the transport mechanism changes from a vehicular to a
ligand-exchange mechanism in confinement, making Li+ cations the most dynamic species within the
ZIF-8 framework moving independently. This was shown by calculating the mean square displacement
(MSD) of all ions and three dimensional density distributions discussed in Section 2.4.1. Experimental
findings further showed that the interactions of the IL cation with the ZIF-8 framework impacts the
Li+ transport. Overall, the interplay between the ions and the MOF impacts the ion–ion interactions,
while fine-tuning the competitive coordination of the IL cation and Li+ towards the framework was
identified as a pathway for improving transport limitations.

The characteristics of confined water in CNTs and vertically aligned carbon nanotube array (VANTA)
were discussed in Chapter 6. For the setup of the simulation boxes and especially for the later analysis,
CONAN was significantly expanded to handle multiple, flexible CNTs simultaneously and to calculate
dynamic properties such as the MSD and layer residence times (see Section 2.4.2). Furthermore, a
novel analysis tool provided insight into the orientation of the water molecules with respect to the
interface. The MB-pol model was utilized for a detailed description of water (see Section 1.6). While
it has been shown to be a very precise model in bulk, it was the first time this model was applied to
water in the extreme confinement of sub-nanometer CNTs. The accuracy of the model was validated
by the very good agreement between the computed infrared spectra and experimental references.

In differently sized CNTs considered, water molecules either form a single-file arrangement with
a one-dimensional HB network, pentagonal rings stacked along the CNT axis, or more complex
structures with two radial layers and less strict ordering. For water confined in (10,0) CNT or (15,0)
CNT, the O–H bond stretching modes were drastically altered. While some O–H bonds were well
aligned in the hydrogen-bond network, other O–H bonds were dangling, oriented towards the interface
signaled by high frequency components in the infrared spectra. Ultimately, it was shown that the
hydrogen bond network governed the structural arrangement within the confinement. In less extremely
confined environments, where water molecules have more structural freedom, polarization effects
proved to play an increasingly important role.

Changes in the orientation of water within the largest considered CNT were observed when
accounting for carbon polarization, with water molecules oriented more toward the carbon wall.
Additionally, modeling VANTAs instead of single, isolated CNTs was found to make confined water
more dynamic, with reduced intermittent HB life times and layer residence times, underlining the
impact of stacking effects when considering multiple CNTs. Both the stacking effects, as well as the
carbon polarization were found to be crucial to consider for accurately describing the orientation of
water at the CNTs interface, and capture its dynamics.

To summarize, the novel analysis tools presented for evaluating dynamic and structural properties
in CONAN have been shown to be very effective in studying anisotropic systems. In addition, CONAN
provides a platform for developments. Further analysis options such as reorientation times of individual
molecules, or their degree of confinement,195,196 would be valuable future additions to the code. It
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is therefore advantageous to continue developing CONAN and expanding its functionality. Given the
evaluation tools already available and the ever-improving possibilities for modeling molecular systems,
studying the behavior of electrolytes at interfaces and in nanoporous materials under applied electric
fields is another promising research direction. This involves not only the molecular structuring under a
constant applied field, but also the molecules’ dynamic behavior during charging and discharging cycles
in order to understand and optimize the interplay between electrolyte and electrode, maximizing the
capacity of electric devices such as batteries or electric double-layer capacitor (EDLC). Additionally,
functionalization or doping the carbon based nanoporous materials has been shown to impact the
behavior of the confined liquid and poses as promising options for further advancements.

The second part of this thesis was devoted to research on nanoplastic (NP). Chapter 7 focused on
pathways for generating stable NPs and NP aggregates. Using MD simulations and semiempirical
methods, the structure and behavior of NPs and their interactions with the antibiotic tetracycline (TC)
were investigated for the four plastics polyethylene (PE), polypropylene (PP), polystyrene (PS) and
nylon 6,6 (N66). In a first step, NP particles were folded from individual polymer strands, using
simulated annealing. To form the NP–TC aggregates, two pathways were compared: a complete
refolding of the plastic particle together with the drug, and the placement of the antibiotic on the
surface of a prefolded NP at various positions. It was shown, that a complete refolding yielded
energetically more stable aggregates, as the larger configurational freedom allowed for TC to assume
favorable positions embedded between the polymer chains. Competing forces were at play when
the particles formed. Plastic–plastic interactions between the polymer chains govern the shape and
alignment of the strands, while the antibiotic-plastic interactions compensate for a disruption to
this polymer chain alignment upon embedding. Depending on the type of plastic, the governing
intermolecular forces which ultimately determined the shape of the NP and positioning of the antibiotic
were either van der Waals interactions (PE, PP, PS), or the formation of hydrogen-bond networks
(N66). Steric hindrances introduced by side groups were also found to play a crucial role, as they
limited the translational freedom of polymer strands with respect to one another. MD simulation
showed, that the movement of the antibiotic on the surface of a given NP was, depending on the
plastic type, rather dynamic. The antibiotic stayed attached, but mobile on the NPs when modeling
the NP–TC aggregates in explicit aqueous solvation, which confirmed the affinity of the TC to interact
with the nanoplastics. Together with the calculated adsorption energies, MD simulations indicate that
the sorption mechanism is reversible, and the affinity of plastic–drug interactions highly depend of
the type of plastic. Experimental findings supported these results, showing that these interactions
potentially impact human health, as TC-induced marker expressions showed a reduction of up to 50%
in human and mouse cells in the presence of nanoplastics.

In Chapter 8, the polymer folding using simulated annealing was further optimized. NPs were
generated through temperature protocols of changing cooling rate, highlighting that slower cooling
rates of 50 ns were necessary for generating energetically low-lying NP structures, as a slower cooling
allowed for the exploration of a comparatively larger configurational space. The approach proved
reliable in forming stable nanoparticles, yielding a large variety of stable conformers coming in vastly
different conformations and shape. The quality of the approach was validated for all considered plastic
types by further structural optimization and evaluation using density functional theory, ultimately
supporting the validity of the simulated annealing approach for conformational search.

The overall shape of the nanoplastics was found to depend to competing effects. To minimize
the surface-to-volume ratio, polymer strands tend to aggregate into spherical shapes for a minimal

63



Chapter 10 Summary

surface area of the particle. This stands in contrast to the energetically favorable formation of
parallel, well-aligned strands forming crystalline phases within the internal structure of a NP. This
was demonstrated in detail for PE, where the structural evolution over time was observed during the
polymer folding in the simulated annealing simulations. It was found that the polymer chains assume
an increasingly aligned arrangement over time, increasing the order of strands with respect to each
other, while the overall NP shape increasingly deviates from a spherical shape. For N66 in contrast,
the formation of the hydrogen bond network between the amide moieties was found to influence the
internal polymer structure most substantially.

Further progress in generating NPs was presented in Chapter 9. While it was established that the SA
method can be utilized to reliably generate large sets of NP structures, the approach is computationally
expensive and restricted in the sense, that the lengths and number of polymer chains forming NPs are
predetermined.

These limitations were addressed by the development of a novel approach. Instead of using a
defined number of polymer strands of set lengths, simulations were started from individual monomers.
In an initial step monomers aggregated, forming a single particle, which was then followed by a
polymerization of the monomers resulting in the formation of interwoven polymer strands. The
structuring is governed by monomer–monomer interactions and avoids much of the steric hindrance
which is particularly present for interwoven, long polymer strands. The set of NPs produced using
the new ansatz showed a varying number of polymer strands of differing lengths, highlighting their
structural diversity. Additionally, the approach allowed for the formation of polymer rings, where the
monomer units form a loop during polymerization.

The novel approach is computationally efficient and offers a great structural variability, while many
of the generated NPs were low energy, underlining the quality of the produced geometries. However,
although the initial aggregation of individual monomers ensures that the forming polymers were in a
reasonable configuration relative to each other after the polymerization step, it can be assumed that a
combination of the new approach with a subsequent simulated annealing step would further advance
the description of NPs through theoretical models.

As a prospect, further progress in modeling NPs could be achieved by also considering functional-
ization of NP surfaces. A significant portion of NP particles found in the environment originates from
degradation processes and it can be assumed that at least parts of their surfaces are functionalized.
Thus, a vital next step toward generating sets of NP structures with a reasonably rich in diversity would
be the addition of functional groups. This would further advance the description of NPs at a molecular
level, facilitating the assessment of their environmental and toxicological impacts. Based on that,
further studies are needed to better understand interactions between plastics and other matter, ultimately
allowing for a more accurate risk assessment of the increasing concentration of NPs in the environment.

Overall, the two parts of this thesis presented contributions that significantly advanced the description
of nanomaterials, both analytically and conceptually. These findings paved the way for further, detailed
research efforts in studying the characteristics of nanoconfined liquids and nanoplastics.

64



Acknowledgements

Firstly, I would like to express my gratitude to my supervisor, Prof. Barbara Kirchner, for her guidance
and support in all academic matters over the past few years. I would also like to thank her for enabling
me to participate in numerous conferences and workshops. In this context, I would also like to thank
Prof. Markus Antonietti for being an external member of his group.

A research stay in the group of Prof. Francesco Paesani at the University of California in San Diego
helped me to grow both academically and personally. I would like to express my sincere gratitude to
him and his working group for the wonderful time I spent with them. This was also made possible by
a scholarship from the DAAD foundation, whom I would like to thank.

Many thanks also go to Prof. Thomas Bredow for serving as the second reviewer of the dissertation,
to Prof. Nikolay Kornienko for taking the role as the chair, and PD Dr. Gregor Hagelüken for joining
the doctoral committee.

Furthermore, I would like to thank Prof. Kirchner’s entire working group, which I was proud to be
a part of. Working together on collaborative projects and engaging in general scientific exchange and
joint activities was always fun.

In addition to the scientific community, I would like to express my gratitude to my parents, my
brother, and my friends for their unwavering support. Over the years, fellow students have become
close friends whom I do not want to be without today.

Lastly and most importantly, I would like to express my special thanks to Leonie, without whom I
would not be where I am today. Her constant support over the years has been invaluable in helping me
keep my focus on the important things in life.

65





APPENDIX A

Appendix: CONAN - Novel Tool to Create and
Analyze Liquids in Confined Space

Leonard Dick,𝑎 Barbara Kirchner𝑎

Received: July 14, 2023
Published online: October 31, 2023

Reprinted in Appendix A with permission from
L. Dick and B. Kirchner, CONAN - Novel Tool to Create and Analyze Liquids in Confined Space, J.
Chem. Inf. Model., 2023, 63 21, 6706–6716, doi: 10.1021/acs.jcim.3c01075
– Copyright (c) 2023 The Authors. Published by American Chemical Society. This publication is li-
censed under CC-BY-NC-ND 4.0: https://creativecommons.org/licenses/by-nc-nd/4.0/

Own contributions

• Writing the python code CONAN. This includes the core structure of the program, trajectory
processing, molecular recognition, structure generation and trajectory analysis tools.

• Running all MD simulations and analyzing all trajectories with the newly developed tools.

• Writing the paper.

𝑎 Mulliken Center for Theoretical Chemistry, Rheinische Friedrich-Wilhelms-Universität Bonn, Beringstr. 4 + 6,
D-53115 Bonn, Germany

67

https://doi.org/10.1021/acs.jcim.3c01075
https://creativecommons.org/licenses/by-nc-nd/4.0/


CONAN�Novel Tool to Create and Analyze Liquids in Confined
Space
Leonard Dick and Barbara Kirchner*

Cite This: J. Chem. Inf. Model. 2023, 63, 6706−6716 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Modeling of complex liquids at solid surfaces and in confinement is gaining attention due to an increase in computer
power and advancement of simulation techniques. Therefore, tools to set up structures and for analysis are needed. In this paper, we
present CONAN�a Python code designed to facilitate the study of liquids interacting with solid structures, such as walls or pores.
Among other things, the program provides the option to generate a variety of different structures, including carbon walls and
nanotubes and their boron nitride analogs, as well as the ability to analyze various structural properties of confined and interfacial
liquids. In the case of the ionic liquid 1-butyl-3-methylimidazolium acetate in carbon nanotubes of different sizes, we demonstrate
the abilities of our tool. The average density within the confinement highly depends on the carbon nanotube size, and it is generally
lower than the density of the bulk liquid. The arrangement of the individual species within the tube also depends on size, with radial
layers forming within the tubular confinement. The density is largely increased in the respective layers, while it is drastically reduced
between the layers.

1. INTRODUCTION
Carbon materials have been extensively studied, with idealized
structures such as pristine carbon walls and carbon nanotubes
(CNTs)1−13 as well as complex porous structures.14−16 It has
been observed that liquids in confinement and at interfaces
behave significantly different than in bulk. For example,
changes in the packing and the rearrangement dynamics
within the liquid can be observed.3,11,16−20
Ionic liquids (ILs), in combination with carbon materials,

are of particular interest because they are attractive for the use
in various electrochemical devices,21−25 especially high-
performance electrical double-layer capacitors (EDLCs).17,26

ILs consist solely of ions and remain in the liquid state at room
temperature. In these electrochemical systems, e.g., an IL in
porous carbons, the confinement changes the physical and
electrochemical properties, leading to a unique behavior.
Furthermore, the capacitance of the electrode is dramatically
enhanced when the pore size of the carbon material matches
that of the ions.15,17,27 The underlying effects of this
phenomena are not yet fully understood. Yet, it is known
that the adjustment of ILs and nanoporous carbon materials
has the potential to significantly improve the performance of
EDLCs.28,29 Observing the molecular level ordering and
analyzing the corresponding characteristics of a liquid inside
sub-nanometer confinement is experimentally challenging, and
support from theoretical studies are desirable. This in turn
requires the availability of simple-to-use and comprehensive

software tools. Our novel software CONAN presented herein
allows us to study liquids at the interface of solid structures,
which are either walls or pores and which are modeled at an
atomistic resolution. CONAN can generate a variety of
different carbon and boron nitride structures and combine
them with any liquid bulk system in order to create input
simulation boxes for simulations. More importantly, it provides
a set of analysis tools to evaluate trajectories with respect to the
properties of liquids in confinement. Hereby, some functions
and analysis options are already known from literature (e.g.,
the nanostructure build plugin in VMD30), or they have been
described in previous works.1,3,6,7,14,31−36 Further some novel
functions of CONAN are also provided. Since it is desirable to
have all the above-described functions available in one software
tool, CONAN was developed as a publicly accessible
software37,38 and is written in Python.39 The program accesses
some Python libraries and packages to optimize its perform-
ance. MDAnalysis40,41 is used to some extent to read
trajectories and NumPy,42 PANDAS,43 SCIPY,44 and NETWORKX45

are used for faster calculation performances. The MATPLOT-
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LIB,46 RDKIT,47 and PRETTYTABLE48 packages are used to
visualize the results, draw the identified molecules, and tabulate
information regarding the investigated system and analysis
results, respectively.
This article is structured into three main parts. First, the

methodology needed for the production of solid structures, the
setting up of a simulation box, and the respective analysis
options are presented in Section 2. Second and third, to
illustrate exemplary features of our software, a case study of 1-
butyl-3-methylimidazolium acetate ([C4C1Im][OAc]) within a
set of differently sized carbon pores is presented with
computational details given in Section 3 and results shown
in Section 4.

2. METHODOLOGY
2.1. Structure Generator. The automatic generation of

graphene, boron nitride, and related structures is an important
step toward being able to study the systems without having to
write a software tool each time or manually fixing the
structures. Other than CONAN, there are other published
plugins and programs that are able to produce a variety of
different crystalline structures, such as structures of cellulose,50

carbon walls, nanotubes, the corresponding boron nitride
analogues30 and more.51−53 Programs such as GOPY54 and
CONTUB55,56 allow for the functionalization of carbon walls
and the merging of different CNTs. Still, the combination of a
CNT and a graphene sheet has to be done manually so far to
obtain structures as in Figure 1g−j�a feature that is now
available in CONAN. Furthermore, it is also possible to dope
all carbon structures with graphitic nitrogen, as well as to
adjust units and bond lengths on the fly while generating the
structures.
For all the carbon structures, the default value for the

carbon−carbon distance is adjusted to rC−C = 142 pm,57 and
for the boron nitride structures, the boron−nitrogen distance is
set to rB−N = 144.6 pm.58 For the production of wall structures
(e.g., Figure 1a−d), the desired dimensions are chosen by the
user in x- and y-directions. Because it is important for
subsequent simulations that periodic boundary conditions
(PBC) are fulfilled in all the directions, the size is tuned
accordingly. To this end, the program automatically produces
structures that satisfy the PBC while being as close as possible
to the given input. The box dimensions that need to be
selected to fit the PBC are provided by CONAN. Additionally,
it is possible to produce multiple, stacked layers. The stacking
of the carbon sheets is carried out in a way that by shifting each
consecutive layer, an ABA layering is obtained with the default
interlayer distance of rL−L = 335 pm.57 In the case of the boron
nitride analogue, successive layers are not shifted. Instead, the
ABA layering is obtained by exchanging the positions of the
boron and nitrogen atoms in consecutive layers, while the
interlayer distance is set to rL−LBN = 333 pm.58 CNTs and boron
nitride nanotubes (Figure 1e,f) can be generated either in
armchair or in zigzag conformation, while the length and the
diameter of a tube is freely adjustable. The construction of a
tube is done in such a way, that the PBCs are satisfied with
respect to the direction of orientation. The given input length
of the tube is thus adjusted slightly, similar to the one
discussed for the carbon layers. The diameter of a (n,n)
nanotube (armchair), or (n,0) nanotube (zigzag) is defined via
n, which is the number of atoms that build the circumference.
Pore structures are constructed by merging walls and a
nanotube of choice via two ways. One possibility is to produce

open-pore structures, where walls are attached to each open
end of a given tube, while the atoms of the wall which cover
openings are discarded (Figure 1g,h). The other option is to
attach a wall on one side, while the other open end of the tube
is closed (Figure 1i,j). The output file of a structure is given in
xyz-format, either in units of Ångstrom, Bohr, or arbitrary units
set by the user. All structures can be combined with any bulk
liquids using CONAN to set up the desired system.

Figure 1. Variety of structures generated using CONAN. All the
structures were visualized in bond representation using VMD.30,49 (a)
Front view of a carbon wall. (b) Side view of multiple carbon layers,
stacked in an ABA fashion. (c) Front view of a doped carbon wall with
10% graphitic nitrogen. (d) Front view of a boron nitride wall. (e)
Front view of a (18,0) CNT. (f) Side view of a (8,8) boron nitride
nanotube and a (18,0) CNT (g) Front view of a boron nitride pore.
(h) Side view of a boron nitride pore. (i) Front view of a closed
carbon pore. (j) Side view of a closed carbon pore.
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2.2. Snapshots of a Given Trajectory. Herein, all
snapshots were visualized using the rendering plugin of
VMD.30,49 With the aid of CONAN, one can cut out
individual frames from a given trajectory file. It also allows
to identify, characterize, and cut out a pore structure from a
given frame adding the nanotubes center point. Extracting only
the nanotube from the pore structure (Figure 2) is also

possible. Additionally, one can extract the nanotube including
the liquid that is confined within it, either atom- or molecule-
wise. The molecule-wise extraction always considers complete
molecules, even those that are only partially within the CNT.
In the atom-wise extraction, only those atoms are considered
that are within the confinement, without taking bonds into
account.

2.3. Trajectory Analysis. There are established programs
(such as TRAVIS59,60 or MDANALYSIS40,41) that offer features for
reading and analyzing trajectories. However, the available
analysis options are typically designed for investigating bulk
liquids and are often not applicable to anisotropic systems,
such as liquids in confined environments. CONAN, on the
other hand, is designed for the analysis of trajectories of
anisotropic systems consisting of solid and liquid. A tool to
identify all molecules and structures is implemented, allowing
for an analysis to be performed individually for each molecular
species. PBCs are thereby taken into account. In addition, the
atoms in each unique molecule are labeled and images of the
individual structures are generated. This makes it possible to
perform each analysis exclusively for certain atoms of a
molecule. The molecule recognition relies on one single frame
of the trajectory; this automatically excludes the analysis of
chemical reactions. Solid structures within the system are
recognized by additionally analyzing a consecutive frame and
labeling molecules as solids if they display no movement. The

solid structures therefore have to be kept frozen in position
over the course of the simulation.

2.3.1. Radial Density Profiles. CONAN provides the option
of computing radial density profiles. Thereby the space around
the center axis of a tube is divided into n distinct radial
increments as shown in Figure 2 by red circles, up to the wall
of the nanotube (rΔn=max = rCNT). The volume of the nth
increment (VΔn ) is computed by simplifying the tube to be a
cylinder, using the length of the CNT (lCNT) as its height and
the following equations

V r l( )n n
cyl

2
CNT= · · (1)

V V V l r r(( ) ( ) )n n n n n
cyl cyl

1
CNT

2 1 2= = · · (2)

Vcyln is the volume of a cylinder of length lCNT and the radius of
the nth increment (rΔn ). Vcyln−1 is the volume of the cylinder of
the same length and the radius of the next smaller increment
rΔn−1. While scanning the whole trajectory, each atom inside the
tube is identified, weighed by either its element mass or its
partial charge, and the distance to the center axis (drad) is
calculated. The identified atom is then assigned to the
appropriate increment according to rΔn < drad > rΔn−1. After
completing the scan, the average mass/charge density of the
liquid (ρΔn /ρ(q)Δn ) in each increment is determined. This is
achieved by dividing the total mass (mtotal

n )/charge (qtotaln )
obtained within a specific increment by the volume of that
increment and the number of analyzed time steps (TS), using
the following equations

m
V TS

n
n

n
total=
· (3)

q
q

V
( )

TS

n

n
n total=

· (4)

To refine the computed results, they can be normalized by
dividing drad by the radius of the CNT (rCNT). Additionally,
mirroring the results is an option provided to illustrate the
relationship between the obtained results and the image of a
CNT. It is also possible to display the results in the form of a
contour plot. An example is given in the Supporting
Information, where the radial density of the IL within the
confinement is shown for system 18.

2.3.2. Accessible Volume. The accessible volume inside a
pore is characterized as the space that can be occupied by the
atoms in the confinement. This is determined by scanning each
frame of the trajectory to find the atom inside the confinement
that is situated furthest with respect to its center axis, that is,
closest to the wall of the tube. The accessible radius (racc) is
then calculated by adding either one of the two options, the
van der Waals radius61 or the covalent radius62 of the given
element to the position of the atom. The accessible volume is
computed using eq 1, where rΔn is substituted by racc as the
radius. The calculated accessible volume can be subsequently
used to compute the axial density profile, which is discussed in
the next section. If the analysis is performed only for a
particular type of molecule, then the accessible radius will also
be calculated only for that species in the system. When
conducting this analysis, CONAN also provides the xyz-
structure of the CNT, including the most displaced atom, as
depicted in Figure 2.

2.3.3. Axial Density Profile. Another option is the
calculation of an axial density profile along the entire

Figure 2. Front view of a (18,0) CNT with its center axis highlighted
by the red dot in the center. Each increment describes the area
between two red circles, which are the increment borders. The most
displaced atom, in this case a hydrogen, is depicted with its van der
Waals radius. racc describes the distance between the center point and
the displaced atom, including its van der Waals radius. The figure was
visualized using VMD,30,49 employing the bond model for the CNT
(cyan) and the van der Waals radius model for the hydrogen atom
(white).
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simulation box, including the bulk phases. To correctly
compute the density inside the tube structure, the center axis
must be oriented along the z axis in the simulation box. The
volume of the CNT is calculated either using the accessible
radius racc, which is computed on the fly (Section 2.3.2) during
the analysis, or using the CNTs’ radius rCNT. The radius of the
CNT is defined as the distance between a carbon atom of the
CNT and the center axis (Figure 2). The number of
increments and therefore the respective volumes can be freely
adjusted. As the volume of the respective increments in bulk
and in confined space differ, multiple regions are defined in the
simulation box (Figure 3). The number of increments
subdivides the confined space and the bulk phases
independently to ensure that an increment does not cover an
area that is partially in the bulk and partially in the confined
space. The entire trajectory is scanned and all atoms are sorted
into a respective increment, weighed by its element mass. All
obtained total increment masses are then divided by the
number of frames used for the analysis and the respective
increment volume to obtain the density profile.
The results can be further processed using CONAN. The

binning within the pore can be increased by mirroring the
obtained densities at the center point of the pore and calculate
the average. In addition, the center of the pore can be set as
origin on the axis.

3. COMPUTATIONAL DETAILS
3.1. Simulation Box. The simulation boxes (see Figure 4)

were built employing CONAN, combining the previously
produced carbon structures (see Section 2.1) with two
reservoirs of the IL [C4C1Im][OAc], each comprising 200
ion pairs. When the simulation box is built, a distance criterium
assures that the individual pieces which are to be combined
(e.g., pore and bulk) are merged with a space of 300 pm in
between to avoid initial hotspots. The exact workflow is
described in the Supporting Information.

3.2. Molecular Dynamics Simulations. Classical MD
simulations of the pure IL [C4C1Im][OAc] were carried out in
order to study the behavior of the liquid in confined space of
differently sized CNTs. A bulk simulation of the IL serves as a
reference system. The IL was modeled using the atomistic
CL&P force field,63,64 which has the same functional form as
the OPLS-aa force field.65 Electrostatic interactions are
computed using the Ewald summation formalism, while the
Lennard−Jones interaction potential was implemented to
model interatomic interactions using Lorentz−Berthelot
mixing rules up to the cutoff distance set to 12 Å. In case of
the carbon structures, the potential parameters of Cole and
Klein66 were used. Unity charges of 1.0e were chosen for each
ion. All simulations were carried out using the Metalwalls
code67 with the TS set to 1 fs. The bulk simulation was
equilibrated for 2 ns in an NpT ensemble at 400 K, using a

Figure 3. Side view of the simulation box with the incrementation areas depicted. The system was visualized using VMD,30,49 using a ball-and-stick
model for the ions (anion: red, cation: green). The carbon walls and pores are not depicted.

Figure 4. Exemplary system of two bulk phases with a (18,0) CNT in the center. The carbon walls on either sides act as pistons, applying 1 bar of
pressure on the liquid. The IL is shown in a ball-and-stick model (anion: red, cation: green), while the carbon structures are shown with a bond
model (blue). The system was visualized using VMD.30,49
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cubic box containing 250 ion pairs of the IL before starting the
subsequent production run of 10 ns in a canonical ensemble.
The obtained density of the reference system ρ0 = 0.973 g/cm3

is in close proximity to the experimental results, with a
deviation below 2%.68

For the simulations of the IL in confinement, two IL bulk
boxes were merged with two carbon walls and different carbon
pore structures as described in Section 3.1. Each system
comprises a total of 400 ion pairs of the IL, two outer carbon
walls, and the respective pore structure composed of a CNT
with a carbon wall on each open end. As for the bulk system, a
temperature of 400 K was adjusted. All carbon structures were
kept rigid in the simulation. After the construction of the
system (workflow in Supporting Information) and a
preequilibration, the systems were further equilibrated for 1
ns in an Np(z)T ensemble, where PBCs were applied in x- and
y-directions, while the carbon walls on each side of the box
posed as pistons, acting on the liquid with a force of 1 bar.
After a final equilibration phase of 1 ns in a canonical
ensemble, the production run of 10 ns was set, saving every
250th TS.
The carbon walls employed in the presented systems consist

of 576 atoms and extend up to 3834 pm in x direction and
3935.2 pm in y direction with PBC applied in both. The
employed pore structures composed of CNTs of different sizes
are listed in Table 1. In case of the pores with a (16,0) CNT,

three different systems were set up using CNTs of different
length to check if the set lengths of approximately 4000 pm in
z direction are sufficient to describe the confined space inside a
CNT. Additionally, the input Metalwalls files are provided in
the Supporting Information for total reproducibility.

4. CASE STUDY: IL INSIDE A PORE
4.1. Radial Density Profiles. 4.1.1. Mass Density. Radial

density profiles were calculated for each system to gain insight
into the packing of the IL within differently sized nanopores,
depicted in Figure 5. In case of the three systems with pores
comprising a (16,0) CNT, only 16a is shown, because
differences between the three CNTs of different length are
negligible, see Supporting Information. Besides the overall
density distributions for the IL (black), the individual
contributions from the anion (red) and cation (blue) are
depicted with the distances (drad) being normalized by the
radius of the respective CNT (rCNT). The obtained densities ρ
are divided by the bulk density of the reference system ρ0 and
mirrored with respect to the CNT center. This is done to
visualize the connection between the snapshots of the
respective CNTs filled with IL and the obtained density
profiles of Figure 5. Unsurprisingly, the larger contribution to

the density profiles of the IL comes from the cation, because
the molecular mass of the cation is larger compared to that of
the acetate. Please note that over the course of the simulation,
the number of the cations and anions inside the confinement
may vary. Thus, especially for the smallest pore structures, the
individual contributions change with respect to the filling of
the pore. The shape of the individual ion density profiles is not
affected.
In system 12, the [C4C1Im]+ density profile shows that the

cations are located at the CNTs center axis. The maxima at |
0.075| drad/rCNT indicate just a minor shift toward the carbon
wall. The nanotube and cation size therefore almost perfectly
match, allowing only for minor adjustment in the cations radial
position. The second set of maxima at |0.215| drad/rCNT also
indicate that the rotational freedom of the cation with respect
to the wall is hindered and a certain orientation toward the
wall of the CNT is preferred. The density profile of the
[OAc]− anion shows a more pronounced shift toward the
carbon interface, with distinct maxima at |0.255| drad/rCNT
while the density at the center is close to 0. Due to its smaller
size, the anion has greater freedom to move within the
confined space, enabling it to minimize the distance to the

Table 1. For Each System, the Number of Atoms of the
Implemented Pore, the Respective Employed CNT, Its
Radius rCNT, Its Length lCNT and Its Volume VCNT are Listed

system no. atoms CNT rCNT [pm] lCNT [pm] VCNT [106 pm3]

12 1540 (12,0) 470 4130 2866
14 1600 (14,0) 548 4127 3894
16a 1654 (16,0) 626 4125 5078
16b 1782 (16,0) 626 4978 6128
16c 1974 (16,0) 626 6258 7704
18 1698 (18,0) 705 4123 6438
20 1750 (20,0) 783 4122 7939

Figure 5. Radial mass density distributions of the IL inside the pores
of systems 12, 14, 16a, 18, and 20. The overall density profile is
shown in black, the individual contributions from the cation in blue,
and from the anion in red. Above the respective plots: CNTs of the
respective pores in a bond model (blue), the ions in a ball-and-stick
representation (color code: carbon = orange, hydrogen = white,
nitrogen = dark blue, oxygen = red). Please note, 1.0 drad/rCNT marks
the location of the CNT atoms.
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interface and thereby, maximize its interaction with the CNT
wall.
The density in the center of the CNT is quadrupled

compared to the bulk density, and quickly decays to values
below 10% of the reference density for values >|0.455|drad/
rCNT, which corresponds to a distance of 214 pm from the
center.
With increasing pore size, the packing of the IL within the

pore changes to a tubular shape, which was also observed in
other studies.69,70 A tubular shape means that the ions are
shifted from the center to maximize the liquid−wall
interactions, resulting in an increased density at the interface,
while the density in the center is drastically decreased. The
distances between the maxima in the density profiles
correspond to the diameter of the tubular IL packing. In
case of system 14, this amounts to 378 pm (system 16a: 532

pm; system 18: 698 pm; system 20: 853 pm). Interestingly, in
the case of system 18, the tubular arrangement of the IL gets
an additional central contribution, that is, an increased density
arises around the center axis compared to the smaller systems.
This effect is especially present for the [OAc]− density profile,
where four distinct maxima at |0.225| and |0.505|drad/rCNT are
present. This indicates the emergence of a second radial layer
inside the confinement. These observations are supported by
the largest investigated system, system 20, where an additional
maximum in the density profile is present at the center. It
indicates the formation of a chain of IL species positioned in
the center of the CNT, composing the second radial layer
inside the confinement. The species in the center of the pore
do not come into direct contact with the pore wall and
presumably have different characteristics regarding diffusivity
and conformation with regard to their counterparts directly at

Figure 6. Radial mass density distributions of the elements in the individual ions inside the pore of system 18. In the case of the cation, the
distribution for carbon is shown in purple, for hydrogen in blue, and for nitrogen in cyan. For the anion, the distribution for carbon is shown in
yellow, for hydrogen in orange, and for oxygen in red.

Figure 7. Radial charge density distributions of the IL inside the pores of systems 12, 14, 16a, 18, and 20. The overall density profile is shown in
black, the individual contributions from the cation in blue, and from the anion in red.
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the interface. Several previous works showed that species in the
center of a given pore diffuse faster compared to species at the
interface of the carbon structure.16,71,72 In the future, CONAN
will also provide the possibility to study dynamic properties,
such as diffusion, of the liquid to gain further insight into its
behavior in confinement.
For a more precise determination regarding the positioning

of the respective ions in the confinement, it is also possible to
calculate the contributions of the individual atoms from each
molecule. In the example of system 18, Figure 6 shows the
individual contributions of the elements of the cation and the
anion, respectively.
Based on the individual contributions, it can now be seen

that, especially in the case of the cation, the largest |drad/rCNT|
values in the density distribution of the respective ions can be
attributed to the hydrogen atoms. In addition, the comparison
between the distribution of the carbon atoms and that of the
oxygen atoms from the anion is interesting. While the density
profile of the oxygen splits and marks two preferred positions
(0.25 and 0.55 |drad/rCNT|) from the central axis, this is not the
case for carbon with one maximum at 0.5 |drad/rCNT|. It
therefore becomes clear that there are not yet two different
layers in system 18. The double peak of the oxygen
distribution can therefore be explained by the fact that the
anion is no longer oriented exclusively toward the pore wall,
but that the carboxylate group also assumes a conformation
perpendicular to the pore wall, in which an oxygen atom points
toward the center axis.

4.1.2. Charge Density. The systems presented here have
been modeled with standard force fields, therefore each atom
of the ions has been assigned a fixed partial charge. The
charges attributed to each atom are listed in Table S1 in the
Supporting Information. In the case of the acetate anion, the
oxygen atoms in particular are partially negatively charged,
whereas the hydrogen atoms are partially positively charged.
The carbon atom of the carboxylate group also carries a
positive partial charge. In the cation, the positive charge is
localized on the nitrogen and hydrogen atoms, while the
carbon atoms bear partial negative charges. The charge density
distribution functions therefore contain information about the
accumulation of charges.
Radial charge density profiles were calculated for each

system and are depicted in Figure 7. The charge density for the
largest respective |drad/rCNT| values is positive for all systems,
highlighting that the atoms closest to the pore walls are
hydrogen atoms. Thereby, the curves of the IL and the cation
are almost on top of each other, indicating the predominant
contribution at these maximum distances stem from the cation.
In the case of the anion, the charge density is also positive for
the largest |drad/rCNT| values, which can be attributed to the
hydrogen atoms of the methyl group. Nevertheless, the charge
density drops to negative values for smaller |drad/rCNT| values,
which can be assigned to the oxygen atoms of the carbonyl
group and thus describes their positions within the pore.
Therefore, the preferred position of the anion in the smallest
systems, as already described in the radial density profile, is
close to the pore wall and offset from the pore center. For
increasing pore diameters, a second radial layer of the anion is
formed within the confinement (system 16a and 18) and in
system 20, even a third layer is observed, exactly in the center
of the pore. It is also striking that the radial charge density
distribution of each system behaves in an oscillating manner,
with the outermost values always being positive as previously

stated. The number of oscillations thereby depends on the size
of the pore, with the ordering becoming increasingly more
complex for larger radii. The number of oscillations exceeds
the number of anions and cations arranged side by side, which
means that the orientation of the individual ions and their
partial charges causes and amplifies these oscillating charge
distributions. This assumption is further supported when
looking at the charge densities of the individual ions. Here, too,
the alternating course of the charge density can be clearly seen,
which indicates a certain preferred positioning of the ions
within the confined space.

4.2. Accessible Volume. The accessible radius and
volume of each pore were computed for all systems and are
listed in Table 2. For all investigated pores, the accessible

radius racc is 80−90 pm smaller than the respective rCNT. From
visual observation of the most displaced atoms, it becomes
apparent that the identified atoms are embedded in a hexagon
of the carbons honeycomb structure, minimizing the ion−wall
distance (see Figure S4 in the Supporting Information,
showing the most displaced atom in system 14). For the
pores in systems 16a−c, the obtained accessible radii differ
slightly with racc being 8 pm larger in system 16c, where the
pore is composed of the longest CNT, compared to system
16a with the shortest CNT. The deviation arises from the
increased volume for the longer pore structures, leading to a
higher amount of species in confinement and more sampling.
Nonetheless, the difference is below 1.5%, therefore deviations
are minor. Δρ is defined by 1 − ρacc/ρ0 and describes the
percentage of the density that is reduced inside the respective
confinement (Table 2). The results show a large decrease in
density within all CNTs, with the effect becoming more drastic
for smaller radii. In the (12,0) CNT, a reduction of the density
of about 60% is achieved. This drops to about 30% for the
larger CNTs studied, which is still significant. To evaluate the
results, it should be mentioned that in the two smallest
systems, anion and cation cannot exchange places, because the
confinement restricts it. Thus, parts of the density decrease are
due to the fact that ions of the same type can be adjacent
inside the confinement, repelling each other and creating small
gaps in between them. The arrangement of the ions within the
CNTs is also described in detail in the next chapter. For the

Table 2. The Obtained Accessible Radii racc, Calculated
Employing the Respective Elements van der Waals Radii,
and the Deviation Δr, Which is Defined as 1 − racc/rCNT and
Describes the Percentage the Accessible Radius is Smaller
Compared to rCNT

aare listed

system
racc
[pm] Δr [%]

Vacc
[106 pm3]

ΔV
[%]

ρacc
[g/cm3]

Δρ
[%]

12 380 19.15 1874 34.6 0.394 59.5
14 462 15.54 2767 28.9 0.516 47.0
16a 539 13.90 3765 25.9 0.647 33.5
16b 540 13.85 4560 25.6 0.643 33.9
16c 547 12.65 5882 23.7 0.657 32.5
18 617 12.36 4931 23.3 0.644 33.8
20 702 10.43 6382 19.6 0.692 28.9

aThe accessible volumes Vacc and the densities of the IL ρacc are also
listed (see Figure 2). ΔV describes the percentage by which the
volume is reduced, comparing Vacc to VCNT (1 − Vacc/VCNT). Δρ is
defined by 1 − ρacc/ρ0 (ρ0 = 0.973 g/cm3) and describes the
percentage to which the density is decreased with respect to the
reference bulk system.
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systems 16a−c, 18, and 20, the rearrangement of the ions
within the confinement is possible, but nevertheless significant
reductions in density are observed. In the comparison of the
three systems, 16a−c, it is also clear that despite better
sampling for the longer pores, Δρ changes only slightly, with a
maximum difference of 1.4%.
The occupancy of a given pore describes the proportion of

the volume of the CNT (VCNT) that can be accessed by the IL
and is defined as Vacc/VCNT. The results for the different
systems, including systems 16b and 16c are plotted against the
accessible radius racc of the respective CNT and are depicted in
Figure 8. It is apparent that the occupancy increases steadily

for larger tube radii and highlights that the choice of the radius
for the computation of the pore volume (racc or rCNT) is crucial
when calculating the density, especially for the smallest CNTs.
Figure 8 also illustrates the computed average densities of the
confined IL for CNTs of varying accessible radii. Smaller tube
radii are accompanied by a significant reduction in average
density, particularly for the two smallest pores. It is important
to emphasize here again, that rearrangement of ions within
these smallest pores is not possible, resulting in small cavities
within the confined space. Therefore, the arrangement and
filling of the pore are both critical points to consider when
doing such an analysis.

4.3. Axial Density Profile. Besides the radial densities of
the IL inside a pore structure, axial density profiles of the liquid
were computed along the pore axis for all systems (Figure 9).
A comparison between the systems 16a−c is provided in the
Supporting Information. In every system, between roughly |
2100| and |6500| pm, the two bulk reservoirs of the IL show
the typical density oscillations described in literature.1,7,32 In
the center of the respective IL reservoirs (|4300| pm), the
oscillation of the density profile is hardly to no longer present,
which shows that the imposed structuring of the IL at the
interface has little influence on the structure in the respective
reservoirs center. The density profile of system 12 shows that
the center of the pore is filled with an anion surrounded by two
cations. The mobility of the ions in the confinement appears to
be small, since the density profile indicates defined areas in
which the respective ion permanently resides. The open ends
of the pore are occupied by additional cations that reside at a
distance from the cations inside the pore. Gaps are present in
between the adjacent cations, indicated by the minima in the

density plot at around |1500| pm. This shows that automatic
filling of the smallest pores (systems 12 and 14) during the
simulation does not necessarily lead to an alternating packing
of anions and cations within the confinement, because the
rearrangement of the species is not possible. If the alternating
arrangement is to be enforced, it is recommended to fill a pore
from only one side, or do it manually.
For the IL confined in the (14,0) CNT, the alternating

arrangement of the different species within the pore is also
clearly visible from the respective density profiles, but with two
cations being adjacent in the center of the pore. Comparable to
system 12, this also results in a gap within the pore between
the ions of the same species, indicated by the reduced density
of the individual ions at 0 pm, see Figure 9. Regarding the
density profile of system 16a and supported by the visual
inspection of the corresponding trajectory, it is apparent that
the rearrangement of ions within the confined space is possible
for pores of these and larger sizes. The oscillation of the
density profiles within the confinement is also significantly
weakened. This applies to the overall density profile of the IL
as well as to the contributions of the individual species,
suggesting a different ordering and movement of the species
within the confinement. The cross-section inside the CNT is
thereby sufficiently large to allow for an anion and a cation to

Figure 8. Occupancies (Vacc/VCNT) and average densities of the IL
inside the pore structures of different size, plotted against the
accessible radius racc. The occupancies are shown as bars. The overall
densities of the IL are depicted as a black graph, the contribution from
the cation in blue, and from the anion in red.

Figure 9. Axial density profiles of the liquid in systems 12, 14, 16a,
18, and 20 along the z-axis of the respective simulation boxes. The
overall density of the IL is shown in black, the individual
contributions from the cation in blue, and from the anion in red.
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reside next to each other. Very similar results were also
obtained for system 18. As shown in the analysis on radial
densities, the IL has a very similar tubular packing within the
pore. Again, the oscillating density profile is apparent in the
(20,0) CNT regarding the IL and the individual contributions
of the ions. This can be attributed to the presence of an
additional central channel within the pore (as depicted in
Figure 5), characterized by an alternating arrangement of
anions and cations.

5. CONCLUSIONS
We presented a novel program for the purpose of investigating
liquids in confinement. To showcase the options CONAN
provides, a case study of 1-butyl-3-methylimidazolium acetate
[C4C1Im][OAc] in well-defined pores of different size was
conducted. Throughout this work, a workflow is described how
to employ CONAN regarding the production of structures, the
setup of solid−liquid systems of interest and the implemented
analysis tools provided when studying liquids in confinement.
Among other things, the program offers the possibility to
calculate radial mass and charge densities of a fluid within
nanotubes. In addition, the accessible volume of a tube can be
determined, and an axial density can be calculated along a
simulation box. Based on the generated data, further
conclusions can be drawn, such as the calculation of the
occupancy within a tube and the average density of a liquid in
the confinement.
The case study of the IL shows that the liquid undergoes

large changes in confinement compared to the bulk, with the
change in density and packing being highly dependent on the
pore size. When pore and ion size match, the ionic species
align in a chain-like arrangement inside the pore, where the
exchange of position between species is not possible. The
structure of the IL changes to a tubular arrangement for larger
pore sizes. The density of the IL is thereby increased at the IL-
carbon interface, where the ionic species are shifted from the
center to the carbon wall. This is accompanied by a decrease in
density in the center of the pore, at least until the pore size is
sufficiently large to allow for a second radial layer inside the
confinement. It was also shown, that the overall density of the
IL inside the confined structures is decreased, with the effect
diminishing for increasing pore sizes.
In the future, the program will be extended to provide

additional options to study MD trajectories. It is planned to
extend the program with respect to the analysis of the
coordination environment of a confined liquid and the
calculation of diffusion properties. It is also planned to extend
the structure building tool to other structures and materials.
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BnnqchmWshnm AdgWuhnq ne W Bnmymdc Hnmhb Khpthc hm BWqanm
MWmnstadr eqnl LnidbtiWq CxmWlhbr RhltiWshnmr
Otaihrgdc Tr oTqs ne Pgd IntqmTi ne OgvrhbTi Bgdlhrsqv : uhqstTi rodbhTi hrrtd yBLCJ�.9.sg Bnmfqdrr nm Cnmhb
Jhpthcr“-

KdnmLoc Bhbi� DLh ,rbelr̈kkdo� Lmc ,LoaLoL Dhobemdo�

Bhsd Sghr9 D� Mgtr� Bgai� 3 1/13� 017� 3341y3373 PdWc Nmihmd
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;ARSP;BS9 Sn tmcdqrs_mc sgd adg_uhnq ne hnmhb khpthcr ’HKr( _s
b_qanm l_sdqh_k+ h-d-+ b_qanm m_mnstad ’BMS(,bnms_hmhmf onqdr+ vd
rhltk_sdc chödqdms rxrsdlr _mc _m_kxydc sgdhq rsqtbstq_k�hm
o_qshbtk_q sgdhq bnnqchm_shnm�adg_uhnq _r vdkk _r sgdhq udknbhsx
chrsqhatshnm- Sgd dwsdmrhnm ne ntq _m_kxrhr snnk BNM@M oqdrdmsdc
gdqd _kknvdc tr sn rstcx sgd bnnqchm_shnm adg_uhnq _r _ etmbshnm ne
sgd chrs_mbd sn sgd b_qanm l_sdqh_k- Ntq rxrsdlr vdqd bnlonrdc ne
sgqdd chödqdms BMSr bnlahmdc vhsg dhsgdq sgd md_s HK 0,dsgxk,2,
ldsgxkhlhc_ynkhtl sdsq_fitnqnanq_sd nq vhsg sgdhq M_AE3 r_ks
lhwstqdr- Vd hmudrshf_sdc sgd hlo_bs ne sgd enqbd fidkc bg_qfd
rb_khmf- @r oqduhntrkx cdsdbsdc+ sgd md_s HK _rrtldc q_ch_k k_xdqr
vhsghm sgd bnmfimdldms+ vhsg sgd q_ch_k cdmrhsx chrsqhatshnm
cdodmchmf rsqnmfkx nm sgd onqd rhyd- Enq sgd r_ks lhwstqdr+ sgd
rnchtl b_shnm qdl_hmdc hm sgd atkj _mc v_r nardqudc nmkx nmbd hmrhcd _ stad- Hm _kk rxrsdlr+ sgd hnmr rgnvdc _m nudq_kk cdbqd_rdc
bnnqchm_shnm adg_uhnq enq qdfhnmr hm sgd atkj og_rd bknrd sn sgd b_qanm onqd _mc vhsghm sgd bnmfimdldms- Sgd bnnqchm_shnm mtladq
v_r _kv_xr qdctbdc vhsg rb_kdc bg_qfdr- Enq bg_qfd rb_khmf+ ghfgdq cxm_lhbr v_r nardqudc _krn hm bnmfimdldms- Hmsdqdrshmfkx+ sgd
_udq_fd udknbhsx ne sgd _snlr md_q sgd rtqe_bd hmrhcd sgd bnmfimdc ro_bd v_r ghfgdq sg_m sg_s hm sgd bdmsdq ne sgd onqd-

0� HMSPNCTBSHNM
Khpthcr _s rtqe_bdr _mc hm bnmfimdc ro_bdr adg_ud rhfmhfib_mskx
chödqdmskx eqnl sgdhq atkj og_rd+ vhsg sgd qdrtkshmf ogxrhb_k
oqnodqshdr adhmf ghfgkx cdodmcdms nm sgd sxod ne khpthc _mc
rnkhc-0−6 Sghr hr o_qshbtk_qkx hlonqs_ms enq dmdqfx cduhbdr
vgdqd sgd khpthc hr hm bnms_bs vhsg _m dkdbsqncd- @s sgd
lnkdbtk_q kdudk+ sgdrd oqnodqsx bg_mfdr qdrtks eqnl khpthc−
dkdbsqncd hmsdq_bshnmr _mc _m hlonrdc bg_mfd hm khpthc−khpthc
hmsdq_bshnmr md_q sgd rtqe_bd-4+5 V_sdq+7−0/ v_sdq,a_rdc
dkdbsqnkxsdr+00−02 hnmhb khpthcr ’HKr(+5+03−10 _mc nsgdq dkdbsqn,
kxsdr11−13 _qd nesdm rstchdc hm bnlahm_shnm vhsg rnkhcr rtbg _r
b_qanm l_sdqh_kr+1+8+04+05+11+12+14+15 sq_mrhshnm,lds_k nwhcdr+00

lds_k−nqf_mhb eq_ldvnqjr+1/+16+17 nq lds_k rtqe_bdr-01+18 HKr
g_ud rdudq_k e_unq_akd oqnodqshdr _r dkdbsqnkxsd l_sdqh_kr+ rtbg
_r knv unk_shkhsx+ _ vhcd dkdbsqnbgdlhb_k vhmcnv+ _mc ghfg
sgdql_k _mc bgdlhb_k rs_ahkhsx- Gnvdudq+ sgd uhrbnrhshdr ne
lnrs HKr _qd ghfg _s qnnl sdlodq_stqd+ _bbnlo_mhdc ax _ rknv
chötrhnm ne hnmr+ _mc sgtr md_s HKr trt_kkx g_ud _ qdk_shudkx knv
hnmhb bnmctbshuhsx _s _lahdms bnmchshnmr-6 Sgdqd _qd dw_lokdr+
vgdqd _cchmf r_ks hm ghfg bnmbdmsq_shnm kd_cr sn adssdq hnm
sq_mronqs cdrohsd sgd e_bs ne _ onrrhakd ghfgdq _rrnbh_sdc
uhrbnrhsx-2/−22

Sgd rstcx ne sgd oqnodqshdr ne rtbg khpthcr _s khpthc−rnkhc
hmsdqe_bdr hr ne o_qshbtk_q hmsdqdrs hm sgd fidkc ne dkdbsqn,
bgdlhrsqx+ vhsg sgd _hl ne cdudknohmf mdv sxodr ne dmdqfx
rsnq_fd rxrsdlr _mc dmg_mbhmf sgd cdrhqdc oqnodqshdr ax
bnlahmhmf khpthcr _mc rnkhcr hm _ rnoghrshb_sdc v_x- Enq
dw_lokd+ mdv dkdbsqhb cntakd k_xdq b_o_bhsnqr ’DCKBr(14+23+24

vhsg _ ghfgdq dmdqfx cdmrhsx sg_m bnmudmshnm_k b_o_bhsnqr _qd
rntfgs+ vghbg _qd bnlonrdc ne b_qanm l_sdqh_kr _r dkdbsqncdr
hm bnlahm_shnm vhsg HKr- Dmdqfx rsnq_fd hm sgdrd rxrsdlr hr
a_rdc nm sgd dkdbsqnrs_shb _ssq_bshnm ne bg_qfdc o_qshbkdr+ vghbg
_kknvr q_ohc bg_qfhmf _mc chrbg_qfhmf+ ats _s sgd bnrs ne _ knv
dmdqfx cdmrhsx bnlo_qdc sn bnmudmshnm_k a_ssdqhdr-25 Sgd jdx
sn sgdhq dmdqfx rsnq_fd b_o_ahkhsx hr sgd enql_shnm ne _
Gdklgnksy cntakd k_xdq+26 _ bnmbdos bdmsq_k sn cdrbqhahmf gnv
DCKBr vnqj- Vgdm _ unks_fd hr _ookhdc+ _ cntakd k_xdq ne
bg_qfdr enqlr _s sgd hmsdqe_bd adsvddm sgd dkdbsqncd l_sdqh_k

Pdbdhudc9 Cdbdladq 2/+ 1/12
Pduhrdc9 L_qbg 2/+ 1/13
;bbdosdc9 @oqhk 0/+ 1/13
Ntaihrgdc9 @oqhk 14+ 1/13

:pshbjdotar,Tbr,npe.CJBA

© 1/13 Sgd :tsgnpr, Jtajhrgdc au
:ldphbTm BgdlhbTj Pnbhdsu

3361
gssor9..cnh,npe.0/,0/10.Tbr,ioba,2b/7382

D� Mgtr� Bgai� 3 1/13� 017� 3341−3373

D
ow

nl
oa

de
d 

vi
a 

B
O

N
N

 L
IB

R
A

R
IE

S 
on

 Ja
nu

ar
y 

16
, 2

02
6 

at
 2

1:
55

:5
6 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

80



_mc sgd dkdbsqnkxsd- Sghr ahk_xdq bnmrhrsr ne svn o_qsr9 nmd k_xdq
enqlr nm sgd rtqe_bd ne sgd dkdbsqncd+ vghbg b_qqhdr _m dwbdrr
bg_qfd ctd sn sgd _ookhdc unks_fd- Sgd nsgdq nmd hr sgd k_xdq ne
hnmr _crnqadc nm sgd dkdbsqncd rtqe_bd ’Gdklgnksy k_xdq(+
vghbg bnlodmr_sdr enq sgd dwbdrr bg_qfd- Sgd Fntx−
Bg_ol_m27+28 sgdnqx dwsdmcr nm sghr cntakd k_xdq bnmbdos-
Hmrsd_c ne _ chrshmbs k_xdq hm sgd dkdbsqnkxsd+ hs oqnonrdr sgd
dwhrsdmbd ne _ chötrd k_xdq sg_s dwsdmcr adxnmc _ lnkdbtk_q
k_xdq _mc odmdsq_sdr cddodq hmsn sgd atkj og_rd- Sgd _rrnbh_sdc
cdbqd_rd hm sgd onsdmsh_k hr cdrbqhadc _r _m dwonmdmsh_k cdb_x-
Etqsgdq cdudknoldmsr sn sghr dödbs vdqd oqnonrdc ax Rsdqm3/

_mc k_sdq ax Fq_g_ld+30 vgn oqnonrdc _ bnlahm_shnm ne ansg
sgdnqhdr- Hm sgd b_rd ne HKr _mc HK r_ks lhwstqdr _r dkdbsqnkxsdr+
sgdqd hr _m _cchshnm_k dödbs b_kkdc nudqrbqddmhmf-25+31−34 @r sgd
dwbdrr bg_qfd ne sgd dkdbsqncd hr nudqbnlodmr_sdc ax sgd fiqrs
k_xdq hm sgd dkdbsqnkxsd+ _ rdbnmc k_xdq ne bntmsdqhnmr hr enqldc
adghmc sgd fiqrs k_xdq- Sghr qdrnqshmf ne sgd HK hr mns khlhsdc sn
svn k_xdqr _mc b_m dwsdmc _ edv ml hmsn sgd atkj _s rsqnmf
_ookhdc fidkcr-25

Enq sgd dkdbsqncdr ne DCKBr+ onqntr b_qanm l_sdqh_k hr ne
o_qshbtk_q hmsdqdrs adb_trd hs oqnuhcdr _ k_qfd rtqe_bd _qd_ _mc
sgtr _ k_qfd hmsdqe_bd vhsg sgd khpthc- Sgd khpthc _krn dmsdqr sgd
onqntr b_qanm mdsvnqj+ vgdqd sgd dödbs ne sgd bnmfimdc ro_bd
nm sgd oqnodqshdr ne sgd khpthc hr ghfgkx cdodmcdms nm sgd onqd
rhyd hm vghbg hs qdrhcdr- Hs g_r addm nardqudc sg_s sgd
b_o_bhs_mbd hr fqd_skx hmbqd_rdc enq rxrsdlr vgdqd sgd onqd rhyd
ne sgd b_qanm dkdbsqncd l_sbgdr sgd rhyd ne sgd hnmr-07+15+35+36

Tmcdqrs_mchmf sgd tmcdqkxhmf dödbs ne sghr ogdmnldmnm hr jdx
sn sgd hloqnudldms ne rtbg DCKBr- Gnvdudq+ sgd
dwodqhldms_k nardqu_shnm ne sgd lnkdbtk_q _qq_mfdldms hm
rtbg rxrsdlr+ drodbh_kkx vhsghm bnmfimdldms+ hr bg_kkdmfhmf+ _mc
sgdhq bnlots_shnm_k lncdkhmf bnmsqhatsdr sn sgd jmnvkdcfd ne
sgd fnudqmhmf dödbsr _s sgd lnkdbtk_q kdudk-
Sgd fiqrs rsdo hr sn tmcdqrs_mc sgd adg_uhnq ne HKr hm _

bnmfimdc ro_bd vhsgnts _m _ookhdc fidkc sn sgd mdbdrr_qx cdosg
sn ad _akd sn cq_v oqdbhrd bnmbktrhnmr enq sgd mdws rsdor- Mdv
snnkr _qd gdkoetk sn _m_kxyd rtbg _mhrnsqnohb khpthc−rnkhc,
rxrsdlr- BNM@M+37−4/ _ oqnfq_l cdudknodc ax ntq fqnto
sg_s _kknvr sgd fdmdq_shnm ne b_qanm rsqtbstqdr+ sgd rdsto ne sgd
rhltk_shnm anw+ _mc sgd _m_kxrhr ne sgd rhltk_shnm sq_idbsnqx
c_s_+ v_r bqd_sdc enq sghr otqonrd- Adrhcdr sgd drs_akhrgdc
_m_kxrhr ldsgncr eqnl ntq oqduhntr otakhb_shnm+37 mdv ed_stqdr
g_ud addm _ccdc sn sgd bncd sn _m_kxyd sgd bnnqchm_shnm _mc
udknbhsx ne hnmr hm sgd khpthc vhsg qdrodbs sn sgdhq chrs_mbd eqnl
sgd rnkhc rsqtbstqd-
Hm sghr vnqj+ vd rstcx sgd dödbs ne bnmfimdldms nm sgd

bnnqchm_shnm adg_uhnq _mc cxm_lhbr ne md_s ZB1B0Hl[ZAE3[
_mc hsr r_ks lhwstqd vhsg 14 lnk � M_AE3 hm onqdr ne sgqdd
chödqdms rhydr trhmf bk_rrhb_k lnkdbtk_q cxm_lhbr rhltk_shnmr _s
_m _snlhrshb qdrnktshnm- Hm sgd b_rd ne sgd dkdbsqncd l_sdqh_k+ _
b_qanm onqd hr bnmrsqtbsdc ax trhmf _ b_qanm m_mnstad ’BMS(
_mc _cchmf _ fq_ogdmd rgdds sn d_bg nodm dmc ne sgd BMS-
Sgd onqdr vdqd bnmrsqtbsdc trhmf BNM@M- Sgd bnlots_,
shnm_k cds_hkr snfdsgdq vhsg sgd hlokdldms_shnm ne sgd
bnnqchm_shnm mtladq ’BM( _mc sgd udknbhsx _m_kxrdr _qd
oqnuhcdc hm Rdbshnm 1 ne sghr vnqj- Sgd qdrtksr _qd oqdrdmsdc
_mc chrbtrrdc hm Rdbshnm 2 vhsg bnmbktchmf qdl_qjr hm Rdbshnm
3-

1� LDSGNCR
1�0� BnlotsWshnmWi CdsWhir� @kk bk_rrhb_k LC rhltk_shnmr

ne sgd md_s HK ZB1B0Hl[ZAE3[ _mc sgd HK r_ks lhwstqd ’14�
lnk_q eq_bshnm ne M_AE3( vdqd bnmctbsdc vhsg sgd K@LLOR

oqnfq_l o_bj_fd40 trhmf sgd NOKR,@@ enqbd fidkc-41+42 Sgd
rodbhfib _snlhb o_qsh_k bg_qfdr _qd khrsdc hm S_akd R1 hm sgd
Rtoonqshmf Hmenql_shnm- Enq sgd 2 2 CI1 �+ [�,b_shnm _mc sgd
4B�� [ ,_mhnm sgd qdfimdc BK%O o_q_ldsdqr43+44 enq HKr vdqd
trdc+ vghkd sgd o_q_ldsdqr ne Bnkd % Jkdhm vdqd tshkhydc enq
sgd b_qanm onqd-45 Ansg sgd bnmrsqtbshnm ne sgd rhltk_shnm
anwdr _mc sgd dpthkhaq_shnm oqnbdctqd _qd chrbtrrdc hm sgd
Rtoonqshmf Hmenql_shnm- @kk rhltk_shnmr vdqd b_qqhdc nts _s _
sdlodq_stqd ne 24/ J hm _ b_mnmhb_k dmrdlakd+ trhmf _ shld
rsdo ne 0 er-
Sgd Kdmm_qc,Inmdr onsdmsh_k _mc o_hqvhrd Bntknlahb

hmsdq_bshnmr vdqd bnlotsdc to sn _ chrs_mbd ne 01 ß+ vhsg
s_hk bnqqdbshnmr _ookhdc sn sgd Bntknlahb o_qs enq k_qfdq
chrs_mbdr- @ o_qshbkd−o_qshbkd−o_qshbkd,ldrg rnkudq enq knmf,
q_mfd hmsdq_bshnmr to sn _m _bbtq_bx ne 0-/ * 0/−4 jb_k lnk−0
ß−0 v_r hlokdldmsdc-
D_bg rxrsdl bnmrhrsr ne _ atkj og_rd bnms_hmhmf 401 hnm

o_hqr _mc _ b_qanm onqd rsqtbstqd fdmdq_sdc trhmf BNM@M-37

Sgd rsqtbstqdr _qd oqhrshmd _mc bnmrhrs ne _ BMS vhsg _ q_chtr
hm sgd m_mnldsdq qdfhld _mc b_qanm v_kkr _ss_bgdc sn ansg
nodm dmcr- Sgd rstchdc onqdr vdqd bnmrsqtbsdc vhsg BMSr hm
_m _qlbg_hq bnmfiftq_shnm ne sgqdd chödqdms rhydr- Sgd q_chtr ne
sgd qdrodbshud onqdr hr cdfimdc ax sgd mtladq ne b_qanm qhmfr m
athkchmf sgd bhqbtledqdmbd ne ’m+ m( BMSr _mc hr khrsdc hm
S_akd 0 snfdsgdq vhsg sgd onqdr q_chh ’qBMS(+ kdmfsg ’kBMS(+ _mc
sgd mtladq ne b_qanm _snlr d_bg onqd hr bnlonrdc ne-

Sgd rhltk_shnm anw chldmrhnmr hm w _mc x chqdbshnmr ’w9
27-23 ß: x9 28-241 ß( _qd _citrsdc sn fis sgd b_qanm rgddsr+
lncdkhmf _m hmfimhsd b_qanm rtqe_bd sgqntfg odqhnchb antmc_qx
bnmchshnmr- Sgd b_qanm onqd hr jdos qhfhc nudq sgd vgnkd
oqnctbshnm qtm- Vhsg sgd lncdkdc rxrsdlr+ cds_hkdc hm S_akd
1+ sgqdd BMSr ne chödqdms rhyd _qd hmudrshf_sdc+ snfdsgdq vhsg
dhsgdq sgd md_s HK ’M( nq HK r_ks lhwstqd ’R(- Enq hmrs_mbd+ M0.

SUaid 0- DdUstpdr ne sgd FmudrshfUsdc Nnpdr�

mns_shnm ’m+ m( M_snlr
onqd M_snlr

BMS qBMS kBMS
7 ’7+ 7( 0437 433 4-33 3/-44
0. ’0/+ 0/( 0557 57/ 5-68 3/-45
01 ’01+ 01( 0641 705 7-04 3/-46

ZM_snlr
onqd 9 sns_k mtladq ne b_qanm _snlr ne d_bg onqd: ’m+ m(9 trdc

BMS: M_snlr
BMS 9 mtladq ne b_qanm _snlr hmbktchmf sgd q_chtr ne sgd

qdrodbshud BMS9 qBMS _mc sgd kdmfsg kBMS+ ansg fhudm hm ß-

SUaid 1- MnsUshnm Umc Bnlonrhshnm ne sgd FmudrshfUsdc
Rxrsdlr: lni �9 RUis Lnid DpUbshnm: Nnpd9 sgd Trdc Nnpd:
aanvy 9 Anv Idmfsg hm l,Chpdbshnm ne sgd Anv

mns_shnm lnk � onqd kanwy .ß

M7 / 7 026-155
M0. / 0. 024-844
M01 / 01 024-/30
R7 14 7 010-71/
R0. 14 0. 01/-364
R01 14 01 008-846
M7rb / 7 034-651
M0.rb / 0. 033-341
M01rb / 01 033-41/
R7rb 14 7 02/-146
R0.rb 14 0. 017-870
R01rb 14 01 017-808
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’Ehftqd 0( hr _ rxrsdl sg_s bnms_hmr md_s HK _mc ed_stqdr onqd
0.- Sgd lhwstqdr+ d-f-+ R7+ vdqd rds to ax dwbg_mfhmf 14� ne
sgd 2 2 CI1 �+ [�,b_shnmr ax M_) sn nas_hm sgd cdrhqdc 14� lnk_q
eq_bshnm ne M_AE3- Sghr _ooqn_bg hmudrshf_sdr sgd dödbs ne sgd
r_ks bnmbdmsq_shnm nm rxrsdl oqnodqshdr-
Hm sgd fiqrs rds ne rhltk_shnmr+ tmhs bg_qfdr vdqd trdc enq sgd

hmchuhct_k hnmr- Hm _ rdbnmc rds+ bg_qfdr vdqd rb_kdc _bbnqchmf
sn Rstbgdaqtjgnu _mc Kdnmsxdu-48 Sgd rb_khmf e_bsnq hr cdfimdc
_r sgd rpt_qd qnns ne sgd hmudqrd ne sgd chdkdbsqhb bnmrs_ms ϵdk-
Vhsg sgd chdkdbsqhb bnmrs_ms ne sgd HK ne 0-631+5/ sgd rb_khmf
e_bsnq ne /-65 v_r cdqhudc-

i
i i

i
0�621

.�64�
� �

�
l7

ce
� � =

’0(

@kk rxrsdlr vhsg rb_kdc bg_qfdr _qd cdmnsdc ax rb- Ctqhmf
sgd fiqrs oqnctbshnm qtm ne sgd rhltk_shnm ’4/ mr(+ dudqx 0///sg
shld rsdo v_r r_udc- @ rdbnmc oqnctbshnm qtm ’0/ mr( _esdq sgd

fiqrs+ r_uhmf dudqx 14/sg shld rsdo+ v_r qtm sn bnlotsd sgd
udknbhsx chrsqhatshnmr-
Hm nqcdq sn dwoknqd sgd eqdd dmdqfx k_mcrb_od ne _ M_),hnm hm

ntq rxrsdlr+ vd odqenqldc tlaqdkk_ r_lokhmf enq _kk ne sgd
onqdr- Enq sghr otqonrd+ vd rds _ q_ch_k roqhmf onsdmsh_k sg_s
otkkr _ M_),hnm hm /-14 ß rsdor eqnl _m hmhsh_k chrs_mbd ne 3/ ß
sn sgd bdmsdq ne l_rr ne sgd onqd- Sgd roqhmf bnmrs_ms v_r rds
sn 0/ jb_k lnk−0 ß−1- @esdq sgd oqnctbshnm qtmr cdrbqhadc
oqduhntrkx+ kd_uhmf _kk nsgdq lncdkhmf o_q_ldsdqr tmbg_mfdc+
sgd M_),hnm v_r lnudc sn sgd rs_qshmf onrhshnm nudq /-14 mr-
Sgd rs_qs onrhshnmr vdqd cdsdqlhmdc ax trhmf sgd w _mc x
bnnqchm_sdr ne sgd dmc onrhshnm ’BNL ne _ onqd( _mc _cchmf
3/ ß sn sgd y,bnnqchm_sd- Vhsg sgd cdrbqhadc _ooqn_bg ne sgd
q_ch_k roqhmf onsdmsh_k hm bnlahm_shnm vhsg sgd hmhsh_k onrhshnm+
sgd dmdqfx oqnfikd cdodmcr l_hmkx nm sgd y,bnnqchm_sd+ ats
drodbh_kkx enq sgd hmrhcd ne sgd onqd+ _krn _kknvr sgd b_shnm sn
_rrtld _ q_ch_k onrhshnm sg_s hr lnqd e_unq_akd sg_m nm sgd
bdmsq_k _whr ne sgd onqd- Enq d_bg hmbqdldms rstchdc+ sgd M_),

Dhftpd 0- A_kk,_mc,rshbj hkktrsq_shnm ne rxrsdl M0.- Bnknq bncd enq sgd _snlr: b_qanm9 nq_mfd: mhsqnfdm9 aktd: gxcqnfdm9 vghsd: anqnm9 ohmj: _mc
fitnqhmd9 fqddm- B_qanm l_sdqh_k9 bx_m _mc hm _ anmc cdohbshnm: _kk v_r uhrt_khydc trhmf ULC-46+47

Dhftpd 1- Q_ch_k l_rr cdmrhsx oqnfikdr enq M7 sn M01 ’toodq o_mdkr( _mc R7 sn R01 ’knvdq o_mdkr( ne sns_k _mc hnmhb bnmsqhatshnm- Ak_bj9 bnlokdsd HK:
aktd9 2 2 CI1 �+ [�,b_shnm: qdc9 4B�� [ ,_mhnm: fqddm9 M_),b_shnm ’nmkx uhrhakd hm b_rd ne R0/(- Sgd udqshb_k khmdr qdoqdrdms sgd onqd v_kk-
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hnm v_r onrhshnmdc enq _ shld ne /-0 mr adenqd dudqx 0//sg shld
rsdo v_r rsnqdc enq rtardptdms _m_kxrhr enq _ etqsgdq /-0 mr-
Sghr qdrtksr hm 0/// c_s_ onhmsr enq d_bg ne sgd 050 onrhshnmr
rstchdc- Sgd eqdd dmdqfx btqudr fdmdq_sdc eqnl sgd bnkkdbsdc
c_s_ vdqd nas_hmdc trhmf sgd VG@L rnesv_qd-50

1�1� BM :mWixrhr� Sn _bbdrr sgd BM hm bnmfimdc ro_bd+ _
chödqdms _ooqn_bg eqnl sgd mtladq hmsdfq_k ne sgd q_ch_k
chrsqhatshnm etmbshnm ltrs ad bgnrdm adb_trd sgd hlldch_sd
dmuhqnmldms ne _ lnkdbtkd cdodmcr nm hsr onrhshnm vhsg
qdrodbs sn sgd onqntr b_qanm- Gdqd+ BM hr nas_hmdc hm sgd
enkknvhmf v_x- Ehqrs+ _ sgqdd,chldmrhnm_k fqhc hr _citrsdc sn sgd
rhltk_shnm anw vhsg sgd hmbqdldms_shnm bgnrdm ax sgd trdq-
Mdws+ sgd BM hr bnlotsdc ax b_kbtk_shmf sgd chrs_mbdr adsvddm
sgd bdmsdqr ne l_rr ne _kk lnkdbtkdr _mc bntmshmf gnv l_mx
o_qshbkdr _qd vhsghm _ trdq,rodbhfidc bnnqchm_shnm chrs_mbd- @
chrshmbshnm adsvddm sgd chödqdms sxodr ne lnkdbtkdr hr l_cd ax
cde_tks- Sgd qdrtksr _qd rsnqdc hm F_trrh_m btad fikd enql_s _mc
b_m ad uhrt_khydc ax _ooqnoqh_sd uhrt_khy_shnm oqnfq_lr
’ULC+46+47 OxLnk51(- BNM@M _krn oqnuhcdr sgd noshnm sn
b_kbtk_sd sgd BM vhsg qdrodbs sn sgd chrs_mbd sn sgd md_qdrs
rtqe_bd- Sghr hr cnmd rdo_q_sdkx enq lnkdbtkdr hm sgd atkj _mc
hm sgd onqd- Sgd qdrtksr _qd oknssdc _r _ gd_sl_o- @udq_fhmf
nudq sgd dmshqd atkj nq bnmfimdc ro_bd hr _krn _m noshnm-
Sn u_khc_sd ntq _ooqn_bg+ sgd BMr ne sgd _mhnmr _qntmc sgd

b_shnmr � 2 2 CI (1 )+ [� hm rxrsdlr M7−M01 _mc R7−R01 vdqd
b_kbtk_sdc enq _ rdkdbsdc atkj o_qs _mc bnlo_qdc sn sgd mtladq
hmsdfq_k- Sgd mtladq hmsdfq_k v_r b_kbtk_sdc vhsg Sq_uhr-52+53

Sgd qdrtksr _qd rgnvm hm sgd Rtoonqshmf Hmenql_shnm hm Ehftqd
R02- Hs b_m ad rddm sg_s ansg _ooqn_bgdr xhdkc sgd r_ld qdrtksr-
@cchshnm_kkx+ _ rgnqs cdrbqhoshnm enq sgd tr_fd ne sgd mdv
lnctkd hr oqnuhcdc hm sgd Rtoonqshmf Hmenql_shnm-

1�2� Udinbhsx Chrsqhatshnmr� Adb_trd bg_qfd rb_khmf
trt_kkx _ödbsr sgd cxm_lhb_k adg_uhnq lnqd sg_m sgd rsqtbstq_k
nmd+54 vd hlokdldmsdc sgd noshnm sn _m_kxyd sgd udknbhsx ne
rodbhdr hm sgd onqd rsqtbstqdr hmsn BNM@M hm sgd enql ne

q_ch_k udknbhsx chrsqhatshnmr- Rhlhk_qkx+ _r enq sgd q_ch_k cdmrhsx
oqnfikdr+37 sgd ro_bd _qntmc sgd bdmsdq _whr ne sgd onqd hr
chuhcdc hmsn chrshmbs q_ch_k hmbqdldmsr- Sgd udknbhsx ne d_bg
_snl vhsghm sgd onqd hr b_kbtk_sdc _mc rnqsdc hmsn sgd
_bbnqchmf hmbqdldmsr- @esdq sgd dmshqd sq_idbsnqx hr oqnbdrrdc+
sgd udknbhshdr _rrhfmdc _qd _udq_fdc ax s_jhmf sgd rtl ne _kk
dmsqhdr _mc chuhchmf ax sgd sns_k mtladq ne dmsqhdr enq d_bg fqhc
onhms-

2� PDRTKSR :MC CHRBTRRHNM
2�0� PWchWi Cdmrhsx :mWixrhr� 2�.�.� JPrr Camrhst� Q_ch_k

l_rr cdmrhsx oqnfikdr ’Ehftqd 1( qdfidbs sgd oqdedqdmsh_k q_ch_k
onrhshnmr ne d_bg rodbhdr _mc fhud hmrhfgsr hmsn sgd _qq_mfd,
ldms ne sgd HK odqodmchbtk_q sn sgd onqd _whr- Sgd w,_whr
chrs_mbdr _qd mnql_khydc hm sg_s q_ch_k chrs_mbdr ’cq_c( _qd
chuhcdc ax sgd q_chtr ne sgd BMS ’qBMS(+ _mc sgd u_ktdr _s sgd
x,_whr _qd cdmrhshdr � mnql_khydc sn sgd qdedqdmbd cdmrhsx �/
’�/’241 J( ; 0-133 jf l−2(-55 Vd rgnv cdmrhsx oqnfikdr ne sgd
hmchuhct_k hnmr snfdsgdq vhsg sgd nudq_kk cdmrhsx oqnfikd ’ak_bj
btqud hm Ehftqd 1(- Etqsgdq+ enq sgd 2 2 CI1 �+ [�,b_shnm+ sgd
cdmrhsx oqnfikdr ne rodbhfib _snlr _qd oknssdc hm Ehftqd 2-
Sgd 2 2 CI1 �+ [�,b_shnm bnmsqhatsdr lnrs sn sgd nudq_kk

cdmrhsx oqnfikd adb_trd hs onrrdrrdr sgd ghfgdrs lnkdbtk_q
l_rr- Enq sgd rl_kkdrs onqd M7+ _kk hnmr _qd l_hmkx knb_sdc md_q
sgd bdmsdq _whr vhsg sgqdd chrshmbs l_whl_ ’rdd sgd toodq kdes
o_mdk hm Ehftqd 1(- Sgd oqnwhlhsx sn sgd bdmsdq rtffdrsr sg_s
sgd rhyd ne sgd hnmr qntfgkx l_sbgdr sgd rhyd ne sgd BMS+
kd_chmf sn udqx khlhsdc ro_bd enq odqodmchbtk_q lnudldmsr sn
sgd bdmsq_k _whr- Sgd cdmrhsx _s sgd bdmsdq _whr hr qntfgkx svhbd
_r k_qfd _r hm sgd atkj ats cdb_xr pthbjkx _mc qd_bgdr / _s /-5
cq_c.qBMS- Vghkd sgd b_shnm cdmrhsx oqnfikd ’aktd btqud( bnmrhrsr
ne svn l_whl_+ nmd _s /-2 cq_c.qBMS _mc nmd _s /-1 cq_c.qBMS+
sgd _mhnm cdmrhsx oqnfikd _krn dwghahsr sgqdd l_whl_- Nmd hr
knb_sdc _s sgd bdmsdq+ nmd _s /-2 cq_c.qBMS+ _mc nmd _s /-3 cq_c.
qBMS- Rtbg bknrd,kxhmf l_whl_ hmchb_sd sg_s sgd qns_shnm ne sgd

Dhftpd 2- Q_ch_k l_rr cdmrhsx oqnfikdr enq M7 sn M01 ’toodq o_mdkr( _mc R7 sn R01 ’knvdq o_mdkr( ne sns_k 2 2 CI1 �+ [�,b_shnm _mc hsr _snlhb
bnmsqhatshnmr- Aktd9 Mdsgxk: qdc9 Mldsgxk: fqddm9 b_qanm _snlr ne dsgxk _mc ldsgxk fqnto: nq_mfd9 b_qanm _snlr ne sgd hlhc_ynkhtl qhmf- Sgd udqshb_k
khmdr qdoqdrdms sgd onqd v_kk-
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hnmr hr ghmcdqdc _mc sg_s _ rodbhfib nqhdms_shnm snv_qc sgd v_kkr
hr oqdedqqdc- Sghr hr _krn rtoonqsdc ax sgd l_rr cdmrhsx oqnfikdr
ne sgd b_shnm+ rdd Ehftqd 2+ vgdqd sgd b_qanm _snlr hm sgd qhmf
_mc sgd _kjxk fqntor rgnv vdkk,cdfimdc l_whl_- @ rhlhk_q
adg_uhnq v_r entmc hm _m d_qkhdq rstcx ne sgd HK ZB3B0Hl[,
ZN@b[ hm _ ’01+/( BMS-37

Hm bnmsq_rs+ sgd hnmr vhsghm sgd onqd ne rxrsdl M0. enql _
statk_q unhc _qntmc sgd bdmsq_k _whr- Sgd b_shnmr nbbtox nmd

rodbhfib q_ch_k onrhshnm _s /-4 cq_c.qBMS+ vghkd sgd _mhnmr b_m ad
entmc hm svn chödqdms q_ch_k onrhshnmr ’/-1 cq_c.qBMS _mc /-4
cq_c.qBMS(- Ctd sn edvdq knb_k l_whl_+ hs b_m ad _rrtldc sg_s
ansg _mhnmr _mc b_shnmr g_ud rhfmhfib_mskx lnqd qns_shnm_k
eqddcnl bnlo_qdc sn sgnrd hm rxrsdl M7-
Hm M01+ svn chrshmbs k_xdqr _qd enqldc- Nmd k_xdq hr oqdrdms _s

sgd bdmsdq _whr _mc dwbktrhudkx bnmrhrsr ne b_shnmr- Sgdrd
b_shnmr _qd _qq_mfdc hm _ bg_hm _knmf sgd bdmsdq _whr- Sgd

Dhftpd 3- Q_ch_k bg_qfd cdmrhsx oqnfikdr ne sgd rxrsdlr M7−M01 ’_anud( _mc R7−R01 ’adknv(- Ak_bj9 bnlahmdc bg_qfd cdmrhsx oqnfikd: qdc9 4B�� [
,_mhnmr: aktd9 2 2 CI1 �+ [�,b_shnmr- Enq rxrsdl R0. _krn+ _ oqnfikd enq sgd M_) hnmr hr fhudm hm fqddm- Sgd udqshb_k khmdr qdoqdrdms sgd onqd v_kk-

Dhftpd 4- @wh_k l_rr cdmrhsx oqnfikdr ne sgd rxrsdlr M7−M01 _mc R7−R01- @ bnlahmdc bg_qfd cdmrhsx oqnfikd ’ak_bj btqud( hr rgnvm _knmfrhcd _
oqnfikd enq 4B�� [ ’qdc btqud( _mc 2 2 CI1 �+ [� ’aktd btqud(- Sgd bdmsdqr ne sgd onqd rsqtbstqdr _qd ok_bdc _s / ß- Sgd atkj hr bts nö _s y chrs_mbdr
k_qfdq sg_m 5/ ß eqnl sgd bdmsdq sn l_jd sgd bnlo_qhrnm d_rhdq-
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rdbnmc k_xdq rgnvr _ l_whltl _s /-5 cq_c.qBMS _mc enqlr _
statk_q rg_od- Ansg b_shnmr _mc _mhnmr bnmsqhatsd sn sgd ntsdq
k_xdq- Gnvdudq+ sgd _mhnmr hm sghr k_xdq _qd rkhfgskx bknrdq sn sgd
b_qanm v_kk vhsg _ q_ch_k cdmrhsx l_whltl _s /-5 cq_c.qBMS
sg_m sgd b_shnmr- @ rdbnmc cdmrhsx l_whltl ne sgd _mhnmr hm
adsvddm sgd ntsdq _mc hmmdq k_xdqr hr entmc _s /-3 cq_c.qBMS-
Vgdm bnlo_qhmf sgd md_s HK rxrsdlr sn sgnrd bnms_hmhmf

r_ks+ hs b_m ad nardqudc sg_s sgd oqdrdmbd ne sgd M_),hnmr kd_udr
sgd q_ch_k onrhshnmr ne sgd hnmr lnrskx tmbg_mfdc- Sghr hr mns
sgd b_rd vgdm bnlo_qhmf sn sgd bg_qfdc rb_kdc rhltk_shnmr:
rdd Ehftqd R4 hm sgd Rtoonqshmf Hmenql_shnm- Chödqdmbdr sn sgd
mnmrb_kdc rhltk_shnmr _qd drodbh_kkx _oo_qdms enq sgd rxrsdlr
bnms_hmhmf onqd 01- Ansg M01rb _mc R01rb dwghahs knvdq l_whl_
_mc ghfgdq lhmhl_ bnlo_qdc sn M01 _mc R01+ hmchb_shmf lnqd
lnahkhsx- Hmsdqdrshmfkx+ sgdrd chödqdmbdr _qd _klnrs noonrhsd
enq sgd rl_kkdrs onqd rxrsdl+ _f_hm hmchb_shmf sgd bnmrsq_hmsr
nm sgd hnmr ctd sn sgd rl_kk onqd rhyd-

2�.�1� BgPnea Camrhst� Q_ch_k bg_qfd cdmrhshdr ’�bg( hmchb_sd
sgd q_ch_k onrhshnmr sg_s _bbtltk_sd bg_qfdr hmrhcd sgd onqd-
Bg_qfd cdmrhsx oqnfikdr b_m sgtr fhud _ bkd_qdq ohbstqd ne sgd
nqcdqhmf ne sgd rodbhdr- Vghkd sgd anqnm _snl ne sgd _mhnm
b_qqhdr _ onrhshud o_qsh_k bg_qfd+ sgd fitnqhmd _snlr _qd o_qsh_kkx
mdf_shudkx bg_qfdc- Enq sgd b_shnm+ sgd b_qanm _snlr ad_q
mdf_shud o_qsh_k bg_qfdr+ _mc sgd gxcqnfdm _mc mhsqnfdm _snlr
_qd onrhshudkx bg_qfdc- Ehftqd 3 cdohbsr sgd bg_qfd cdmrhsx
oqnfikdr enq M7−M01 ’_anud( _mc R7−R01 ’adknv(- @r enq sgd
l_rr cdmrhshdr+ vd oqnuhcd _ bnlahmdc bg_qfd cdmrhsx oqnfikd _r
vdkk _r oqnfikdr enq d_bg hnm-
Hm bnmsq_rs sn sgd l_rr cdmrhshdr+ sgd _mhnmr bnmsqhatsd lnqd

sn sgd bg_qfd cdmrhsx oqnfikdr sg_m cn sgd b_shnmr- @r nmkx sgd
anqnm _snl ne sgd 4B�� [ ,_mhnmr b_qqhdr _ onrhshud o_qsh_k
bg_qfd+ hsr q_ch_k onrhshnm hr qdfidbsdc hm sgd onrhshud u_ktdr ne
sgd cdmrhsx oqnfikd- Enq _kk rxrsdlr+ sgd anqnm _snl mdudq
nbbtohdr sgd bdmsdq+ ats hs hr entmc _s nmkx nmd q_ch_k onrhshnm+
_mc sghr hr rghesdc sn k_qfdq cq_c.qBMS u_ktdr vhsg k_qfdq onqdr-
Hmchb_sdc ax sgd svn mdf_shud od_jr hm Ehftqd 3 ’qdc khmdr(+ sgd
fitnqhmd _snlr _qd knb_sdc _s svn chrshmbs chrs_mbdr ctd sn sgd
fdnldsqx ne sgd _mhnm-
Sgd bg_qfd cdmrhsx enq _kk stad rhydr hr onrhshud vgdm sgd

u_ktd ne cq_c.qBMS hr sgd k_qfdrs- Jddohmf sgd cdmrhsx oqnfikd enq

sgd 2 2 CI1 �+ [�,b_shnmr hm lhmc+ hs hr bkd_q sg_s sgd onrhshnm ne
sgd b_shnmr hr qdronmrhakd enq sgd onrhshud bg_qfd cdmrhsx- Rhmbd
sgd mhsqnfdm _snlr _qd hcdmshfidc hm q_ch_k onrhshnmr adknv /-4
cq_c.qBMS hm sgd q_ch_k l_rr cdmrhsx oqnfikdr+ sghr onrhshud
bnmsqhatshnm b_m ad _rrhfmdc sn sgd gxcqnfdm _snlr-
Hmsdqdrshmfkx+ _m dödbs ctd sn rb_khmf ne bg_qfdr nm sgd bg_qfd
cdmrhsx oqnfikdr hr _ardms hm _kk sgd rxrsdlr+ adrhcdr _ cdbqd_rd
hm sgd nudq_kk bg_qfd cdmrhsx ’Ehftqd R5 hm sgd Rtoonqshmf
Hmenql_shnm(-

2�1� :vhWi LWrr Cdmrhsx� @wh_k l_rr cdmrhsx oqnfikdr ne _kk
rxrsdlr _qd khrsdc hm Ehftqd 4- @f_hm+ vd cdohbs sgd bnlokdsd
cdmrhsx oqnfikdr _mc sgd hmchuhct_k hnm bnmsqhatshnmr- Sgd
cdmrhshdr � _qd mnql_khydc sn sgd qdedqdmbd cdmrhsx �/ ne sgd
md_s HK- @ sgqdd,chldmrhnm_k bnmsntq okns ne sgd cdmrhsx
chrsqhatshnm vhsghm sgd rxrsdl hr rgnvm hm sgd Rtoonqshmf
Hmenql_shnm hm Ehftqd R7-
Enq rxrsdl M7 ’toodq kdes o_mdk ne Ehftqd 4(+ sgd lnrs

rsqhjhmf ed_stqd hr sgd _ksdqm_shmf bg_hm ne b_shnmr _mc _mhnmr
hmrhcd sgd onqd- Ctd sn sgd rl_kk ro_bd hm sghr bnmfimdldms+ _m
_ksdqm_shmf bg_hm nqcdqhmf _klnrs khjd sg_s hm _ rnkhc hr dmenqbdc
enq sgd hnmr- Sgd k_qfdq stad rhydr k_bj sghr rsqhbs nqcdqhmf- Hm _kk
rxrsdlr+ sgd atkj qdfhnmr rgnv sgd sxohb_k cdmrhsx nrbhkk_shnmr
md_q sgd b_qanm v_kkr+ vghbg cdbqd_rd hm l_fmhstcd etqsgdq
_v_x eqnl sgd v_kk-56−58 Qdf_qchmf sgd r_ks,bnms_hmhmf
rxrsdlr+ _r ldmshnmdc adenqd+ sgd M_) hnmr _qd _kv_xr knb_sdc
ntsrhcd sgd stad+ dwbdos enq sgd R0. rxrsdl- Eqnl uhrt_k
hmrodbshnm ne sgd onqd 7 sq_idbsnqhdr+ vd nardqud sg_s sgd M_)

hnmr mdudq odmdsq_sdc sgd onqd ctqhmf sgd fikkhmf oqnbdrr- Enq
_kk k_qfdq rxrsdlr+ sgd hnmr dmsdq sgd onqd ctqhmf sgd fikkhmf
oqnbdrr ats dwhsdc sgdl ctqhmf sgd dpthkhaq_shnm qtm- Sghr l_x
ad dwok_hmdc ax sgd chödqdms bnnqchm_shnm adg_uhnq ne M_),
_mc 2 2 CI1 �+ [�,b_shnmr-
Vgdm bnlo_qhmf sgd rxrsdlr bnloqhrhmf sgd rl_kkdrs onqd 7

sn sgd k_qfdq nmdr+ hs b_m ad rddm sg_s sgd nardqudc nqcdqhmf ne
M7 _r vdkk ne R7 hr _krn sn rnld cdfqdd oqdrdms hm sgd k_qfdq
onqdr+ drodbh_kkx hm sgd r_ks,bnms_hmhmf rxrsdlr R0. _mc R01-
Sghr hmchb_sdr sg_s dudm he sgd M_),hnmr qdl_hm ntsrhcd sgd
stad+ sgdx _ödbs sgd nqcdqhmf ne hnmr hmrhcd sgd stad+ onrrhakx
ctd sn sgd hmbqd_rdc uhrbnrhsx ne sgd HK r_ks lhwstqd hm atkj- @m

Dhftpd 5- Sgqdd,chldmrhnm_k bnmsntq okns ne rxrsdl M01- Sgd BM _s _ chrs_mbd ne 0/ ß vhsg sgd b_shnm _r qdedqdmbd lnkdbtkd _mc sgd _mhnm _r
nardqu_akd hr cdohbsdc hm bnknq bncd- Enq sgd _m_kxrhr+ _ 04 * 04 * 4/ ’w * x * y( fqhc v_r _citrsdc sn sgd rhltk_shnm anw- Sgd 2,chldmrhnm_k
bnmsntq okns v_r fdmdq_sdc trhmf OxLnk-51
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hmbqd_rdc uhrbnrhsx tonm r_ks _cchshnm enq HKr hr _krn nardqudc
dwodqhldms_kkx-6/

Vghkd sgd HK hm rxrsdlr M7−M01 qd_bg _ lnqd nq kdrr
tmhenql cdmrhsx enq k_qfd chrs_mbdr _v_x eqnl sgd b_qanm
rsqtbstqdr+ sghr hr sn _ ltbg kdrrdq dwsdms sgd b_rd enq rxrsdlr
R7−R01- Hm sgdrd rxrsdlr+ sgd cdmrhsx chrsqhatshnm rgnvr rl_kk
ats rhfmhfib_ms nrbhkk_shnmr vhsghm sgd atkj- Sgdrd cdmrhsx
fitbst_shnmr hmrhcd _mc ntsrhcd sgd onqd enq rxrsdlr R7−R01
hmchb_sd sg_s sgd M_) hnmr hmbqd_rd sgd uhrbnrhsx ne sgd HK _r
hmedqqdc _anud _mc _lokhex sgd k_xdqhmf dödbs odqodmchbtk_q sn
sgd b_qanm rtqe_bd etqsgdq hmsn sgd atkj-
Sgd r_ld dödbs hr uhrhakd vgdm bnlo_qhmf sgd rxrsdlr R7−

R01 sn R7rb−R01rb ’Ehftqd R6 hm sgd Rtoonqshmf Hmenql_shnm(- Sgd
_enqdldmshnmdc nrbhkk_shmf cdmrhsx hr k_qfdkx chlhmhrgdc enq sgd
bg_qfd,rb_kdc rxrsdlr+ hmchb_shmf _m hmbqd_rdc cxm_lhbr ne sgd
hnmr hmrhcd sgd onqdr ctd sn qdctbdc Bntknlahb _ssq_bshnm _s
qdctbdc bg_qfdr- Sghr hr bnmrhrsdms vhsg sgd cdbqd_rdc
cxm_lhbr enq rhlhk_q HK r_ks lhwstqdr hm sgd khsdq_stqd-60−63

2�2� BnnqchmWshnm Mtladq� Hm nqcdq sn hkktrsq_sd sgd
fdmdq_k sqdmcr ne sgd BM hm sgd bnlokdsd rxrsdl+ _ 2C bnmsntq
okns ne sgd M01 rxrsdl hr dwghahsdc hm Ehftqd 5- Sgd BM v_r
b_kbtk_sdc enq _ l_whltl chrs_mbd adsvddm sgd qdedqdmbd
lnkdbtkd _mc sgd nardqu_akd ne 6-61 ß- Sghr bnqqdronmcr sn sgd
chrs_mbd _s sgd fiqrs QCE lhmhltl ne sgd otqd HK hm atkj
cdrbqhahmf sgd fiqrs rnku_shnm rgdkk- Sgd rgnvm BMr qdfidbs
dwbktrhudkx sgd mtladq ne 4B�� [ ,_mhnmr bnnqchm_shmf sn
2 2 CI1 �+ [�,b_shnmr- Sgd _udq_fd BM ne _m hnm hm sgd atkj ne
sgd khpthc hr _qntmc 6 _r _krn qdonqsdc hm khsdq_stqd64+65 _mc

cdbqd_rdr vhsg hmbqd_rhmf oqnwhlhsx sn sgd onqd v_kk- Sgd
sq_mrhshnm eqnl atkj sn v_kk enq _kk rxrsdlr vhsg onqd rhyd 7 hr
hkktrsq_sdc hm Ehftqd 6- Sgd oknsr enq sgd nsgdq rxrsdlr _qd
Ehftqdr R0/ _mc R00 hm sgd Rtoonqshmf Hmenql_shnm-
Sgd gd_sl_or rgnv svn fdmdq_k sqdmcr9 Ehqrs+ rxrsdlr vhsg

rb_kdc bg_qfdr g_ud nudq_kk knvdq BMr ’bnlo_qd sgd toodq
o_mdkr vhsg knvdq o_mdkr hm Ehftqd 6(- Rdbnmc+ enq bnnqchm_shnm
chrs_mbdr k_qfdq sg_m sgd fiqrs rnku_shnm rgdkk+ rxrsdlr sg_s
bnms_hm r_ks fdmdq_kkx g_ud ghfgdq BMr sg_m sgd md_s HK
rxrsdlr ’bnlo_qd sgd xdkknv _qd_ nm sgd kdes o_mdkr vhsg qhfgs
o_mdkr hm Ehftqd 6(- Sgd fiqrs onhms hr hm _fqddldms vhsg sgd
nardqu_shnmr enq sgd cdmrhsx oqnfikdr vgdqd sgd bg_qfd rb_khmf
qdrtksr hm _ qdctbdc cdmrhsx- Sgd rdbnmc ed_stqd hr a_rdc nm sgd
e_bs sg_s enq chrs_mbdr k_qfdq sg_m sgd fiqrs rnku_shnm rgdkk+ hnmr
ne sgd r_ld bg_qfd _qd hmbqd_rhmfkx oqdrdms- M_) hnmr mddc
bnmrhcdq_akx kdrr ro_bd sg_m sgd 2 2 CI1 �+ [�,b_shnm+ vghbg kd_cr
sn _m nudq_kk ghfgdq hnm cdmrhsx vhsghm sgd r_ks rxrsdl- Sgd
ro_bd r_udc hr o_qskx s_jdm to ax sgd 4B�� [ ,_mhnmr+ vghbg
dwok_hmr sgd ghfgdq BMr _s chrs_mbdr k_qfdq sg_m 6-61 ß-
Enq rxrsdlr bnms_hmhmf onqd 0. ’R0/ hm sgd Rtoonqshmf

Hmenql_shnm( nq 01 ’R00 hm sgd Rtoonqshmf Hmenql_shnm( hs hr
_krn mnshbd_akd sg_s sgd BM qhrdr e_rsdq sg_m dwodbsdc enq
chrs_mbdr bknrd sn sgd v_kk eqnl / sn 1 ß- Sghr hr ctd sn sgd
rl_kk mtladq ne lnkdbtkdr knb_sdc chqdbskx _s sgd onqd
nodmhmf- Enq chrs_mbdr rl_kkdq sg_m 1 ß+ nmkx lnkdbtkdr
knb_sdc _s sgd onqd nodmhmf _qd _bbntmsdc enq- Sgdrd
lnkdbtkdr m_stq_kkx g_ud _ k_qfdq BM sg_m lnkdbtkdr chqdbskx
_s sgd v_kk rhmbd sgdhq bnnqchm_shnm rogdqd hr mns bts nö ax sgd

Dhftpd 6- Gd_sl_o ne sgd BM _s chödqdms bnnqchm_shnm chrs_mbdr hm qdk_shnm sn sgd chrs_mbd sn sgd v_kk enq rxrsdlr M7 ’_anud kdes(+ R7 ’_anud qhfgs(+
M7rb ’adknv kdes(+ _mc R7rb ’adknv qhfgs(- 2 2 CI1 �+ [�,b_shnm9 qdedqdmbd lnkdbtkd: 4B�� [ ,_mhnm9 nardqu_akd-
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v_kk- Enq chrs_mbdr k_qfdq sg_m 1 ß+ sgd _udq_fd BM _krn
hmbktcdr lnkdbtkdr sg_s _qd mns chqdbskx knb_sdc _s sgd onqd+ _mc
sgd b_kbtk_sdc BM hr sgdqdenqd knvdq- Sghr dödbs hr _klnrs
_ardms enq sgd rl_kkdrs onqd rhmbd sgdqd _qd mns l_mx lnkdbtkdr
hm sgd stad _mc sgtr sgd BM ne lnkdbtkdr _s sgd onqd nodmhmf
_mc _s sgd v_kk hr mns rhfmhfib_mskx chödqdms-
Hm Ehftqd 7 _ btsnö ne sgd gd_sl_o enq onqd 0.+ rdd

Rtoonqshmf Hmenql_shnm Ehftqd R0/+ hr oqdrdmsdc- Enq sgd
rxrsdlr M0. _mc M0.rb % sgd sqdmc sg_s sgd BM hr rl_kkdq enq sgd
r_ld bnnqchm_shnm chrs_mbdr vgdm rb_khmf sgd bg_qfdr hr
_oo_qdms- Sghr hr drodbh_kkx oqdrdms hm sgd qdfhnm adsvddm 3 _mc
5 ß- Rtbg _ sqdmc hr mns nardqudc vgdm bnlo_qhmf sgd rxrsdlr
R0. _mc R0.rb - Enq _kk rxrsdlr+ mnhrd b_m ad rddm sn u_qxhmf
cdfqddr enq sgd k_qfdrs chrs_mbdr eqnl sgd onqd v_kk- Sghr b_m
ad dwok_hmdc ax sgd q_ch_k cdmrhsx oqnfikdr sg_s rgnv _ cdmrhsx
bknrd sn / hm sgd bdmsdq ne sgd onqd+ qdrtkshmf hm onnq r_lokhmf
hm sgdrd qdfhnmr- Hm rxrsdl R0.+ sghr dödbs hr o_qshbtk_qkx
oqnmntmbdc adb_trd sgd M_),b_shnmr _qd hmrhcd sgd onqd+ vghbg
b_trdr sgd 2 2 CI1 �+ [�,b_shnmr sn ad rkhfgskx etqsgdq _v_x eqnl
sgd bdmsq_k _whr ne sgd onqd+ rdd Ehftqd 2- @ aqn_cdq lhmhltl
enq rxrsdl R0. ’bnlo_qdc sn sg_s ne M0.( hr _oo_qdms- Vgdm _
2 2 CI1 �+ [�,b_shnm hr knb_sdc hm sgd bdmsdq ne sgd onqd+ sgdqd hr _
sdmcdmbx snv_qc _ knvdq BM enq sgd r_ld bnnqchm_shnm
chrs_mbd bnlo_qdc sn qdfhnmr bknrdq sn sgd v_kk _r sgd _mhnmr
_qd nudqvgdklhmfkx knb_sdc _s k_qfdq chrs_mbdr md_q sgd onqd
v_kk- Gnvdudq+ bnmbktrhnmr rgntkc nmkx ad cq_vm b_tshntrkx hm
sghr qdf_qc _r sgd q_ch_k onrhshnm ne sgd b_shnm hr dwsqdldkx q_qd
_mc r_lokhmf hr bnqqdronmchmfkx onnq-

2�3� Eqdd Dmdqfx Btqudr� Ehftqd 8 rgnvr b_kbtk_sdc eqdd
dmdqfx btqudr enq sgd M_),hnm hm sgd atkj _mc vhsghm
bnmfimdldms enq rxrsdlr R7−R01- Sgd qdfhnm vhsghm sgd

bnmfimdldms hr ghfgkhfgsdc hm fq_x- Hm Ehftqd 8+ sgd eqdd
dmdqfx hr oknssdc _f_hmrs sgd chrs_mbd ne sgd M_),hnm eqnl sgd
bdmsdq ne l_rr ne sgd qdrodbshud onqd- Sgd bnlo_qhrnm adsvddm
sghr chrs_mbd _mc sgd chrs_mbd hm sgd y,chqdbshnm rgnvr sg_s sgd
svn u_ktdr g_qckx chödq ’bnlo_qhrnm hm sgd Rtoonqshmf
Hmenql_shnm(- Sghr ld_mr sg_s sgd onrhshnm ne sgd M_),hnm
u_qhdr _klnrs dwbktrhudkx hm sgd y,chqdbshnm eqnl sgd rs_qshmf
onhms ctqhmf tlaqdkk_ r_lokhmf- Sgd qdfhnm vhsghm sgd atkj ’_s
_ chrs_mbd =1/ ß( rgnvr sg_s sgd eqdd dmdqfx ne sgd M_),hnm hr
rtaidbs sn bnmrhcdq_akd fitbst_shnmr- Sgdrd nqhfhm_sd eqnl sgd
k_xdqhmf ne sgd HK hlonrdc ax sgd rtqe_bd+ _r chrbtrrdc hm
Rdbshnm 2-1- Gnvdudq+ hs _krn rgnvr sg_s sgdrd u_ktdr rgntkc ad
hmsdqoqdsdc nmkx pt_khs_shudkx _mc vhsg b_qd- @ etstqd rstcx vhkk
oqnuhcd adssdq bnmudqfdc OLE btqudr- Enq _kk rxrsdlr+ _ a_qqhdq
ne 04−14 jb_k lnk−0 ltrs ad nudqbnld tonm dmsdqhmf sgd
onqd- Drodbh_kkx enq sgd rxrsdlr R7 _mc R01+ _ rsqnmf hmbqd_rd ne
sgd eqdd dmdqfx btqud _s sgd onqd nodmhmfr hr nardqudc- Hmrhcd

Dhftpd 7- Btsnö ne gd_sl_o enq onqd 0. rdd Rtoonqshmf Hmenql_shnm Ehftqd R0/- 2 2 CI1 �+ [�,b_shnm9 qdedqdmbd lnkdbtkd: 4B�� [ _mhnm9 nardqu_akd-
Chödqdms bnnqchm_shnm chrs_mbdr _qd fhudm hm qdk_shnm sn sgd chrs_mbd sn sgd onqd v_kk enq rxrsdlr M0.+ R0.+ M0.rb + _mc R0/rb -

Dhftpd 8- Eqdd dmdqfx oqnfikdr enq _ M_),hnm hm atkj _mc sgd qdrodbshud
onqdr hm rxrsdlr R7−R01 enq q_ch_k chrs_mbdr ne sgd M_),hnm sn sgd
bdmsdq ne sgd onqd adsvddm / _mc 3/ ß- Sgd fq_x _qd_ cdrbqhadr sgd
qdfhnm vhsghm sgd bnmfimdldms ne sgd qdrodbshud onqd-
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sgd bnmfimdldms+ _kk eqdd dmdqfx btqudr cdbqd_rd enq
hmbqd_rhmfkx rl_kkdq chrs_mbdr+ _ksgntfg sgdx _qd nm _udq_fd
ghfgdq sg_m sgnrd hm sgd atkj- Sghr fimchmf hmedqr sg_s he _ M_),
hnm vdqd sn dmsdq sgd bnmfimdldms+ hs vntkc ad sq_oodc hmrhcd-
Hm sgd oqduhntr rhltk_shnmr+ M_),hnmr vdqd nardqudc nmkx
vhsghm sgd bnmfimdldms hm rxrsdl R0.+ vghbg hr bdqs_hmkx ctd sn
r_lokhmf hrrtdr- Enq sgd rxrsdlr R7 _mc R01+ sgd dmdqfx a_qqhdq
sn dmsdq sgd qdrodbshud onqdr v_r mns nudqbnld ctqhmf
dpthkhaq_shnm- Gnvdudq+ hm rxrsdl R0.+ sgd M_),hnmr nardqudc
hmrhcd sgd onqd dmsdqdc sgd bnmfimdldms ctqhmf sgd fikkhmf
oqnbdrr- Sgqntfgnts sgd dpthkhaq_shnm _mc oqnctbshnm qtmr+
sgd a_qqhdq _s sgd onqd nodmhmf v_r mns nudqbnld sn kd_ud sgd
bnmfimdldms+ jddohmf sgd M_),hnmr hm _ lds_rs_akd rs_sd- Hs
rgntkc ad mnsdc sg_s hm sgd rhltk_shnmr ne sgd R0. rxrsdl+ svn
M_),hnmr _qd oqdrdms hmrhcd sgd onqd bknrd sn d_bg nsgdq- Ctd
sn sgd dmdqfdshb dödbsr ne sgd oqnwhlhsx ne svn b_shnmr vhsg
qdrodbs sn _ rg_qdc bnnqchm_shnm dmuhqnmldms+ hs hr bnmbdhu_akd
sg_s sgd eqdd dmdqfx k_mcrb_od vntkc knnj rnldvg_s chödqdms
hm sghr b_rd- Gnvdudq+ sgd l_hm fimchmf ne sgd _m_kxrhr hr sg_s+
drodbh_kkx _s sgd onqd nodmhmfr+ _ k_qfd dmdqfdshb a_qqhdq ltrs
ad nudqbnld enq sgd M_),hnm sn dmsdq _mc kd_ud sgd
bnmfimdldms- @r r_hc adenqd+ sgdrd qdrtksr rgntkc ad s_jdm
vhsg b_qd+ _mc _cchshnm_k rhltk_shnmr vhsg adssdq r_lokhmf
ltrs ad b_qqhdc nts hm sgd etstqd-

2�4� Rnchtl BWshnm BnnqchmWshnm� Stqmhmf mnv sn sgd
M_),hnm bnnqchm_shnm adg_uhnq hm bnmfimdldms+ sgd BMr enq
chödqdms l_whl_k bnnqchm_sd chrs_mbdr ’2-/−7-4 ß( ne sgd M_),
hnmr _r qdedqdmbd rodbhdr _mc AE3−,_mhnmr _r nardqu_akd _qd
rgnvm hm Ehftqd 0/ enq rxrsdl R0. _r sghr v_r sgd dwbdoshnm
vhsg M_),hnmr adhmf hmrhcd sgd BMS-
Eqnl _kk oknsr vhsghm sgd fiftqd+ hs hr _oo_qdms sg_s sgd

qdfhnmr _knmf sgd y,bnnqchm_sd ne sgd rhltk_shnm anw eqnl
_ooqnwhl_sdkx / sn 34 ß _mc 0// sn 036 ß _qd sgd qdfhnmr
vgdqd sgd M_) b_shnm qdrhcdr hm sgd atkj- Sgd qdfhnm eqnl
_ooqnwhl_sdkx 4/ sn 6/ ß cdrbqhadr sgd M_) b_shnm hm sgd
bnmfimdldms ne onqd 0.- @ bnlo_qhrnm adsvddm sgd
oqnfqdrrhnm ne sgd fq_ogr hm sgd atkj _qd_ _mc vhsghm sgd
bnmfimdldms ynmd bkd_qkx rgnvr sg_s BM hmbqd_rdr rhfmhfib_mskx
e_rsdq vhsghm sgd atkj+ drodbh_kkx enq k_qfdq bnnqchm_shnm
chrs_mbdr- Sghr hr dwodbsdc rhmbd sgd bnmfimdc ro_bd hmrhcd
sgd onqd ld_mr sg_s kdrr 4B�� [ b_m qdrhcd hm sgd q_ch_k uhbhmhsx
ne M_)+ khlhsdc ax sgd onqd v_kkr- Gnvdudq+ sgd bnmfimdc ro_bd
mns nmkx b_trdr sgd cdbqd_rd ne rtqqntmchmf rodbhdr ats
onsdmsh_kkx _krn g_r _m hmfitdmbd nm sgd _qq_mfdldms ne hnmr
vhsghm sgd fiqrs rnku_shnm rgdkk- Enq sghr otqonrd+ sgd _udq_fd
BM ne M_) _mc 4B�� [ hm sgd atkj ’ak_bj( qdfhnm _mc hmrhcd sgd
onqd ’aktd( v_r b_kbtk_sdc _mc oknssdc _f_hmrs sgd bnnqchm_,

shnm chrs_mbd ’Ehftqd 00(- Enq sgd rl_kkdrs bnnqchm_shnm
chrs_mbdr+ BM_ud hmbqd_rdr e_rsdq enq sgd qdfhnm hmrhcd sgd onqd+

vhsg BM_ud adhmf _klnrs 1-/+ vghkd hm sgd atkj BM_ud hr _ants
0-/ _s _ chrs_mbd ne 2-/ ß- Gnvdudq+ BM_ud hmbqd_rdr
rhfmhfib_mskx e_rsdq enq hmbqd_rhmf bnnqchm_shnm chrs_mbd vhsghm
sgd atkj+ _mc sgd oknsr hmsdqrdbs _s _ bnnqchm_shnm chrs_mbd ne
_ants 2-2 ß _mc _ BM_ud u_ktd ne 1-4- Adsvddm 2-7 _mc 4-1 ß+
ansg oknsr qd_bg _ ok_sd_t qdfhnm vgdqd BM_ud bg_mfdr udqx
khsskd- Sghr qdfhnm b_m ad bnmrhcdqdc _r sgd ntsdq khlhs ne sgd
fiqrs rnku_shnm k_xdq- BM_ud sgtr cdrbqhadr sgd _udq_fd mtladq
ne 4B�� [ ,_mhnmr chqdbskx bnnqchm_shmf sn sgd M_),hnmr- Hm sgd
atkj sgd u_ktd hr _ants 3-4+ _mc hm sgd bnmfimdldms sgd u_ktd hr
knvdq _s _ants 2-4- Sghr oqnuhcdr _krn _ onrrhakd dwok_m_shnm enq
sgd k_bj ne M_),hnmr hmrhcd sgd BMS-
Enq k_qfdq chrs_mbdr+ _anud 4 ß+ BM_ud hmbqd_rdr _f_hm enq

ansg rxrsdlr- Gnvdudq+ sgd btqud chudqfdr _r BM_ud hmbqd_rdr
rhfmhfib_mskx e_rsdq hm sgd atkj sg_m hm sgd bnmfimdldms- Hs b_m
sgdqdenqd ad cdsdqlhmdc sg_s sgd bnnqchm_shnm adsvddm M_)
_mc 4B�� [ bg_mfdr vhsghm sgd bnmfimdldms- Vghkd sgdqd _qd
rs_shrshb_kkx _kqd_cx svn 4B�� [ hnmr _s _ l_whltl bnnqchm_shnm
chrs_mbd ne 2 ß sn M_) hmrhcd sgd onqd+ sgd _udq_fd BM hr knvdq
hm sgd atkj _s sghr chrs_mbd- Mdudqsgdkdrr+ vhsghm sgd fiqrs
rnku_shnm rgdkk+ sgdqd _qd nm _udq_fd 3-4 4B�� [ hnmr hm sgd atkj+
hm sgd bnmfimdldms sgdqd _qd nmkx 2-4-

Dhftpd 0.- M_)−AE3− BMr _knmf sgd y,bnnqchm_sd ne sgd rhltk_shnm anw ne rxrsdl R0. enq hmbqd_rhmf l_whl_k bnnqchm_shnm chrs_mbdr ’2-/−7-4 ß(-
Sgd M_) hnm v_r rds _r sgd qdedqdmbd rodbhdr _mc sgd bdmsdq ne l_rr ne sgd AE3−,_mhnm _r sgd nardqu_akd-

Dhftpd 00- @udq_fd BM BM_ud ne sgd M_) b_shnm _r qdedqdmbd rodbhdr
_mc AE3− _r nardqu_akd hm rxrsdl R0.- Sgd BM v_r _udq_fdc hm svn
qdfhnmr- Adsvddm / _mc 1/ ß ’ak_bj(+ hm sgd atkj ne sgd HK−r_ks,
lhwstqd+ _mc adsvddm 4/ _mc 6/ ß ’aktd(+ vgdqd sgd M_) b_shnm hr hm
sgd bnmfimdldms ne sgd onqd ’rdd Ehftqd 0/(- Sgd svn gnqhynms_k khmdr
hm sgd okns _qd rgnvm _s BM_ud ; 2-4 _mc BM_ud ; 3-4-
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2�5� PWchWi Udinbhsx Chrsqhatshnmr� Hm Ehftqd 01 sgd q_ch_k
udknbhsx chrsqhatshnmr ne _kk rxrsdlr _qd cdohbsdc- Nudq_kk+ sgd
udknbhshdr hmbqd_rd tonm rb_khmf sgd enqbd fidkc bg_qfdr
’cdohbsdc hm qdc( bnlo_qdc sn tmhsx bg_qfdr ’ak_bj(- Sghr
hmbqd_rd hr nmkx rl_kk ats oqdrdms hm _kk rxrsdlr- Sgd
chrsqhatshnm etmbshnmr enq sgd hmchuhct_k onqdr _qd udqx rhlhk_q
enq sgd md_s ’M( _mc r_ks ’R( rxrsdlr- Gnvdudq+ hs hr rsqhjhmf
sg_s enq sgqdd ne sgd rhw rxrsdlr dw_lhmdc+ sgd l_whltl cq_c.
qBMS u_ktdr _qd k_qfdq enq sgd mnmrb_kdc rxrsdlr- Sghr hr
rtqoqhrhmf rhmbd sgd b_qanm _snlr ne sgd onqd _qd mns bg_qfdc
_mc mn onk_qhy_shnm dödbsr _qd dwokhbhskx s_jdm hmsn _bbntms: sgd
hmsdq_bshnmr adsvddm atkj _mc khpthc hm sgd rhltk_shnmr _qd
sgdqdenqd fnudqmdc ax u_m cdq V__kr hmsdq_bshnmr- Mdudq,
sgdkdrr+ sgdqd rddlr sn ad _ sdmcdmbx sg_s rgnvr sg_s hm
dwsqdld b_rdr+ sgd hnmr b_m lnud _ khsskd etqsgdq _v_x eqnl sgd
bdmsdq _whr vgdm trhmf tmhsx bg_qfdr+ adhmf onrhshnmdc _ khsskd
bknrdq sn sgd onqd v_kk- Okd_rd mnsd sg_s hm sghr _m_kxrhr+ _m
_udq_fd udknbhsx hr cdsdqlhmdc eqnl _kk sgd udknbhshdr b_kbtk_sdc
enq d_bg ahm- Hm dwsqdld b_rdr bknrd sn sgd onqd v_kk+ sgd q_qhsx
ne fimchmf _m _snl _s _ bdqs_hm q_ch_k chrs_mbd eqnl sgd bdmsdq
_whr ne sgd onqd hr mns chqdbskx _oo_qdms eqnl sgd fq_ogr-
Gnvdudq+ hs b_m ad rddm eqnl sgd q_ch_k cdmrhsx chrsqhatshnmr
’Ehftqd 1( sg_s sgd cdmrhsx sdmcr snv_qc ydqn _s sgd k_qfdrs
u_ktdr enq cq_c.qBMS ne sgd udknbhsx chrsqhatshnm etmbshnm- Sgdrd
_snl onrhshnmr _qd sgdqdenqd dwsqdldkx q_qd-
Hlonqs_mskx+ hm _cchshnm sn rl_kkdq fitbst_shnmr bknrdq sn sgd

onqd bdmsdq+ sgd udknbhsx hmbqd_rdr enq k_qfdq cq_c.qBMS u_ktdr+
hmcdodmcdms ne sgd bgnrdm rxrsdl- Sghr rtffdrsr sg_s sgd hnmr

vhsghm sgd bnmfimdldms g_ud rnld qns_shnm_k eqddcnl vhsg
qdrodbs sn sgd bdmsdq _whr ne sgd onqd- Sghr hr hm khmd vhsg sgd
hmbqd_rd hm udknbhsx enq k_qfdq u_ktdr ne cq_c.qBMS rhmbd ctqhmf _
qns_shnm_k lnshnm ne _ bktrsdq ne hnmr+ sgd lnrs chrok_bdc
rodbhdr g_ud sn lnud sgd e_rsdrs rn sg_s sgd qdk_shud chrs_mbdr
adsvddm sgd rodbhdr ne sgd bktrsdq cn mns bg_mfd- Sgd udknbhsx
ne sgd hmchuhct_k rodbhdr sgtr cdodmcr ltbg lnqd nm sgd
_qq_mfdldms ne sgd hnmr hm sgd onqd sg_m nm sgd hmsdq_bshnm
vhsg sgd onqd v_kk-

3� BNMBKTRHNMR
LC rhltk_shnmr vdqd b_qqhdc nts sn hmudrshf_sd sgd rsqtbstq_k
_qq_mfdldms ne sgd HK ZB1B0Hl[ZAE3[ _mc hsr 14 lnk � M_AE3
r_ks lhwstqd hm bnmfimdc ro_bd- Sgd dw_lhmdc rxrsdlr
bnmrhrsdc ne _ onqntr b_qanm rsqtbstqd bnlahmdc vhsg _ atkj
og_rd ne sgd rstchdc khpthcr-
Hm lnrs rhltk_shnmr+ sgd rnchtl hnmr qdl_hmdc ntsrhcd sgd

bnmfimdldms- Hmsdqdrshmfkx+ dudm vgdm sgd M_),hnmr vdqd
_ardms eqnl sgd stad+ sgd r_ks rshkk g_c _ uhrhakd dödbs nm sgd
nqcdqhmf ne sgd HK hnmr _knmf sgd stad _whr- Vghkd nmkx sgd
rl_kkdrs onqd rhyd dwghahsdc _m _ksdqm_shmf l_rr nqcdqhmf _knmf
sgd stad _whr hm sgd b_rd ne sgd md_s HK+ _ statk_q _qq_mfdldms
v_r nardqudc hm sgd k_qfdq rxrsdlr- Hm sgd k_qfdrs onqd+ sgd hnmr
enqldc svn chödqdms k_xdqr+ _ statk_q k_xdq bknrd sn sgd onqd
v_kk _mc _ bg_hm ne hnmr hm sgd bdmsdq- Mns_akx+ sgd bdmsq_k k_xdq
_klnrs dwbktrhudkx bnmrhrsdc ne b_shnmr-
Vgdm enbtrhmf nm sgd r_ks bnms_hmhmf rxrsdlr+ sgd nrbhkk_shmf

nqcdqhmf ne sgd hnmr v_r _krn nardqudc enq k_qfdq stad rhydr-

Dhftpd 01- Q_ch_k udknbhsx chrsqhatshnmr ne _kk hmudrshf_sdc rxrsdlr- Sgd oknsr enq sgd rhltk_shnmr vhsg tmhsx bg_qfdr ’ph( _qd rgnvm hm ak_bj+ vhsg
rb_kdc bg_qfdr ’ph

rb( hm qdc- Sgd udknbhsx u hr fhudm hm tmhsr ne ß or−0- Sgd chrs_mbdr eqnl sgd bdmsdq _whr ne sgd onqd cq_c _qd mnql_khydc trhmf sgd
qdrodbshud onqd q_chtr qBMS- Sgd udqshb_k a_qr qdoqdrdms sgd onqd v_kk-
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Sgdrd nrbhkk_shmf cdmrhsx oqnfikdr hm sgd k_qfdq onqd rhydr
u_mhrgdc vgdm rb_kdc onhms bg_qfdr vdqd trdc+ qdfidbshmf sgd
hmbqd_rdc cxm_lhbr hmrhcd sgd bnmfimdldms hlonrdc ax sgd
qdctbdc Bntknla hmsdq_bshnmr adsvddm sgd hnmr- Etqsgdqlnqd+
he M_) hnmr vdqd qdrhchmf hmrhcd sgd onqd+ sgdhq bnnqchm_shnm
adg_uhnq vhsg sgd 4B�� [ ,hnmr v_r cq_rshb_kkx bg_mfdc+
nauhntrkx vhsg edvdq rodbhdr hm sgd fiqrs rnku_shnm rgdkk sg_m
hm sgd atkj- Rb_khmf ne sgd enqbd fidkc bg_qfdr hmbqd_rdc sgd
_udq_fd udknbhshdr ne sgd hnmr vhsghm sgd bnmfimdc ro_bd-
Rtqoqhrhmfkx+ hm rnld b_rdr+ hnmr hm mnmrb_kdc rxrsdlr lnudc
etqsgdq _v_x eqnl sgd onqd bdmsdq- @m hmbqd_rd hm udknbhsx
snv_qc sgd onqd v_kk rtffdrsr _ udknbhsx cdodmcdmbd nm hnm
_qq_mfdldms q_sgdq sg_m onqd v_kk hmsdq_bshnmr-

■ :RRNBH:SDC BNMSDMS
)rfi Rtoonqshmf HmenqlWshnm
Sgd Rtoonqshmf Hmenql_shnm hr _u_hk_akd eqdd ne bg_qfd _s
gssor9..otar-_br-nqf.cnh.0/-0/10._br-ioba-2b/7382-

Cdrbqhoshnm ne rdsto _mc dpthkhaq_shnm oqnbdrr ne sgd
hmudrshf_sdc rxrsdlr: _snlhb o_q_ldsdqr trdc enq sgd
_m_kxrdr: o_qsh_k bg_qfdr ne sgd _ookhdc enqbd fidkc: q_ch_k
l_rr cdmrhsx _mc bg_qfd cdmrhsx oqnfikdr ne rxrsdlr M7rb−
M01rb _mc R7rb−R01rb : _wh_k cdmrhsx oqnfikdr ne rxrsdlr M7rb−
M01rb _mc R7rb−R01rb : sgqdd,chldmrhnm_k bnmsntq cdmrhsx okns
ne rxrsdl M01: sgqdd,chldmrhnm_k BM bnmsntq okns ne
rxrsdl M01 _mc chrbtrrhnm nm sgd bnqqdbs _ookhb_shnm ne
sgd BM _m_kxrhr: 2 2 CI1 �+ [�− 4B�� [ BM gd_sl_o ne _kk
rxrsdlr bnms_hmhmf onqd 0. nq 01: M_)− 4B�� [ BM
gd_sl_o ne rxrsdlr R7−R01 _mc R7rb−R01rb : _mc u_khc_shnm
ne sgd BM _m_kxrhr ’OCE(

■ :TSGNP HMENPL:SHNM
Bnqqdronmchmf :tsgnq
�LoaLoL Dhobemdo − Ltkkhidm Bdmsdq enq SgdnqdshbZk

Bgdlhrsqx� Pgdhmhrbgd Eqhdcqhbg,Uhkgdklr,Tmhudqrhs”s Anmm�
C,42004 Anmm� FdqlZmx: nqbhc-nqf.////,///0,7732,
6021: Dl_hk9 jhqbgmdq?sgbg-tmh,anmm-cd

:tsgnqr
KdnmLoc Bhbi − Ltkkhidm Bdmsdq enq SgdnqdshbZk Bgdlhrsqx�

Pgdhmhrbgd Eqhdcqhbg,Uhkgdklr,Tmhudqrhs”s Anmm� C,42004
Anmm� FdqlZmx: nqbhc-nqf.////,///1,4485,8387

DLh �rbelr�kkdo − Ltkkhidm Bdmsdq enq SgdnqdshbZk Bgdlhrsqx�
Pgdhmhrbgd Eqhdcqhbg,Uhkgdklr,Tmhudqrhs”s Anmm� C,42004
Anmm� FdqlZmx

Bnlokdsd bnms_bs hmenql_shnm hr _u_hk_akd _s9
gssor9..otar-_br-nqf.0/-0/10._br-ioba-2b/7382

Mnsdr
Sgd _tsgnqr cdbk_qd mn bnlodshmf fim_mbh_k hmsdqdrs-

■ :BJMNVKDCFLDMSR
Sgd _tsgnqr sg_mj sgd L_w Ok_mbj hmrshstsd ne bnkknhcr _mc
hmsdqe_bdr vhsghm sgd oqnidbs zDQB Rxr LnL@,RSNQ“ ’fq_ms
_fqddldms mn- 840402( enq fim_mbh_k rtoonqs- Sgd _tsgnqr
fq_sdetkkx _bjmnvkdcfd sgd fq_msdc _bbdrr sn sgd Anmm_ bktrsdq
gnrsdc ax sgd Tmhudqrhsx ne Anmm- Sgd _tsgnqr fq_sdetkkx
_bjmnvkdcfd sgd etmchmf ne sghr oqnidbs ax bnlotshmf shld
oqnuhcdc ax sgd O_cdqanqm Bdmsdq enq O_q_kkdk Bnlotshmf
’OB1(- Sghr vnqj hr rtoonqsdc ax sgd Cdtsrbgd Enqrbgtmfr,
fdldhmrbg_es ’CEF+ Fdql_m Qdrd_qbg Entmc_shnm(- Sghr
vnqj hr o_qs ne sgd mdvkx etmcdc BQB 0528 MtLdqhPR-

■ PDEDPDMBDR
’0( Rb_keh+ K-: R_k_mmd+ L-: Qnsdmadqf+ A- Lnkdbtk_q Rhltk_shnm ne
Dkdbsqncd,Rnktshnm Hmsdqe_bdr- ;mmt- Pdu- Ogxr- Bgdl- 1.10+ 61+ 078−
101-
’1( Fd+ J-: Rg_n+ G-: S_adqm_+ O- K-: Rhlnm+ O- Tmcdqrs_mchmf Hnm
Bg_qfhmf Cxm_lhbr hm M_mnonqntr B_qanmr enq Dkdbsqnbgdlhb_k
Cntakd K_xdq B_o_bhsnq @ookhb_shnmr- ;BR Dmdqfx Jdss- 1.12+ 7+
1627−1634-
’2( Enqrd+ @- B-: Fqheehm+ I- L-: Ldqkds+ B-: B_qqdsdqn,Fnmy_kdy+ I-:
Q_ih+ @-,Q- N-: Sqd_rd+ M- L-: Fqdx+ B- O- Chqdbs nardqu_shnm ne hnm
cxm_lhbr hm rtodqb_o_bhsnq dkdbsqncdr trhmf hm rhst cheetrhnm MLQ
rodbsqnrbnox- MZs- Dmdqfx 1.06+ 1+ 05105-
’3( Enqrd+ @- B-: Ldqkds+ B-: Fqdx+ B- O-: Fqheehm+ I- L- MLQ rstchdr
ne _crnqoshnm _mc cheetrhnm hm onqntr b_qanm_bdntr l_sdqh_kr- Oqnf-
Mtbk- LZfm- Pdrnm- Rodbsqnrb- 1.10+ 013−014+ 46−73-
’4( C_vk_sx+ I- L-: Odqjhm+ R-: R_k_mmd+ L-: Vhkk_qc+ @- O- Sgd
bgdlhb_k ogxrhbr ne dkdbsqncd,dkdbsqnkxsd hmsdqe_bdr- I- Bgdl- Ogxr-
1.12+ 048+ 04/3/0-
’5( A_bnm+ B-: Rdqu_+ @-: Ldqkds+ B-: Rhlnm+ O-: R_k_mmd+ L- Nm sgd
jdx qnkd ne dkdbsqnkxsd−dkdbsqncd u_m cdq V__kr hmsdq_bshnmr hm sgd
rhltk_shnm ne hnmhb khpthcr,a_rdc rtodqb_o_bhsnqr- Dkdbsqnbghl- ;bsZ
1.12+ 344+ 03127/-
’6( Rhlnm+ O-: Fnfnsrh+ X- L_sdqh_kr enq dkdbsqnbgdlhb_k b_o_bhsnqr-

MZmnrbh- MZmnsdbgmnk- 1..8+ 0+ 21/−218-
’7( L_+ W-: Kh+ B-: L_qshmrnm+ @- A- E-: Unsg+ F- @- V_sdq,@rrhrsdc
Oqnsnm Sq_mronqs hm Bnmehmdc M_mnbg_mmdkr- I- Ogxr- Bgdl- B 1.1.+
013+ 05075−051/0-
’8( Bg_syhbgqhrsnr+ @-: G_rr_m+ I- Btqqdms Tmcdqrs_mchmf ne V_sdq
Oqnodqshdr hmrhcd B_qanm M_mnstadr- MZmnlZsdqhZkr 1.11+ 01+ 063-
’0/( Bhbdqn+ F-: Fqnrrl_m+ I- B-: Rbgvdfkdq+ D-: Fxfh+ E-: F_kkh+ F-
V_sdq Bnmehmdc hm M_mnstadr _mc adsvddm Fq_ogdmd Rgddsr9 @ Ehqrs
Oqhmbhokd Rstcx- I- ;l- Bgdl- Rnb- 1..7+ 02.+ 0760−0767-
’00( Ahqhtjnu+ C-: Jqntshk+ N-: Oqďcns_+ L- Lncdkhmf ne rnkhc−khpthc
hmsdqe_bdr trhmf rb_kdc bg_qfdr9 qtshkd ’00/( rtqe_bdr- Ogxr- Bgdl-
Bgdl- Ogxr- 1.07+ 1.+ 12843−12855-
’01( Antbg_k+ Q-: @k J_sgdlh+ H-: @msnmhdssh+ L- Aq”mrsdc−Knvqx
@bhc,A_rdc @ptdntr Dtsdbshb Dkdbsqnkxsd enq Oq_bshb_k Yhmb A_ssdqhdr-
RlZkk 1.12+ 12.8445+ 0−00-
’02( Bnkdr+ R- V-: O_qj+ B-: Mhj_l+ Q-: J_mctb+̌ L-: Cytahdkk_+ I-:
Qnsdmadqf+ A- Bnqqdk_shnm Kdmfsg hm Bnmbdmsq_sdc Dkdbsqnkxsdr9
Hmrhfgsr eqnl @kk,@snl Lnkdbtk_q Cxm_lhbr Rhltk_shnmr- I- Ogxr-
Bgdl- A 1.1.+ 013+ 0667−0675-
’03( Anqfgh+ E-: Oh_yynmh+ B-: Fghcdkkh+ L-: Lhk_mh+ O-: Oncdrs_+̀ @-
M_mnbnmehmdldms ne Hnmhb Khpthc hmsn Onqntr B_qanm Dkdbsqncdr- I-
Ogxr- Bgdl- B 1.10+ 014+ 0181−02/2-
’04( O_qj+ R-: LbC_mhdk+ I- F- Hmsdqedqdmbd ne dkdbsqhb_k cntakd k_xdqr9
Bnmehmdldms deedbsr nm rsqtbstqd+ cxm_lhbr+ _mc rbqddmhmf ne hnmhb
khpthcr- I- Bgdl- Ogxr- 1.1.+ 041+ /636/8-
’05( Q_iots+ M- M-: Lnmj+ I-: Rhmfg+ Q-: Gtmf+ E- Q- Nm sgd
hmektdmbd ne onqd rhyd _mc onqd kn_chmf nm rsqtbstq_k _mc cxm_lhb_k
gdsdqnfdmdhshdr ne _m hnmhb khpthc bnmehmdc hm _ rkhs m_mnonqd- I- Ogxr-
Bgdl- B 1.01+ 005+ 4058−4070-
’06( L_bE_qk_md+ C- Q-: S_bghj_v_+ M-: Enqrxsg+ L-: Oqhmfkd+ I- L-:
Gnvkdss+ O- B-: Dkkhnss+ F- C-: C_uhr+ I- G-: V_s_m_ad+ L-: Rhlnm+ O-:
@mfdkk+ B- @- Dmdqfx _ookhb_shnmr ne hnmhb khpthcr- Dmdqfx Dmuhqnm- Rbh-
1.03+ 6+ 121−14/-
’07( X_m+ Q-: @msnmhdssh+ L-: Nrbg_sy+ L- Snv_qc sgd Dwodqhldms_k
Tmcdqrs_mchmf ne sgd Dmdqfx Rsnq_fd Ldbg_mhrl _mc Hnm Cxm_lhbr
hm Hnmhb Khpthc A_rdc Rtodqb_o_bhsnqr- ;cu- Dmdqfx LZsdq- 1.07+ 7+
07///15-
’08( Rhkudrsdq+ C- R-: Bnlosnm+ Q- F- Dkdbsqnbgdlhrsqx hm Qnnl
Sdlodq_stqd Hnmhb Khpthcr9 @ Qduhdv _mc Rnld Onrrhakd
@ookhb_shnmr- W- Ogxr- Bgdl- 1..5+ 11.+ 0136−0163-
’1/( Gdrrkhmf+ I-: K_mfd+ L-: Rbgómgnee+ L- Bnmehmdldms,dmg_mbdc
Kh) hnm cxm_lhbr hm _m hnmhb khpthc,a_rdc dkdbsqnkxsd hm onqntr
l_sdqh_k- Ogxr- Bgdl- Bgdl- Ogxr- 1.12+ 14+ 1240/−12407-
’10( Cnmf+ X-: Rsdhmg_qs+ L-: Atss+ G-,I-: Ekntc_r+ F- Bnmctbshuhsx ne
Hnmhb Khpthcr Hm sgd Atkj _mc ctqhmf Hmehksq_shnm hm M_mnonqdr- I- Ogxr-
Bgdl- A 1.12+ 016+ 5847−5857-
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’11( Khm+ Y-: Fnhjnkd_+ D-: A_kctbbh+ @-: M_nh+ J-: S_adqm_+ O- K-:
R_k_mmd+ L-: Xtrghm+ F-: Rhlnm+ O- L_sdqh_kr enq rtodqb_o_bhsnqr9
Vgdm Kh,hnm a_ssdqx onvdq hr mns dmntfg- LZsdq- SncZx 1.07+ 10+
308−325-
’12( L_qbdqnt+ D-: C_eenr+ A-: S_adqm_+ O-,K-: Rhlnm+ O- Tmcdq,
rs_mchmf _fdhmf ldbg_mhrl ne b_qanm dkdbsqncdr hm cntakd k_xdq
b_o_bhsnqr nodq_shmf hm nqf_mhb dkdbsqnkxsdr- Dkdbsqnbghl- ;bsZ 1.12+
361+ 032288-
’13( Rg_n+ X-: Jmhiee+ K-: Chdsqhbg+ E- L-: Gdql_mrrnm+ J-: Yg_mf+ B-
Lncdkkhmf Atkj Dkdbsqnkxsdr _mc Dkdbsqnkxsd Hmsdqe_bdr vhsg @snlhrshb
L_bghmd Kd_qmhmf- AZssdqhdr RtodqbZor 1.10+ 3+ 474−484-
’14( Rddadbj+ I-: Ldqkds+ B-: Ldhømdq+ Q- G- Dktbhc_shmf Btqu_stqd,
B_o_bhs_mbd Qdk_shnmrghor hm B_qanm,A_rdc Rtodqb_o_bhsnqr- Ogxr-
Pdu- Jdss- 1.11+ 017+ /75//0-
’15( K_gq_q+ D- G-: Rhlnm+ O-: Ldqkds+ B- B_qanm−b_qanm
rtodqb_o_bhsnqr9 Adxnmc sgd _udq_fd onqd rhyd nq gnv dkdbsqnkxsd
bnmehmdldms _mc hm_bbdrrhakd onqdr _eedbs sgd b_o_bhs_mbd- I- Bgdl-
Ogxr- 1.10+ 044+ 0736/2-
’16( Bnrs_ Fnldr+ L-: Ohrnm+ K-: B̌dquhmj_+ B-: O_ct_+ @- Onqntr
Hnmhb Khpthcr nq Khpthc Lds_k−Nqf_mhb Eq_ldvnqjr> ;mfdv- Bgdl-�
Gms- Dc- 1.07+ 46+ 008/8−00801-
’17( @uhk_+ I-: Bnqrhmh+ B-: Bnqqd_+ B- L-: Qnrdmsg_k+ L-: O_ct_+ @-:
Bnrs_ Fnldr+ L- Onqntr Hnmhb Khpthcr Fn Fqddm- ;BR MZmn 1.12+
06+ 084/7−08402-
’18( V_mf+ I-: Atynkhb+ I- I-: Ltkkdm+ I- V-: Ehsyfdq_kc+ O- @-: @l_m+
Y- L-: Enqrxsg+ L-: Kh+ G-: Rhkudrsdq+ C- R-: V_qq+ F- F-: @sjhm+ Q-
M_mnrsqtbstqd ne Knb_kkx Bnmbdmsq_sdc Hnmhb Khpthcr hm sgd Atkj _mc
_s Fq_oghsd _mc Fnkc Dkdbsqncdr- ;BR MZmn 1.12+ 06+ 10456−10473-
’2/( @k,L_rqh+ C-: Xtmhr+ Q-: Gnkkdmj_lo+ @- E-: Oqhmfkd+ I- L- @
rxlldsqhb_k hnmhb khpthc.Kh r_ks rxrsdl enq q_ohc hnm sq_mronqs _mc
rs_akd khsghtl dkdbsqnbgdlhrsqx- Bgdl- Bnlltm- 1.07+ 43+ 255/−
2552-
’20( G_jhl+ K-: Hrghh+ X-: L_srtlnsn+ J-: G_fhv_q_+ Q-: Ng_q_+ J-:
Tlda_x_rgh+ X-: L_sta_x_rh+ M- Sq_mronqs Oqnodqshdr ne Hnmhb Khpthc
_mc Rnchtl R_ks Lhwstqdr enq Rnchtl,Hnm A_ssdqx Dkdbsqnkxsdr eqnl
Lnkdbtk_q Cxm_lhbr Rhltk_shnm vhsg _ Rdke,Bnmrhrsdms @snlhb
Bg_qfd Cdsdqlhm_shnm- I- Ogxr- Bgdl- A 1.1.+ 013+ 6180−62/4-
’21( L_srtlnsn+ J-: Gv_mf+ I-: J_trghj+ R-: Bgdm+ B- X-: G_fhv_q_+
Q- @cu_mbdr hm rnchtl rdbnmc_qx a_ssdqhdr tshkhyhmf hnmhb khpthc
dkdbsqnkxsdr- Dmdqfx Dmuhqnm- Rbh- 1.08+ 01+ 2136−2176-
’22( G_fhv_q_+ Q-: L_srtlnsn+ J-: Gv_mf+ I-: Mnghq_+ S- Rnchtl
Hnm A_ssdqhdr trhmf Hnmhb Khpthcr _r Dkdbsqnkxsdr- Bgdl- Pdb- 1.08+ 08+
647−66/-
’23( R_k_mmd+ L-: Qnsdmadqf+ A-: M_nh+ J-: J_mdjn+ J-: S_adqm_+ O-,
K-: Fqdx+ B- O-: Ctmm+ A-: Rhlnm+ O- Deehbhdms Rsnq_fd Ldbg_mhrlr enq
Athkchmf Adssdq Rtodqb_o_bhsnqr- MZs- Dmdqfx 1.05+ 0+ 05/6/-
’24( Jhl+ G-,J-: Xt+ @-: Shshqhbh+ L-: Ldqkds+ B-: F_n+ X-: V_mf+ I-
L_sdqh_kr bg_kkdmfdr enq rtodqb_o_bhsnqr- ;OJ LZsdq- 1.12+ 00+
/6/3/0-
’25( R_k_mmd+ L- Hnmhb Khpthcr enq Rtodqb_o_bhsnq @ookhb_shnmr- Sno-

Btqq- Bgdl- 1.06+ 264+ 52-
’26( Gdklgnksy+ G- Tdadq dhmhfd Fdrdsyd cdq Udqsgdhktmf
dkdjsqhrbgdq Rsqn̈ld hm jN̈qodqkhbgdm Kdhsdqm lhs @mvdmctmf _te chd
sghdqhrbg,dkdjsqhrbgdm Udqrtbgd- ;mm- Ogxr- 0742+ 054+ 100−122-
’27( Fntx+ L- Rtq k_ bnmrshstshnm cd k_ bg_qfd dḱdbsqhptd _ ̀ k_ rtqe_bd
c&tm dḱdbsqnkxsd- I- Ogxr- Sgdnq- ;ook- 080.+ 8+ 346−357-
’28( Bg_ol_m+ C- K- KH- @ bnmsqhatshnm sn sgd sgdnqx ne
dkdbsqnb_ohkk_qhsx- Jnmcnm Dchmatqfg Oghknr- LZf- I- Rbh- 0802+ 14+
364−370-
’3/( Rsdqm+ N- G- Ytq Sgdnqhd cdq dkdjsqnkxshrbgdm Cnoodkrbghbgs- W-

Dkdisqnbgdl- ;mfdv- Ogxr- Bgdl- 0813+ 2.+ 4/7−405-
’30( Fq_g_ld+ C- B- Sgd Dkdbsqhb_k Cntakd K_xdq _mc sgd Sgdnqx ne
Dkdbsqnb_ohkk_qhsx- Bgdl- Pdu- 0836+ 30+ 330−4/0-
’31( A_y_ms+ L- Y-: Rsnqdx+ A- C-: Jnqmxrgdu+ @- @- Cntakd K_xdq hm
Hnmhb Khpthcr9 Nudqrbqddmhmf udqrtr Bqnvchmf- Ogxr- Pdu- Jdss- 1.00+
0.5+ /350/1-
’32( Edcnqnu+ L- U-: Jnqmxrgdu+ @- @- Snv_qcr tmcdqrs_mchmf sgd
rsqtbstqd _mc b_o_bhs_mbd ne dkdbsqhb_k cntakd k_xdq hm hnmhb khpthcr-
Dkdbsqnbghl- ;bsZ 1..7+ 42+ 5724−573/-

’33( Edmf+ F-: Gt_mf+ I-: Rtlosdq+ A- F-: Ldtmhdq+ U-: Ph_n+ Q- @
zbntmsdq,bg_qfd k_xdq hm fdmdq_khydc rnkudmsr“ eq_ldvnqj enq dkdbsqhb_k
cntakd k_xdqr hm md_s _mc gxaqhc hnmhb khpthc dkdbsqnkxsdr- Ogxr- Bgdl-
Bgdl- Ogxr- 1.00+ 02+ 03612−03623-
’34( @msnmhdssh+ L-: Bgdm+ W-: X_m+ Q-: Nrbg_sy+ L- Rsnqhmf
dkdbsqhbhsx _r bgdlhb_k dmdqfx9 adxnmc sq_chshnm_k dkdbsqnbgdlhrsqx
_mc cntakd,k_xdq bnloqdrrhnm- Dmdqfx Dmuhqnm- Rbh- 1.07+ 00+ 2/58−
2/63-
’35( Bglhnk_+ I-: Xtrghm+ F-: Fnfnsrh+ X-: Onqsds+ B-: Rhlnm+ O-:
S_adqm_+ O- K- @mnl_kntr Hmbqd_rd hm B_qanm B_o_bhs_mbd _s Onqd
Rhydr Kdrr Sg_m 0 M_mnldsdq- Rbhdmbd 1..5+ 202+ 065/−0652-
’36( Ldqkds+ B-: Oá_m+ B-: Qnsdmadqf+ A-: L_ccdm+ O- @-: C_eenr+ A-:
S_adqm_+ O-,K-: Rhlnm+ O-: R_k_mmd+ L- Ghfgkx bnmehmdc hnmr rsnqd
bg_qfd lnqd deehbhdmskx hm rtodqb_o_bhsnqr- MZs- Bnlltm- 1.02+ 3+
16/0-
’37( Chbj+ K-: Jhqbgmdq+ A- BNM@M , Mnudk Snnk sn Bqd_sd _mc
@m_kxyd Khpthcr hm Bnmehmdc Ro_bd- I- Bgdl- Gme- Lncdk- 1.12+ 52+
56/5−5605-
’38( BNM@M , FhsGta qdonrhsnqx+ 1/12- gssor9..fhsgta-bnl.
jhqbgmdqr,l_ms_.bnm_m ’_bbdrrdc Cdbdladq 01+ 1/12(-
’4/( BNM@M , L_mt_k+ 1/12- gssor9..bnm,_m-qd_csgdcnbr-hn.dm.
k_sdrs ’_bbdrrdc Cdbdladq 01+ 1/12(-
’40( Okhlosnm+ R- E_rs O_q_kkdk @kfnqhsglr enq Rgnqs,Q_mfd
Lnkdbtk_q Cxm_lhbr- I- Bnlots- Bgdl- 0884+ 006+ 0−08-
’41( Inqfdmrdm+ V- K-: L_wvdkk+ C- R-: Shq_cn,Qhudr+ I- Cdudknoldms
_mc Sdrshmf ne sgd NOKR @kk,@snl Enqbd Ehdkc nm Bnmenql_shnm_k
Dmdqfdshbr _mc Oqnodqshdr ne Nqf_mhb Khpthcr- I- ;l- Bgdl- Rnb- 0885+
007+ 00114−00125-
’42( Inqfdmrdm+ V- K-: Shq_cn,Qhudr+ I- Sgd NOKR Znoshlhydc
onsdmsh_kr enq khpthc rhltk_shnmr[ onsdmsh_k etmbshnmr enq oqnsdhmr+
dmdqfx lhmhlhy_shnmr enq bqxrs_kr ne bxbkhb odoshcdr _mc bq_lahm- I-
;l- Bgdl- Rnb- 0877+ 00.+ 0546−0555-
’43( B_mnmfh_ Knodr+ I- M-: Cdrbg_lor+ I-: OÅct_+ @- @- G-
Lncdkhmf Hnmhb Khpthcr Trhmf _ Rxrsdl_shb @kk,@snl Enqbd Ehdkc- I-
Ogxr- Bgdl- A 1..3+ 0.7+ 1/27−1/36-
’44( B_mnmfh_ Knodr+ I- M-: OÅct_+ @- @- G- Lnkdbtk_q Enqbd Ehdkc
enq Hnmhb Khpthcr Bnlonrdc ne Sqhek_sd nq Ahrsqhekxkhlhcd @mhnmr- I-
Ogxr- Bgdl- A 1..3+ 0.7+ 05782−05787-
’45( Bnkd+ L- V-: Jkdhm+ I- Q- Sgd hmsdq_bshnm adsvddm mnakd f_rdr
_mc sgd a_r_k ok_md rtqe_bd ne fq_oghsd- Rtqe- Rbh- 0872+ 013+ 436−443-
’46( Gtlogqdx+ V-: C_kjd+ @-: Rbgtksdm+ J- ULC − Uhrt_k
Lnkdbtk_q Cxm_lhbr- I- Lnk- FqZoghbr 0885+ 03+ 22−27-
’47( Rsnmd+ I- D- @m dffibhdms khaq_qx enq o_q_kkdk q_x sq_bhmf _mc
_mhl_shnm- L- Rb- sgdrhr+ 0636+ Tmhudqrhsx ne Lhrrntqh−Qnkk_+ 0887-
’48( Kdnmsxdu+ H-: Rstbgdaqtjgnu+ @- @bbntmshmf enq dkdbsqnmhb
onk_qhy_shnm hm mnm,onk_qhy_akd enqbd ehdkcr- Ogxr- Bgdl- Bgdl- Ogxr-
1.00+ 02+ 1502−1515-
’5/( Rbglnkkmfqtadq+ L-: Rbgqócdq+ B-: Rsdhmg_trdq+ N- Chdkdbsqhb
rodbsq_ ne hnmhb khpthcr _mc sgdhq bnmudqrhnm sn rnku_shnm cxm_lhbr9 _
cds_hkdc bnlots_shnm_k _m_kxrhr ne onk_qhy_akd rxrsdlr- Ogxr- Bgdl-
Bgdl- Ogxr- 1.03+ 05+ 0/888−00//8-
’50( Fqnrrfidkc+ @- VG@L9 sgd vdhfgsdc ghrsnfq_l _m_kxrhr
ldsgnc+ udqrhnm 1-/-00+ 1/03- gsso9..ldlaq_md-tqlb-qnbgdrsdq-dct.
vnqcoqdrr.>o_fd]hc;015 ’_bbdrrdc L_qbg 02+ 1/13(-
’51( Rbgqóchmfdq+ K-: CdK_mn+ V-+ OxLNJ+ 1/12- gsso9..vvv-
oxlnk-nqf.oxlnk-
’52( Aqdgl+ L-: Jhqbgmdq+ A- SQ@UHR , @ Eqdd @m_kxydq _mc
Uhrt_khydq enq Lnmsd B_qkn _mc Lnkdbtk_q Cxm_lhbr Sq_idbsnqhdr- I-
Bgdl- Gme- Lncdk- 1.00+ 40+ 1//6−1/12-
’53( Aqdgl+ L-: Vdadq+ G-: Sgnl_r+ L-: Gnkkébyjh+ N-: Jhqbgmdq+
A- Cnl_hm @m_kxrhr hm M_mnrsqtbstqdc Khpthcr9 @ Onrs,Lnkdbtk_q
Cxm_lhbr Rstcx _s sgd Dw_lokd ne Hnmhb Khpthcr- BgdlOgxrBgdl
1.04+ 05+ 2160−2166-
’54( Eqólafdm+ S-: Ak_rhtr+ I-: Chbj+ K-: Cqxrbg+ J-: @khy_cdg+ U-:
Vxkhd+ K-: Jhqbgmdq+ A- Qdctbhmf Tmbdqs_hmshdr hm _mc @m_kxrhr ne
Hnmhb Khpthc Sq_idbsnqhdr- Hm Bnloqdgdmrhud BnlotsZshnmZk Bgdlhrsqx+
0rs dc-: XÅm̃dy+ L-+ Anxc+ Q- I-+ Dcr-: Dkrduhdq9 Nwenqc+ 1/13: oo 581−
611-
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’55( S_ftbgh+ Q-: L_bghc_+ G-: R_sn+ X-: Rlhsg+ Q- K- Ghfg,Oqdrrtqd
Cdmrhshdr ne 0,@kjxk,2,ldsgxkhlhc_ynkhtl Gdw_ektnqnognrog_sdr _mc
0,@kjxk,2,ldsgxkhlhc_ynkhtl Sdsq_ektnqnanq_sdr _s Sdlodq_stqdr
eqnl ’202 sn 362( J _mc _s Oqdrrtqdr to sn 1// LO_- I- Bgdl-
Dmf- CZsZ 1..8+ 43+ 11−16-
’56( V_mf+ F- I-: G_cihbnmrs_mshmnt+ M- F- Lnkdbtk_q ldbg_mhbr
_mc rsqtbstqd ne sgd ekthc,rnkhc hmsdqe_bd hm rhlokd ekthcr- Ogxr- Pdu-
Ekthcr 1.06+ 1+ /831/0-
’57( B_qsdq+ A- L- F- C-: Qnx_kk+ B- O-: Cxqd+ I- B-: Hmfdaqhfsrdm+ S-
R- Hrnlnqogr hm m_mnbnmehmdc khpthcr- Rnes LZssdq 1.10+ 06+ 7551−
7566-
’58( Hmfdaqhfsrdm+ S- R-: Cxqd+ I- B- Sgd hlo_bs q_mfd enq rlnnsg
v_kk,khpthc hmsdq_bshnmr hm m_mnbnmehmdc khpthcr- Rnes LZssdq 1.03+ 0.+
3213−3220-
’6/( O_hkk_qc+ D-: Ygnt+ P-: Gdmcdqrnm+ V- @-: @oodsdbbgh+ F- A-:
Lnms_mhmn+ L-: O_rrdqhmh+ R- Dkdbsqnbgdlhb_k _mc Ogxrhbnbgdlhb_k
Oqnodqshdr ne OXZrta 03[ERH,A_rdc Dkdbsqnkxsdr vhsg KhERH- I-
Dkdbsqnbgdl- Rnb- 1..8+ 045+ @780-
’60( Mhjhshm_+ U- @-: M_yds+ @-: Rnmmkdhsmdq+ S-: Atbgmdq+ Q-
Oqnodqshdr ne Rnchtl Sdsq_ektnqnanq_sd Rnktshnmr hm 0,Atsxk,2,
ldsgxkhlhc_ynkhtl Sdsq_ektnqnanq_sd Hnmhb Khpthc- I- Bgdl- Dmf-
CZsZ 1.01+ 46+ 2/08−2/14-
’61( Kntqdmb ̧n+ S- B-: Yg_mf+ X-: Bnrs_+ K- S-: L_fhmm+ D- I- @
lnkdbtk_q cxm_lhbr rstcx ne khsghtl,bnms_hmhmf _oqnshb gdsdqnbxbkhb
hnmhb khpthc dkdbsqnkxsdr- I- Bgdl- Ogxr- 1.07+ 037+ 082723-
’62( Q_tadq+ C-: Gnel_mm+ @-: Oghkhooh+ E-: J_x+ B- V- L-:
Yhmjduhbg+ S-: G_mdl_mm+ S-: Gdlodkl_mm+ Q- Rsqtbstqd,Oqnodqsx
Qdk_shnm ne Sqhldsgxk @llnmhtl Hnmhb Khpthcr enq A_ssdqx
@ookhb_shnmr- ;ook- Rbh- 1.10+ 00+ 4568-
’63( Enqrxsg+ L-: Xnnm+ G-: Bgdm+ E-: Ygt+ G-: L_bE_qk_md+ C- Q-:
@ql_mc+ L-: Gnvkdss+ O- B- Mnudk M_ ) Hnm Cheetrhnm Ldbg_mhrl hm
Lhwdc Nqf_mhb−Hmnqf_mhb Hnmhb Khpthc Dkdbsqnkxsd Kd_chmf sn Ghfg
M_ ) Sq_mredqdmbd Mtladq _mc Rs_akd+ Ghfg Q_sd Dkdbsqnbgdlhb_k
Bxbkhmf ne Rnchtl Bdkkr- I- Ogxr- Bgdl- B 1.05+ 01.+ 3165−3175-
’64( Hmfdmldx+ I-: Gnkkébyjh+ N-: Jhqbgmdq+ A- Hnm o_hqhmf hm hnmhb
khpthcr- Hm DmbxbknodchZ ne Gnmhb Jhpthcr: Yg_mf+ R-+ Dc-: Roqhmfdq
Rhmf_onqd9 Rhmf_onqd+ 1/1/+ oo 0−03-
’65( Jhqbgmdq+ A-: L_kadqf+ E-: Ehq_g_+ C- R-: Gnkkébyjh+ N- Hnm
o_hqhmf hm hnmhb khpthcr- I- Ogxr-9 Bnmcdmr-LZssdq 1.04+ 16+ 352//1-
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ABSTRACT: Hybrid solid-state electrolytes, which combine ionic liquids with metal−organic frameworks, offer a promising
approach to enhancing the safety and energy density of next-generation batteries. A thorough understanding of the interplay between
the solid and liquid phases in hybrid solid-state electrolytes is crucial for optimizing their performance as battery electrolytes. This
study investigates how interactions between different ionic liquid-based electrolytes and the metal−organic framework ZIF-8
influence the coordination and dynamics of Li+ in confinement. To this end, we examine five different ionic liquids, varying the
chemical nature of the cation. Raman spectroscopy, supported by 2D solid-state NMR and simulations, are used to elucidate Li+
coordination and ion-wall interactions. The impact of these interactions on local Li+ dynamics and charge transport in the ionic
liquid-ZIF-8 hybrid system is investigated using 7Li spin relaxation, impedance spectroscopy, and simulations. The results reveal a
competitive interaction between Li+ and the ionic liquid cation with the ZIF-8 framework, which can be fine-tuned by modifying the
molecular structure of the ionic liquid cation. As a consequence, local Li+ dynamics is enhanced, depending on the ionic liquid
cation. The beneficial interactions in the confined system can even make Li+ the fastest diffusing species, in contrast to bulk
electrolyte, where Li+ transport is limited by strong Li-anion clusters. Thus, blocking Li+-framework interactions through other
competitive interactions might be an effective strategy to enhance Li+ dynamics and increase Li conductivity in a hybrid solid-state
electrolyte. Although confinement within the ZIF-8 model system leads to an overall decrease in conductivity, this study provides
valuable insights into the design of hybrid electrolytes for next-generation battery applications.

■ INTRODUCTION
The demand for energy storage technologies, especially lithium-
ion batteries, has constantly grown in recent years1 and is also
predicted to increase even more in the next years.2 This
increasing demand highlights significant limitations of the
current battery generation. Especially the flammability and
volatility of commonly used organic electrolytes, in combination
with the high energy density of modern lithium-ion batteries,
gives rise to severe safety risks.3−6 Among other approaches,
solid-state electrolytes7−12 and ionic liquids (ILs)13−16 are
widely discussed in the literature as potential alternative
electrolytes. Solid-state electrolytes are nonflammable and in
theory could have a higher energy density than organic
electrolytes, due to enabling the use of lithiummetal anodes.9−12
However, they either suffer from poor ionic conductivities at
room temperature (polymer solid-state electrolytes) or face the
challenge of maintaining good solid−solid interfacial contact

between the electrode and electrolyte (inorganic solid-state
electrolytes), which if not maintained can lead to a high
interfacial resistance.9−11 ILs on the other hand are promising
electrolyte components due to their low volatility and
flammability and high electrochemical stability, making them
potential candidates for high-voltage battery systems.13−16
However, IL-based electrolytes suffer from high viscosities and
low conductivities, due to strong Coulomb interactions. In
particular, for mixtures of ILs with Li salt, poor Li+ transport
properties are caused by unfavorable Li-anion clusters.17−21 Due
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to a vehicular transport mechanism of Lithium in these net
negatively charged Li-anion clusters, Li+ transference numbers
have even been reported to exhibit a negative sign, reflecting Li+
migration in the wrong direction.20−23 These drawbacks of
solid-state electrolytes and ILs prevent their widespread
application as battery electrolytes.
Hybrid solid-state electrolytes, involving the confinement of

liquids within solid matrices, represent a new class of electrolytes
that hold significant promise and may help overcome the
problems of the previously mentioned classes of electro-
lytes.24−28 These materials aim to use the advantages of both
solid and liquid electrolytes, combining the high ionic
conductivity of liquids with the structural stability of solids.
For several cases of ILs confined in silica or nanotubes, even
faster ion dynamics, compared to the bulk, were demonstrated
experimentally29,30 as well as in simulations.31−35 These
enhanced dynamics were attributed to the frustration of the IL
self-organization at the nanoscale30 which can be seen in
reduced Coulomb interactions of the IL-ions with each other
near the solid−liquid interface.35 A strong confinement of ILs
can even lead to a so-called “superionic state”, where the
Coulombic ordering, i.e. ions are surrounded by an ion shell of
alternating charge, is replaced by a block-wise alternating
structure of equally charged ion pairs.36−39 To achieve and
control such altered structural and physicochemical properties
of confined liquids, an understanding of the interplay between
the solid and liquid phases in hybrid solid-state electrolytes is
crucial and can finally allow for optimizing their performance as
battery electrolytes.25,40−44
Among the various hybrid materials, those involving a

confinement within metal−organic frameworks (MOFs) have
shown particular promise,45−51 for example a sufficient
conductivity for application in battery cells.51 MOFs, with
their highly tunable structures and large surface areas, provide an
ideal platform for hosting ILs. Furthermore, ILs also have highly
customizable properties and are even referred to as “designer
solvents”.52 This high degree of tunability of both components
could allow the precise engineering of hybrid materials to
achieve the desired electrochemical properties.53,54 For example,
the confinement of an IL-based electrolyte inMOF-525(Cu) led
to similar conductivities as the bulk electrolyte, while the Li+
transference number was improved.49 Furthermore, an analysis
of the spatial distribution of IL ions within the MOF pores as a
function of loading by Park et al. shows that repulsive anion−
anion and cation−cation electrostatic interactions contribute to
the upper limit of loading.43 Notably, the loading of theMOF by
ILs is known to affect the conductivity45,47,55−57 and therefore
the performance as an electrolyte. However, to accurately assess
the ionic conductivity within the MOF pores, any excess IL on
the external surface should be avoided, as these “nanowetted
interfaces” can significantly contribute to the overall con-
ductivity.49,53,57,58 Generally, the complex interplay of the
mutual interaction of anions, cations, and internal surfaces is
expected to impact ion dynamics and transport in IL/MOF
hybrid electrolytes, however, systematic studies which combine
experimental and computational findings57,59 are still rare.
Recently, we investigated an ionic liquid-based electrolyte

(ILE), namely 1-butyl-1-methylpyrrol idinium bis-
(trifluoromethylsulfonyl)amide-based mixtures with Li salts,
Pyr14TFSA(1−x)LiTFSAx in different nanoporous materials and
found beneficially enhanced local Li+ dynamics particularly in
the MOF ZIF-8, but not in the nanopores of the porous material
SBA-15.60 While the local Li+ coordination environment as well

as its local dynamics in SBA nanopores were very similar to the
properties in bulk, it was particularly the confinement in ZIF-8,
which altered the Li+ coordination environment, causing a
disruption of Li-anion clusters, thereby leading to an enhance-
ment of the local Li+ dynamics. The results point at a strong
involvement of an interaction between the IL cation and the
pore walls rather than a size effect of ZIF-8 pores.60 The nature
of such beneficial interactions and the role of the three ionic
constituents, however, still remains to be understood.
Therefore, this study focuses on investigating how the

interactions between different IL-based electrolytes (ILE) and
the MOF ZIF-8 influence the coordination and dynamics of Li+
ions in confinement. To this end, we study five different ionic
liquids, varying the chemical nature of the cation, and employing
varying fractions of Li salt. The structures of the IL cations are
shown in Scheme 1. They are selected to represent a variation of

Lewis acidity as well as van derWaals forces. The influence of the
confinement and type of IL cation is analyzed by Raman
spectroscopy, aided by 2D solid-state NMR experiments and
MD simulations of structural parameters. Finally, the influence
of the respective interactions on the local Li+ dynamics as well as
the charge transport in the IL-ZIF-8 hybrid system is elucidated
by 7Li spin relaxation, impedance spectroscopy and MD
simulations. The emerging structural picture involves a
competitive interaction of Li+ and IL cation with the ZIF-8
wall, which can be fine-tuned by the molecular structure of the
IL cation. As a consequence, enhanced local Li+ mobility is
occurring, depending on the IL cation. The beneficial
interactions in the confined system even render Li+ to be the
fastest diffusing species, as opposed to the bulk ILE, where Li+
transport is limited by strong Li-anion clusters. Thus, though
confinement causes an overall decrease in conductivity, tuning
the interactions in confinement has a beneficial effect on Li
transference.

Scheme 1. IL Cations and IL Anion Investigated in This
Studya

aThe color code introduced here for the different cations is used in all
graphs throughout the paper.
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■ MATERIALS AND METHODS
Materials. The metal organic framework ZIF-8 (Basolite

Z1200) was obtained from Sigma-Aldrich. 1-Butyl-1-methyl-
pyrrolidinium bis(trifluoromethylsulfonyl)amide (Pyr14TFSA,
9 9 . 5 % ) , B u t y l t r i m e t h y l a m m o n i u m b i s -
(trifluoromethylsulfonyl)amide (BTMATFSA, 99%), 1-Ethyl-
3-methylimidazolium bis(trifluoromethyl-sulfonyl)amide
(EMIMTFSA, 99.5%) and 1-Butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)amide (BMIMTFSA, 99.5%) were
obtained from IOLITEC. 1-Methoxyethyl-1-methylpyrrolidi-
nium bis(trifluoromethylsulfonyl)amide (Pyr12O1TFSA, 99.9%)
w a s o b t a i n e d f r om S o l v i o n i c . L i t h i um b i s -
(trifluoromethylsulfonyl)amide (LiTFSA, 99.95%) was ob-
tained from Sigma-Aldrich. All chemicals were used without
further purification. In order to remove adsorbed gases, and
especially water, the ILs and the Li salt were dried at 100 °C and
10−7 bar for at least 12 h. ZIF-8 was activated at 100 °C and 10−7
bar for at least 24 h. All chemicals and samples were stored and
prepared in an argon-filled glovebox (GS GLOVEBOX
Systemtechnik, H2O and O2 < 5 ppm).
Preparation of Electrolyte Confined in Porous Materi-

als.The electrolytes were prepared bymixing the ILs with the Li
salt at specific molar ratios, creating a concentration series of
ILEs with a composition IL(1−x)LiTFSAx. Pyr14TFSA-LiTFSA,
BTMATFSA-LiTFSA, EMIMTFSA-LiTFSA, BMIMTFSA-
LiTFSA and Pyr12O1TFSA-LiTFSA are denoted as Pyr14+ ILE
x, BTMA+ ILE x, EMIM+ ILE x, BMIM+ ILE x and Pyr12O1+ ILE
x (in mol %), respectively. The electrolytes were confined in
ZIF-8 through capillary action,45,46,48,61 by mixing the ZIF-8
with the electrolytes at a specific mass ratio using a mortar and
pestle. The mixtures of the electrolytes with ZIF-8 were heated
at 200 °C and 10−7 bar for 24 h, to allow the diffusion of the
electrolytes into the pores of ZIF-8. It is important that no excess
ILE remained on the outer ZIF-8 surface, as such excess ILE can,
for example, cause apparent conductivities which are larger than
the intrinsic conductivities of the hybrid electrolyte.55,57 Given
the relatively large particle size of ZIF-8 (5 μm), a differential
scanning calorimetry (DSC)-based method can be applied to
accurately assess the maximum pore filling where no excess ILE
is present in the interparticular voids.60 This method leverages
the fact that the solid−liquid phase transition of the nano-
confined electrolyte is suppressed within the small pores of ZIF-
8, but not in the interparticle space.45,46,48,62 Using this approach
by comparing DSC traces of varying amounts of ILE mixed with
ZIF-8, the maximum filling of ZIF-8 was determined by a
Pyr14TFSA-based electrolyte in our previous publication to be
around 50% of the theoretical pore volume.60 This is in the same
range as the filling with alcohols reported by Cousin Saint Remi
et al.,63 but less than reported by Fujie for EMIMTFSA in ZIF-8,
where a small particle size might enhance the accessibility of
inner pores.46 For the electrolytes in this study we prepared
samples with (50 ± 5)% pore filling for the Pyr14+, BTMA+ and
Pyr12O1+ -based electrolytes. For the BMIM+ and EMIM+-based
electrolytes we realized that heating the corresponding amounts
of IL and ZIF-8 led to a fraction of IL condensing at the vial wall,
therefore we determined the actual pore filling degree by
weighing, which resulted in (40± 5)%. Finally, the samples were
filled into 5 mm NMR tubes and sealed.
Raman Spectroscopy. Raman studies were performed on a

Bruker MultiRAM spectrometer (Rheinstetten) with a laser
wavelength of 1064 nm and power of 263 mW. Raman spectra
were recorded with a resolution of 0.5 cm−1 in a range of 30−

3600 cm−1 on sealed samples in NMR tubes at ambient
temperature. The spectra were baseline corrected and
normalized to the integral of the Raman band region from 383
to 435 cm−1, 676 to 704 cm−1 or 730 to 765 cm−1, respectively.
Spectral decomposition was performed by fits with Voigt profiles
in OPUS (Bruker, Rheinstetten) (75% Lorentz for the region
from 676 to 704 cm−1 and 60% Lorentz for the region from 383
to 435 cm−1 and 730 to 765 cm−1). Free parameters were peak
intensity, position and width for each band.
NMR Spectroscopy and Spin Relaxation. NMR spin

relaxation measurements were performed with 400 MHz
spectrometers (AVANCE NEO, Bruker or AVANCE III HD,
Bruker) with a broad band probe head (BBO, Bruker). The
temperature was calibrated with a PT100 thermocouple in a
NMR tube filled with glycol. For 7Li temperature dependent
spin relaxation measurements an inversion recovery pulse
sequence was used, obtaining the spin−lattice relaxation time
T1 from eq 164
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where Mz is the magnetization in the z direction and τev is the
evolution time. With the assumption of one random isotropic
motional mode with a correlation time τc, the Bloembergen,
Purcell and Pound (BPP) model65 can be used to describe the
temperature dependent spin−lattice relaxation rate R1 at the
Larmor frequency ω0 using eq 2.
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Here Aquad is a prefactor that describes the local interactions of
the quadrupole moment with the electric field gradient, since in
the case of 7Li, quadrupolar interactions are the dominant
relaxation mechanism. Under the assumption of an Arrhenius
behavior of the local motions, the correlation time τc can be
described by eq 3
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where τ0 is the inverse attempt frequency and Ea the activation
energy of the local motion.
The direct excitation 1Hmagic-angle spinning (MAS) and 2D

1H−1H double-quantum single-quantum (DQ-SQ) MAS NMR
correlation experiments were conducted at a Bruker AVANCE
NEO spectrometer at a magnetic field density of B0 = 11.74 T
(ν01H = 500.39 MHz) using a commercial Bruker 2.5 mm HFX
probe. For DQ excitation and reconversion, the Back-to-Back
(BaBa) recoupling scheme with a xy16 phase cycle was used.67,68

A total of 1024 increments were used with a t1-increment of 4τR
= 124 μs. The 13C{1H-decoupled}MASNMR experiments were
performed on a Bruker DSX 500 spectrometer with B0 = 11.75 T
using a Bruker 4.0 mm HFXY probe.
For the 2D 13C{1H} HETCOR MAS NMR spectrum, a

Bruker AVANCE III spectrometer operating at 11.74 T (ν01H =
300.13 MHz) and a Bruker 4 mm HX probe were used. These
experiments employed frequency-switched Lee−Goldburg
(FSLG) for 1H−1H homonuclear decoupling during t1 followed
by a short cross-polarization (CP) time of 0.5 ms utilizing LG-
CP conditions69 to suppress 1H−1H spin diffusion. Here, a ramp
was applied on the 13C channel and experimentally optimized
Hartmann−Hahn matching nutation frequencies of νCP1H = 79.1
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kHz and νCP13C = 66.7 kHz were used. Further experimental
parameters for all measurements are given in Table S1 in
Supporting Information.
Impedance Spectroscopy. For impedance measurements

the powdery samples of the confined electrolytes in ZIF-8 were
pressed with 2 GPa into pellets (ca. 1 mm thick and 5.0 mm in
diameter). An approximately 100 nm thick gold layer was then
deposited onto the pellet surface using a sputter coater (BAL-
TEC SCD 055, BALTIC preparation, Niesgrau) and a suitable
mask. The samples were dried at 200 °C and 10−7 bar for 24 h.
Impedance measurements were performed with a Novocontrol
Alpha-A High Performance Frequency Analyzer (Montabaur)
equipped with a BDS 1200 sample holder. The pressed pellets
were sandwiched between two electrodes and placed in a
cryostat filled with nitrogen gas. The impedance was determined
in the frequency range of 0.01 to 107 Hz, applying an alternating
voltage of 10 mV. The temperature range was between 293.15
and 433.15 K. The resistance of the sample was then determined
in a Nyquist plot by fitting a model equivalent circuit, of a
parallel connected constant phase element and an Ohmic
resistance, to the data where data points due to polarization
effects were removed. The dc conductivity (σdc) was calculated
by multiplying the inverse resistance with the cell constant d/A,
where the electrode distance d and area A are determined with a
micrometer (Mitutoyo, QuantuMike, precision ± 0.001 mm).
Conductivity measurements of the bulk electrolytes were

performed in a temperature range between 313.15 and 373.15 K
in a Microcell HC measuring stand (rhd instruments,
Darmstadt). The cell was filled and sealed in the glovebox
under argon atmosphere, experiments were performed in the
frequency range of 1−107 Hz, applying an alternating voltage of
10 mV. The cell constant was calibrated using a standard (KCl)
solution. The dc conductivity (σdc) was determined by plotting
the real part of the conductivity against the frequency and
extracting σdc from the dc-plateau.
Computational Details. Bulk electrolyte systems with 200

ion pairs of Pyr14TFSA-LiTFSA at salt concentrations of 15mol
%, 33 mol %, and 50 mol % (see Table S3) were studied by MD
simulations. In addition, confined systems consisting of 72 ion
pairs of (Pyr14TFSA)0.67-LiTFSA0.33 in a ZIF-8 structure were
simulated at three different temperatures (300, 450, and 600 K).
The simulated ZIF-8 structure has 24 pores, each filled with
three ion pairs, which is the maximum possible number. The
TFSA anion exists in two conformers, cis and trans, and their
molar ratios were considered from the beginning in preparing all
simulation inputs. These cis and trans molar ratios were derived
from experimental Raman data (Figure S1; Table S2) of the
Raman band region from 383 to 435 cm−1.70
Themolecular dynamics simulations were performed with the

LAMMPS program package.71 The input files were built using
the packmol72 and the fftool73 packages. The Li cations were
represented by the Aqvist force field,74 Pyr14 cations and TFSA
anions by the CL&P75,76 model, and for ZIF-8 the AMBER
model of Zheng et al. was used.77 A cutoff of 12 Åwas applied for
nonbonded interactions and the particle−particle particle-mesh
method was applied to evaluate long-range electrostatic energies
with the accuracy of 10−5 kcal/mol. Each confined system, after
an energy minimization step with a tolerance of 10−4 kcal/mol
for the energy term and 10−6 kcal/mol/Å for the force term, was
equilibrated for 5 ns within the NVT ensemble. The Nose−
Hoover thermostat was used to control the temperature during
all NVT simulations.

Subsequent production runs of 50 ns were performed for each
system. Each calculation was run three times, using different
initial velocity seeds to ensure the distinctiveness of each run.
The numbers 12,345, 29,383, and 15,455 were used as seed
values for the random number generator. The bulk simulations
were done similarly, however the equilibration was initiated in
anNVT ensemble for 1 ns, before switching to anNPT ensemble
for 3 ns to adjust the density of the electrolyte. The production
runs ran over a length of 30 ns. Details of the simulated systems
are given in Table S3.
The trajectory analysis of each system was conducted using

TRAVIS78,79 and CONAN80,81 and the results were averaged
over the three replica simulations in the case of the confined
systems to ensure statistical confidence. The visualization of the
simulation box was done in VMD,82 shown in Figure S2.

■ RESULTS AND DISCUSSION
Interplay of ILE and ZIF-8 Framework. The internal

interface may play an important role in understanding the
impact of ZIF-8 on the Li+ mobility. To investigate the
interactions of the different electrolytes with the ZIF-8
framework, as a first step the impact of the ILE filling on the
ZIF-8 framework was analyzed by Raman spectroscopy. In
Figure 1a the Raman spectra of the imidazole ring puckering
mode of ZIF-8, occurring in the spectral region between 676 and
704 cm−1, are shown for ZIF-8 with different ILs incorporated.
The Raman spectra for all ILE with other Li salt fractions are
displayed in Figure S3.
The band at 686 cm−1 can be assigned to the imidazole ring

puckering mode of the ZIF-8 framework.83,84 Upon confine-
ment of the ILE the position is shifted to higher wavenumbers
with an order of the magnitude of the shift Pyr14+, BTMA+ >
Pyr12O1+ > EMIM+, BMIM+. By fitting the Raman spectra with
Voigt profiles the peak positions were determined and are
displayed against the molar fraction of the respective IL cation in
Figure 1b. Similar shifts are also present for the ν(Zn−N) mode
of ZIF-8 upon confinement of ILE (Figures S4 and S5). Since
the IL fraction, 1 − x, represents the fraction of the IL cation in
relation to the total number of cations, there is a clear linear
correlation between the molar fraction of the respective IL
cation and the shift. In analogy to our prior study60 we attribute
this effect to interactions of the IL cation with the ZIF-8
framework due to van der Waals forces.
The average structural arrangement of the Pyr14+-based

electrolyte within the ZIF-8 framework is discussed by analyzing
radial distribution functions obtained by MD simulations
(Figure 2). Figure 2a shows the environment of the zinc cation
of the ZIF-8 framework. The oxygen atoms of the TFSA anion
seem to exclusively coordinate to the zinc cation, with Li+ in the
second coordination shell most likely coordinating to TFSA−.
The immediate environment of the methylimidazole anion of
the ZIF-8 framework was analyzed with the center of ring
(COR) (Figure 2b) and the hydrogen atoms of the methyl
group (Figure 2c) set as reference points. This indicates a
possible competitive coordination of the Li cation and the Pyr14
cation to the methylimidazole anion. While Li+ preferentially
coordinates with COR close to methylimidazole, possibly
promoted by cation−π interactions, Pyr14+ preferentially
coordinates near the methyl group. The coordination to the
methyl group is hereby favored with the hydrogen atoms of the
alkyl chains and hydrogen atoms of the ring of Pyr14+, possibly
promoted through nonpolar interactions, which were already
mentioned in literature for ZIF-8 systems.85,86
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To further demonstrate the distinct interaction between the
IL cation and the ZIF-8 framework, we used solid-state NMR

spectroscopy, exemplarily employing the BTMA+-based electro-
lyte. The assignment of the respective 1H and 13C MAS NMR
spectra is shown in the Supporting Information (Figure S6 and
accompanying text). The 2D 1H−1H DQ-SQ NMR spectra in
Figure 3a,b show cross-peaks owing from the intramolecular
proton species in each the BTMA+ and the imidazole species, as
well as intermolecular cross-peaks evidencing the interaction of
BTMA+ with the 5-Me protons and the aromatic protons of the
imidazole molecules in the ZIF-8 framework at: (δSQ/ppm, δDQ/
ppm) = (0.34, 7.2), (0.70, 7.6), (0.91, 7.8), (2.35, 9.1), (2.7, 9.4)
and (6.7, 9.1). While cross-correlations are usually observed in
pairs (i.e., for each signal at (δSQ,1/ppm, δSQ,1 + δSQ,2/ppm),
there should also be a signal at (δSQ,2/ppm, δSQ,1 + δSQ,2/ppm)),
it is not possible to clearly identify the presence of any cross-
correlation signals at δSQ/ppm = 1.92 or 6.83 assigned to the
imidazole species. This is attributed to the markedly larger line
width of the cross and autocorrelation peaks as well as t1-noise
obfuscating all potential cross-peaks expected at these positions
in the spectrum. Nevertheless, the peak observed at (6.7, 9.1)
ppm is slightly asymmetric and more closely shifted to the
expected position of a I2/B5 cross-correlation signal rather than
a I2/I1 autocorrelation signal. This is interpreted to imply that
both I2/B5 and I2/I1 correlation peaks are present, albeit poorly
resolved.
An additional 2D 13C{1H} HETCOR MAS NMR spectrum

was also acquired to prove the intermolecular 1H−13C
interaction between BTMA+ and the ZIF-8 framework and is
shown in the Supporting Information (Figure S7). In
conclusion, the solid-state NMR data confirms the close contact
of IL cation protons to the imidazole of the ZIF-8 wall already
noted in the radial distribution function analysis in Figure 3.
While all three constituents of the ILE are found in close

contact with the ZIF-8 framework, it is interesting to note that it
is only the interaction of the IL cation with ZIF-8, which affects
the Raman shifts of the bands in Figure 1. The slope of the linear
increase, shown in Figure 1b, is notably different for the different
IL-based electrolytes. This suggests that the interactions of the
IL cation with the ZIF-8 framework vary for different IL cations,
presumably in the order of the strength of the Raman shift. Here,
the Lewis acidity of the IL cation might be a governing factor, as

Figure 1. (a) Raman spectra of the imidazole ring puckering mode of
ZIF-8 with different confined ILs (no Li salt), in the spectral region
between 676 and 704 cm−1. (b) Raman shift of the imidazole ring
puckering mode of the ZIF-8 framework in dependence on the ionic
liquid fraction in salt- in ionic liquid, 1 − x, extracted from Figures 1a
and S3.

Figure 2. Radial distribution functions of the zinc atoms (a) and methylimidazole units (b,c) of the ZIF-8 structure with respect to the ionic species of
the Pyr14+-based electrolyte at 300 K and a Li salt fraction of x = 0.33 inside the MOF. In case of the methylimidazole units, the center of ring (COR)
(b) and the hydrogen atoms of the methyl group were set as reference points (c), respectively.
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the Raman shifts qualitatively agree with the polarity parameter
ET(30) of the respective IL derived from solvatochromic
studies,87−89 as shown in the Supporting Information (Table
S5). Notably, the shifts are not very high (ca. 1 cm−1 for the
imidazole ring puckering mode and ca. 2 cm−1 for the ν(Zn−N)
mode), such that these differences should rather be considered
qualitatively. Nevertheless, with these results it can be shown
that different confined IL-based electrolytes have different
effects on the ZIF-8 framework, leading to different internal
interfaces (see Figure 2).
Influence of Confinement on Li+ Coordination

Structure. The structure of the Li+ coordination environment
plays an important role for the mobility of Li+. To investigate the
effect of different confined electrolytes on this structure, we
analyzed the Raman bands of the TFSA anion to highlight its
role in Li+ coordination. Figure 4 shows the Raman spectra of

the different confined ILE in ZIF-8 (a) and in the bulk (b) for
the spectral region between 720 and 770 cm−1 with a Li salt
fraction of x = 0.4. The Raman spectra for the other Li salt
fractions are shown in Figures S8 + S9.
The band at 742 cm−1 can be assigned to the “free” TFSA−

(solvent separated ion pair),90,91 which is not coordinated to Li+.
The bands at 748 cm−1 and 755 cm−1 can be assigned,
respectively, to TFSA− coordinated to just one Li cation
(contact ion pair) and TFSA− coordinated to more than one Li
cation (aggregates).90,91 For the bulk electrolytes no difference
in the Raman spectra can be seen, whereas for electrolytes
confined in ZIF-8, the band at 742 cm−1 notably decreases in the
order of Pyr14+ > BTMA+ > Pyr12O1+ > EMIM+ > BMIM+.
For all IL-based electrolytes the Raman shift of the “free”

TFSA− is shifted to lower wavenumbers upon confinement in
ZIF-8 (Figure S11). This indicates reduced interactions of
TSFA with its local environment, as already shown for Pyr14-
based ILE in our previous study.60 From the deconvoluted
spectra in Figure 4 the integrals of the “free” TFSA− (Af) and the
coordinated species (Ac, including both, “contact ion pair” and
“aggregate” species) can be determined. A plot of Ac/(Ac + Af)
against the Li salt fraction x, which is given in Figure 5b, reveals
the coordination number n of Li+, according to92

A
A A

Snx
Snx nx

nx
( 1)

c

c f+
=

+ (4)

The equation simplifies with the assumption of a molar
Raman scattering coefficient ratio of S = sc/sf = 1 (sf: “free”
TFSA−, sc: Li+-coordinated TFSA−).92
We showed already earlier for Pyr14-based ILE, that the

confinement in ZIF-8 affects the coordination number.60 The
radial distribution function of the Li+ cation and the TFSA
anion, shown in Figure 5a for x = 0.33, confirms the weaker
coordination of Li+ by TFSA− in confinement. As can be seen,
the number integral is reduced upon confinement in ZIF-8. This
is in qualitative agreement with the slight reduction of the
experimentally derived coordination number in the Pyr14+-based
electrolyte (compare Figures 5b + S10) at a low Li salt fraction.
For the other cations the plot of Ac/(Ac + Af) against the Li

salt fraction x in Figure 5b shows a distinct dependence on the IL
cation, which does not occur in the bulk (Figure S10), where the
coordination number is almost the same for the different IL-

Figure 3. (a) 2D 1H−1H DQ-SQ MAS NMR spectra of the BTMA+-based electrolyte confined in ZIF-8 with a Li salt fraction of x = 0.4 (DQ
recoupling times: τexc = τrec = 6 τMAS). Signals along the diagonal dashed line indicate autocorrelation signals. (b) Aliphatic region of (a). The
assignment scheme and 1D NMR 1H and 13C MAS NMR spectra used for this assignment are given in Figure S6. The asterisk (*) indicates a spectral
artifact owing to t1-noise and another signal, which has no definitive assignment and only shows a single autocorrelation signal, is indicated by a dagger
(†).

Figure 4. Raman spectra of different IL-based electrolytes confined in
ZIF-8 (a) and in bulk (b). Exemplary spectra of the ILE with a Li
fraction x = 0.4, in the spectral region between 720 and 770 cm−1. Cyan
lines are TFSA− signals and orange lines at high wavenumber are
BTMA+ signals, all obtained by deconvolution using Voigt profiles.
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based electrolytes. The average coordination number for
electrolytes in confinement is n = 1.7 for Pyr14+, n = 1.9 for
BTMA+, n = 2.1 for Pyr12O1+, n = 2.3 for EMIM+ and n = 2.4 for
BMIM+. In dependence on the structure of the IL cation it thus
follows the same trend as the magnitude of the imidazole Raman
shift (Figure 1). Therefore, we see a direct correlation between
the strength of the interaction of the IL cation and the ZIF-8
framework with the stoichiometry of Li-TFSA coordination. A
strong interaction of the IL cation with the ZIF-8 framework
(see Pyr14+) is correlated with a weaker Li-anion coordination,
while the weakest IL cation interaction with the ZIF-8 wall (see
BMIM+) is associated with a larger coordination number of Li+
to anions. For an understanding of these features, the strong
correlation of cation and anion in ILs, which is for example
documented by the low ionicity values of ILs, needs to be taken
into account. As both constituents, IL cation and Li+, exhibit
significant interaction with the wall (see Figure 2), a stronger
interaction of the IL cation with the wall would reduce the role of
IL cation−anion interactions and allow a more pronounced Li-
anion coordination, as observed by the larger Li+ coordination
number for weakly wall-interacting IL cations.
We expect that the subtle competition of interactions has an

influence on Li dynamics, which we analyze in the next section.
Influence of Confinement on Local Li+ Dynamics. To

investigate the local Li+ dynamics, temperature dependent
spin−lattice relaxation time (T1) measurements were per-
formed. In Figure 6 the 7Li relaxation rates (R1) are shown for
the different IL-based electrolytes at 40% Li salt content (a) in
the bulk and (b) confined in ZIF-8. Corresponding data for
other Li salt fractions is shown in Figure S12.
Upon confinement of all electrolytes in ZIF-8 the maxima of

R1 (R1,max) are shifted to significantly lower temperatures. In the
framework of the BPP model (see eq 2), which assumes a single
motional correlation time τc, the maximum of R1 occurs at
ω0τc,max = 0.616, whereω0 is the Larmor frequency.

66 Thus, with
a constant Larmor frequency, the shift of the maximum to lower
temperature reflects the fact that τc,max is already reached at lower
temperature. This indicates much faster local Li+ dynamics for
all confined electrolytes. In addition, the value of R1,max increases
by a factor of about two. Since R1,max is mainly dependent on the
quadrupolar coupling constant and the local symmetry,66 a
strong change of the local Li+ environment upon confinement

can be concluded. For a quantitative analysis of the relaxation
data the BPP model is employed (see the detailed description in
Supporting Information, with eqs S1 to S4 and Figure S13). The
results for (a) the local motion correlation time τc at 298 K and
(b) its activation energy Ea are given in Figure 7 for the bulk
electrolytes and the electrolytes confined in ZIF-8.
For all electrolytes, τc and Ea decrease upon confinement, thus

showing faster local dynamics of Li+ as well as lower activation
energies of the local motion in confinement. The results forAquad

Figure 5. (a) Radial distribution function of the Li cation and the TFSA anion of the Pyr14+-based electrolyte at 300 K and a Li salt fraction of x = 0.33
for bulk ILE and ILE confined in MOF, respectively. The distances (r) of the first maximum and minimum and number integral at the first minimum
are listed in Table S4. (b) Ac/(Ac + Af) against x for different IL-based electrolytes confined in ZIF-8. Colored lines are guides to the eye. Black dotted
lines represent the expectation for a given stoichiometry n.

Figure 6. Temperature dependent 7Li spin−lattice relaxation rates of
different IL-based electrolytes in bulk (a) and confined in ZIF-8 (b).
Exemplary data for the Li fraction x = 0.4. Dotted lines are fits obtained
from the BPP-model.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.5c01702
J. Phys. Chem. B 2025, 129, 6372−6384

6378

100



are given in Figure S14a. Here, all IL-based electrolytes show a
higher prefactor Aquad upon confinement in ZIF-8, indicating a
more asymmetric local environment for Li+, which is consistent
with the slightly reduced coordination by TFSA anions, as
concluded from the Raman spectra. The asymmetry is most
enhanced for those electrolytes with IL cations only weakly
interacting with the ZIF-8 wall (e.g., BMIM+). This finding
could reflect a larger fraction of Li+ ions at the ZIF-8 wall, where
their coordination environment would be more asymmetric,
exhibiting a mixed imidazole and TFSA coordination.
As can be seen in Figure 7, the type of IL, the Li salt

concentration and the confinement in ZIF-8 have distinct effects
on the Li+ dynamics. In order to focus solely on the effect of
confinement on the Li+ dynamics in each ILE, a correlation time
ratio rτ and an activation energy deviation Ea‑bulk are defined as

r c
ZIF

c
bulk=

(5)

and

E E Ea bulk a
ZIF

a
bulk= (6)

The values for (a) rτ and (b) Ea‑bulk are shown in Figure 8. The
dotted lines are guides to the eye and represent the respective
values of the bulk. A prefactor ratio rA was also calculated in
analogy to eq 5 and is shown in Figure S14b.
For each electrolyte confined in ZIF-8 rτ is much lower than

one, indicating faster local Li+ dynamics. This dynamic
enhancement of Li+ becomes even more pronounced at higher
Li salt concentrations. Despite showing indications of a trend in

dependence on the type of IL cation, the values of the different
electrolytes are mostly within error.
However, for the activation energy change Ea‑bulk a clear trend

is visible. Ea‑bulk is lower than 0 for all electrolytes, suggesting
weaker local interactions of Li+. Those electrolytes with the
strongest interactions of the IL cation with the ZIF-8 framework
(Pyr14+ and BTMA+-based) cause the strongest reduction of Ea,
and thus enhancement of Li+ dynamics upon confinement. This
correlation between IL cation−framework interactions and the
Li+ dynamics is remarkable. A possible explanation for this
behavior is the competitive coordination of the Li+ cation and
the IL cation to the methylimidazole anion of the framework.
The radial distribution functions in Figure 2 showed that the
preferential location of Li+ is near the pore wall, either directly
coordinating to the COR of the methylimidazole anion of ZIF-8
or in the second coordination shell around the zinc cation of
ZIF-8, presumably coordinated to TFSA−. A stronger
coordination of the IL cation with the methylimidazole anion
could then lead to a shift of the coordination environment of Li+
toward a more favorable coordination in the second
coordination shell.
Although the influence of the IL cation−framework

interactions on the Li+ dynamics cannot be fully explained yet,
it is also consistent with the coordination number n of Li+
determined by the Raman measurements, where a larger Ea‑bulk
would be expected for higher n.
Influence of Confinement on Ion Transport. Next, we

turn to impedance spectroscopy and analyze how far the
different IL cations influence the long-range charge transport.

Figure 7. Values of the correlation time τc at 298 K (a) and the
activation energy Ea (b) of 7Li for different IL-based electrolytes in bulk
(empty symbols) and confined in ZIF-8 (filled symbols) obtained by
the BPP model. Figure 8.Contrast between bulk and confined behavior as described by

the correlation time ratio at 298 K (a) and the activation energy
difference (b). The dotted lines are guides to the eye, dashed lines at a
value of 1 and 0, rsp., represent the respective values of the bulk.
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Here, the movement of ions over several pores is tracked. An
analysis of the temperature-dependent impedance spectra is
given in Supporting Information, demonstrating the validity of
time−temperature superposition and Summerfield scaling, i.e.
the invariance of the number density of charge carriers with
temperature (see Supporting Information, Figures S15 and S16
and accompanying text).
In Figure 9 the dc conductivities of the different IL-based

electrolytes confined in ZIF-8 are shown and compared to the
bulk conductivities of the respective electrolytes.

The bulk conductivities are much higher than the
conductivities of the hybrid electrolyte. While another MOF
containing Li, but no IL, showed excellent conductivity,51 ion
transport in ZIF-8 is most likely hindered, due to the strong
confinement in pores with extremely small pore aperture
diameters (3.4 Å),93 which reduces the rate of transitions of
ions to adjacent pores. This is also reflected in the higher
activation energies of the hybrid electrolytes compared to the
respective values of the bulk electrolytes, see Arrhenius fits in
Figure S17 and resulting values in Table S6. In comparison, in
the MOF HKUST-1 a somewhat larger conductivity of 3 μS/m
was found at full coverage with ILE, and it was strongly
dependent on the Li addition, and on the degree of pore filling.57

Remarkably, however, the conductivity differs by more than 2
orders of magnitude between the various hybrid electrolytes.
Such a difference cannot be observed when comparing values of
the bulk electrolytes with each other. We note here that the
absolute values of conductivity have to be taken with care, since
they might be affected by slightly different degrees of pore
filling.45,47,57 A reduced degree of filling might either result in
lower conductivities,45,47 or even higher conductivities.57

Nevertheless it is interesting to note that the dc conductivity
of the hybrid electrolytes follows a similar trend in relation to the
IL cation−framework interactions, as described above for the
local Li+ dynamics. For the electrolytes where the interactions of
the IL cation with the ZIF-8 framework caused the strongest
Raman shift, the highest conductivities are observed. In the
following we build the interpretation on the discussion of the
activation energy deviation Ea−bulk, which should not be affected
by pore filling issues. The deviation Ea‑bulk is defined here in
analogy to eq 6 for the activation energy of conductivity and
calculated from the respective values of Ea in Table S6. The

results are given in Table 1 and represent again a clear trend of a
more beneficial transport in case of BTMA+ and Pyr14+-based

confined ILE as opposed to other IL cations. The interpretation
is more complex in this case, as the partial conductivities of all
ions in the sample contribute to the overall conductivity.
Figure 10 shows a comparison between the mean square

displacement (MSD) of the ionic species of the Pyr14+-based
electrolyte at a Li salt fraction of x = 0.33 in bulk at 300 K (a) and
confined in ZIF-8 at 300 K (b) and 600 K (c), with respect to the
correlation time τ. At 300 K (b), the dynamics of the ions are
slow, and the MSD does not exceed the pore size, therefore not
reflecting the long-range diffusive behavior of the ions, even after
50 ns of simulation time. Simulations at an elevated temperature
were included to characterize the transport mechanism of the
species within the confinement, see Figure 10c.
As can be seen in Figure 10a, Pyr14+ is the fastest diffusing

species in the bulk, followed by TFSA− and then Li+ as the
slowest species. This order is in agreement with experimentally
derived diffusion coefficients of ILE from PFG-NMR94,95 and
can be explained by the formation of Li-TFSA clusters, which
reduce the dynamics of TFSA− and especially of Li+. For higher
Li salt fractions, the TFSA− displacements even approach the
ones of Li+ (Figure S18), due to a higher share of TFSA anions
being present in Li-TFSA clusters. In contrast to this, Figure 10b
shows that in confinement Li+ is the fastest species, followed by
Pyr14+ and then TFSA−. In the 300 K simulation, theMSD in the
diffusive regime is smaller than the pore diameter, and during the
simulated time interval τ the ions primarily rattle around their
initial positions. However, in the simulation at 600 K, the MSD
exhibits a short ballistic regime (τ < 1 ns) from 0 to
approximately 4 Å2, reflecting ion mobility within a single
ZIF-8 cage. This is followed by a diffusive regime, with MSD(τ)
showing an almost linear trend, describing the ion movement
between pores. Figure S21 depicts a three-dimensional
occurrence of Li+ positions within the ZIF-8 structure at 600
K, to visualize the Li+ transfer between adjacent pores. The slight
flattening of the slope of the respective MSDs between τ = 3−9
indicates a transition from subdiffusive to diffusive behavior of
the ions. The difference between the displacement of Li+ and the
other ionic species is increased for higher temperatures. A
comparison for all studied temperatures is shown in Figure S19.
For the ZIF-8 system modeled at 600 K, diffusion coefficients
were derived from the MSDs as described in Figure S20/Table
S7 and accompanying text in the Supporting Information. The
ideal transference number for Li+ was calculated from the
diffusion coefficients, which results in a value of t+ideal = 0.23 ±
0.08.
The larger MSD of Li+ indicates that Li+ is not predominantly

moving together with counterions in a larger complex, but there
is independent Li+ transport through the pores. Two videos
presented in SI exemplarily show the ligand exchange between
anion and Li+ ion, which allows Li+ displacement in space
without significant anion displacement, thus rationalizing the
findings of the MSD on a local length scale. Therefore, the
mechanism of Li+ transport is a ligand exchange as suggested for

Figure 9. Dc conductivity of different IL-based electrolytes in bulk
(empty symbols) and confined in ZIF-8 (filled symbols) for the Li
fraction x = 0.4.

Table 1. Activation Energy Deviation Ea‑bulk of the dc
Conductivity for Different IL-Based Electrolytes for the Li
Fraction x = 0.4

electrolyte BTMA+ Pyr14+ Pyr12O1+ EMIM+ BMIM+

Ea‑bulk/kJ mol−1 62 72 91 90 93
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similar systems,57 rather than a vehicular transport in Li-anion
clusters as observed in bulk.20,21 Interestingly, a similar inversion
of the order of diffusion coefficients of the different species has
also been observed in ILE in HKUST-1, where Li is also the
fastest species.57 The authors attributed this to a pore blocking
of the large IL ions, while Li+ ions can diffuse via a ligand
exchange. We believe that our data for ZIF-8 reflect a similar
mechanism, where the pore-to-pore passage is not possible for
Li-anion clusters, which are the transport-relevant species in
bulk ILE, but a ligand exchange is required for Li ions to transfer
to an adjacent pore.
Notably, the MSDs do not converge against a limit, and at

high temperature (see Figure 10c) the simulations cover a
distance far larger than the pore size. This is evidence that the
displacements observed here are not restricted to one pore, and
all ionic species are able to undergo long-range transport over
different pores.
The transition of the Li+ transport mechanism from vehicular

Li-anion transport to uncorrelated motion of Li+ as the fastest
species could explain the large difference in conductivity for
confined ILE with different IL cations. As the fastest species in
ZIF-8 pores the influence of Li+ transport on the overall
conductivity should be dominant. Indeed, the electrolytes with
the lowest activation energy enhancement for the local dynamics
(Figure 8b; BTMA+ and Pyr14+) exhibit the highest
conductivities in confinement (Figure 9).

■ CONCLUSION
We were able to show that the interactions between IL cation
and MOF framework can have significant impact on the Li+ ion
dynamics, and on ionic transport. MD simulations showed
complex interactions of the IL-based electrolytes with the ZIF-8
framework, where IL cation and Li+ are in competition to
coordinate to the methylimidazole anion of the framework. Li+
coordinates preferentially to the imidazole ring, and the IL
cation to the methyl group (see Figure 2b,c). The anion TFSA is
found close to the Zn2+ cation of the pore wall, with Li+ in the
second coordination shell (Figure 2a).
Raman studies elucidated different coordination behaviors of

the IL to the MOF in dependence on the IL cation employed.
The structure of the cation gave rise to a change in Li+
coordination environments, local Li+ dynamics and conductiv-
ities. A trend was visible where a stronger Raman shift of the
methylimidazole ring puckering mode induced by the IL cation
correlated with lower Li+ coordination numbers to TFSA−,

enhanced local Li dynamics and higher total conductivities of
the hybrid electrolytes. The balance of the competitive
coordination of IL cation and Li+ to the framework is decisive
for these improved properties. A stronger coordination of the IL
cation to the framework could modify the dominating
coordination environment of the Li+ ions, with consequences
for the dynamic behavior of Li+. We showed that in confinement
the Li+ ions move independently of their counterions as the
fastest species (Figure 10), via a ligand exchange mechanism as
already discussed for similar systems in the literature.47,57 This is
in contrast to the transport mechanism in bulk, which is
dominated by vehicular Li-anion transport.20,21 This structural
Li+ transport involves the breakup of Li-anion clusters and also
explains the comparatively lower activation energy of con-
ductivity in combination with the lowest activation energies of
the local Li+ motion for those IL cations strongly interacting
with the walls.
Overall, the confinement of IL in ZIF-8 causes reduced long-

range charge transport, but a strong interaction of the IL cation
to the framework is beneficial in terms of enhancing local Li+
dynamics by subtle changes of the respective ion−ion
interactions. A breakup of Li-anion clusters, by interactions of
the IL-ions with theMOF framework, is a desired property in the
hybrid electrolytes to enhance Li+ dynamics. Too strong
interactions of Li+ itself with the rigid framework could however
have negative effects on the Li+ dynamics. Blocking these Li+-
framework interactions by other competitive interactions might
be an effective strategy to enhance Li-dynamics and increase Li
conductivity in a MOF. While ZIF-8 serves as a model system in
the present work, other MOFs with larger pore sizes and further
tailored interactions might provide similarly positive impacts on
the local Li-dynamics as ZIF-8, while reducing overall transport
limitations.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Figure 10.Mean square displacement of the ionic species of the Pyr14+-based electrolyte with a Li salt fraction of x = 0.33 in bulk at 300 K (a), and
within the confinement of the ZIF-8 structure at 300 K (b) and at 600 K (c).
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:ARSP:BS9 Sgd rsqtbstq]k ]mc cxm]lhb]k oqnodqshdr ne v]sdq
bnmfimdc hm rtam]mnldsdq+ rhmfkd,v]kkdc b]qanm m]mnstadr ’BMSr(
]qd hmudrshf]sdc trhmf lnkdbtk]q cxm]lhbr rhltk]shnmr- Vhsg q]chh
q]mfhmf eqnl 3 sn 7 ß+ vd ]rrdrr bnmfimdldms,rhyd dödbsr trhmf etkkx
fidwhakd BMSr vhsg dwokhbhs b]qanm onk]qhy]ahkhsx ]mc sgd LA,onk
v]sdq lncdk- Cdmrhsx chrsqhatshnmr qdud]k+ sg]s rhmfkd,fikd v]sdq
bg]hmr enql hm sgd m]qqnv ’0/+/( BMS+ odms]fnm]k qhmf rsqtbstqdr
enql hm sgd hmsdqldch]sd ’04+/( BMS+ ]mc ] svn,k]xdq ]qq]mfdldms
enqlr hm sgd vhcdq ’1/+/( BMS- @mftk]q chrsqhatshnmr rgnv sg]s sgd
hmfitdmbd ne b]qanm onk]qhy]shnm nm v]sdq nqhdms]shnm fqnvr vhsg
BMS ch]ldsdq+ ]bbnlo]mhdc ax ] oqnmntmbdc shks ne v]sdq
lnkdbtkdr snv]qc sgd BMS v]kk- Bnlo]qhrnmr vhsg sgd SHO3O.
1//4e lncdk hmchb]sd sg]s vghkd sghr bk]rrhb]k lncdk b]ostqdr
rsqtbstq]k sqdmcr+ LA,onk ]önqcr ] cddodq cdrbqhoshnm ne hmsdqe]bh]k v]sdq adg]uhnq ax dm]akhmf chqdbs rhltk]shnmr ne hmeq]qdc rodbsq]
eqnl chonkd sq]idbsnqhdr ]mc bnmrhrsdmskx ]bbntmshmf enq onk]qhy]shnm dödbsr- Ehm]kkx+ rhltk]shnmr ne udqshb]kkx ]khfmdc BMS ]qq]xr
cdlnmrsq]sd sg]s hmsdqstad hmsdq]bshnmr rhfmhfib]mskx hlo]bs v]sdq cxm]lhbr9 hm rs]bjdc ’1/+/( bnmfiftq]shnmr+ hmsdqlhssdms gxcqnfdm,
anmc khedshldr cdbqd]rd ax 1/−14� ]mc k]xdq qdrhcdmbd shldr cqno ax to sn 1/� qdk]shud sn hrnk]sdc BMSr- Sgdrd fimchmfr hkktrsq]sd
sgd bnlokdw qdk]shnmrgho adsvddm v]sdq rsqtbstqd ]mc cxm]lhbr hm qdk]shnm sn sgd rhyd ne sgd bnmfimdldms ]mc rgnv sg]s b]qanm
onk]qhy]ahkhsx ]mc dwokhbhskx bnmrhcdqhmf ltkshokd BMSr ]qd hlonqs]ms e]bsnqr sn bnmrhcdq hm lncdkhmf bnmfimdc v]sdq-
IDWVNPCR9 mXmnbnmzmdc vXsdp� rhmfkd,vXkkdc bXpanm mXmnstadr� bXpanm mXmnstad rsXbihmf� bXpanm onkXphyXahkhsx� LA,onk�
gxcpnfdm,anmc cxmXlhbr� hmepXpdc rodbspnrbnox

■ HMSPNCTBSHNM
Bnmfimdldms rhfmhfib]mskx ]ksdqr ansg sgd rsqtbstq]k ]qq]mfdldms
]mc chötrhud oqnodqshdr ne v]sdq+ ]r cdlnmrsq]sdc hm mtldqntr
dwodqhldms]k0−3 ]mc sgdnqdshb]k rstchdr+4−02 l]mx ne vghbg qdkx
nm lnkdbtk]q cxm]lhbr ’LC( rhltk]shnmr- Sgdrd bg]mfdr ]qd
fnudqmdc ax rsdqhb bnmrsq]hmsr hlonrdc ax sgd bnmfimhmf
fdnldsqx ]mc rhyd+ ]r vdkk ]r ax sgd ]ksdqdc enql]shnm ]mc
qdnqf]mhy]shnm ne gxcqnfdm,anmc mdsvnqjr-00 @r ] qdrtks+ sgd
adg]uhnq ne v]sdq tmcdq bnmfimdldms etmc]ldms]kkx chödqr eqnl
hsr atkj,og]rd adg]uhnq- Rdudq]k rstchdr g]ud qdonqsdc og]rd
sq]mrhshnmr ]mc sgd enql]shnm ne m]mnhbd og]rdr vgdm v]sdq hr
bnmfimdc ]s sgd m]mnrb]kd-03−10 Sgdrd sq]mrhshnmr ]qd ghfgkx
cdodmcdms nm sgd rsqtbstqd ]mc fdnldsqx ne sgd bnmfimhmf
rtarsq]sd-
Sgd oqdrdms rstcx enbtrdr dwbktrhudkx nm sgd bnmfimdldms ne

v]sdq vhsghm rhmfkd v]kkdc b]qanm m]mnstadr ’RVBMSr(+ vghbg
vhkk gdqd]esdq ad qdedqqdc sn rhlokx ]r BMSr- BMS ldlaq]mdr
]mc nsgdq m]mnonqntr b]qanm l]sdqh]kr ]qd ne sdbgmnknfhb]k
hmsdqdrs hm ]ookhb]shnmr rtbg ]r cdr]khm]shnm ldlaq]mdr11−15

]mc dmdqfx rsnq]fd cduhbdr-16−2/ Adxnmc hrnk]sdc BMSr+ vd ]krn
bnmrhcdq ]qq]xr ne udqshb]kkx ]khfmdc b]qanm m]mnstadr

’U@MS@r(-20 Sgd rs]bjhmf ne ltkshokd BMSr ne sgd r]ld
jhmc xhdkcr ] ghfgkx ]mhrnsqnohb rxrsdl+ ]mc bnkkdbshud bnmfimd,
ldms dödbsr adsvddm v]sdq hm ]ci]bdms onqdr ]qd bnmbdhu]akd-
Dwodqhldms]k rstchdr nm U@MS@r g]ud cdlnmrsq]sdc dwbdo,
shnm]kkx e]rs v]sdq sq]mronqs-21+22

Mtldqntr qduhdvr8+23+24 cdrbqhad sgd bnmrhcdq]akd oqnfqdrr
l]cd hm tmcdqrs]mchmf sgd adg]uhnq ne v]sdq bnmfimdc hmrhcd
BMSr- Mdudqsgdkdrr+ rdudq]k bnllnm rhlokhfib]shnmr hm
lncdkhmf BMS−v]sdq rxrsdlr kd]ud qnnl enq hloqnudldms-
Nmd eqdptdms ]rrtloshnm hr sn sqd]s BMSr ]r odqedbskx qhfhc+
mnmonk]q l]sdqh]kr fiwdc hm ro]bd ctqhmf rhltk]shnmr- Vghkd
bnlots]shnm]kkx dffibhdms ]mc d]rx sn hlokdldms+ sghr ]ooqn]bg
l]x hmfitdmbd gnvv]sdq o]bjr hmrhcd sgd onqd ]mc hsr chötrhuhsx-
Bgdlhb]k hmsthshnm rtffdrsr sg]s onk]qhy]shnm dödbsr ]s sgd

Pdbdhudc9 Nbsnadq 00+ 1/14
Pduhrdc9 Cdbdladq 1/+ 1/14
:bbdosdc9 Cdbdladq 11+ 1/14
Otakhrgdc9 Cdbdladq 2/+ 1/14
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BMS.v]sdq hmsdqe]bd bntkc hmfitdmbd sgd ]qq]mfdldms ne sgd
onk]q v]sdq lnkdbtkdr- Hmcddc+ rstchdr g]ud rgnvm sg]s
onk]qhydc nq bg]qfdc rtqe]bdr rhfmhfib]mskx hlo]bs sgd rsqtbstqd
ne hmsdqe]bh]k v]sdq-25−31 Etqsgdqlnqd+ bntokhmf adsvddm sgd
bnmfimdc v]sdq ]mc sgd knmfhstchm]k ognmnm lncdr ne ] fidwhakd
BMS l]x ]ödbs v]sdq%r chötrhud adg]uhnq- Hm e]bs+ BMS v]kk
fidwhahkhsx g]r addm qdonqsdc sn qdctbd hmsdqe]bh]k eqhbshnm ]mc
dmg]mbd finv+ kd]chmf sn fqd]sdq v]sdq lnahkhsx-32−35 Hm ]cchshnm
sn rsqtbstq]k ]qq]mfdldms ]mc cxm]lhbr+ bnmfimdldms ]krn
hlo]bsr sgd bgdlhb]k adg]uhnq ne v]sdq- Enq hmrs]mbd+ hs v]r
qdbdmskx rgnvm sg]s bnmfimdldms ]ödbsr Fqnssgtrr chötrhnm
’h-d-+ oqnsnm,gnoohmf ldbg]mhrl(36−38 ]r vdkk ]r sgd ]tsn,
hnmhy]shnm dpthkhaqhtl ne v]sdq-4/ Ansg oqnbdrrdr ]qd rdmrhshud sn
sgd knb]k gxcqnfdm,anmc mdsvnqj ]mc ]qd sgtr hmfitdmbdc ax sgd
fdnldsqx ]mc rhyd ne sgd bnmfimdc ro]bd-
@ BMS%r ]snlhb rsqtbstqd+ cdsdqlhmdc ax hsr bghq]k hmchbdr

’l+m(+ rsqnmfkx hmfitdmbdr hsr dkdbsqnmhb oqnodqshdr- Sgd bghq]k
hmchbdr ]qd cdfimdc ax sgd udbsnq b ⃗ < lX⃗ ) ma⃗+ vgdqd X⃗ ]mc a⃗ ]qd
sgd tmhs udbsnqr ne ] fq]ogdmd k]sshbd- Sgd udbsnq b ⃗ cdrbqhadr sgd
chqdbshnm hm vghbg ] fq]ogdmd rgdds hr qnkkdc hmsn ] stad-
@qlbg]hq BMSr bnqqdronmc snl < m+ yhfy]f BMSr sn m < /+ ]mc
]mx nsgdq bnlahm]shnm ’l ≠ m( xhdkcr ] bghq]k BMS- @qlbg]hq
BMSr adg]ud ]r pt]rh nmd,chldmrhnm]k lds]kr ]knmf sgd stad
]whr+ vgdqd]r yhfy]f m]mnstadr ]qd rdlhbnmctbshmf- Sgd a]mc
f]o hr etqsgdq hmfitdmbdc ax sgd m]mnstad q]chtr ]mc btqu]stqd+
vhsg o]qshbtk]qkx oqnmntmbdc dödbsr enq sgd rl]kkdrs m]mnstadr-
Hm sgd oqdrdms rstcx+ sgqdd yhfy]f BMSr vhsg q]chh q]mfhmf

eqnl ]ooqnwhl]sdkx 3 sn 7 ß ]qd hmudrshf]sdc ’’M+/( BMSr vhsg
M < 0/+ 04+ 1/( sn ]rrdrr gnv bnmfimdldms rhyd hmfitdmbdr sgd
rsqtbstq]k ]mc cxm]lhb]k adg]uhnq ne bnmfimdc v]sdq- Sn ]ccqdrr
sgd ]enqdldmshnmdc lncdkhmf khlhs]shnmr+ sgd BMSr ]qd sqd]sdc
]r etkkx fidwhakd dmshshdr- Sgd LA,onk40−46 onsdmsh]k hr dloknxdc
sn lncdk v]sdq- Sghr ]cu]mbdc lncdk dwokhbhskx hmbktcdr l]mx,
ancx ]mc onk]qhy]shnm dödbsr ]mc ]bbtq]sdkx qdoqnctbdr sgd
oqnodqshdr ne v]sdq ]bqnrr ] vhcd q]mfd ne sdlodq]stqdr ]mc
oqdrrtqdr-44+46−48 Vd sgdqdenqd bnmrhcdq LA,onk rths]akd enq
rhltk]shnmr hm bnmfimdc ro]bdr+ rhmbd ]m ]bbtq]sd cdrbqhoshnm ne
og]rd sq]mrhshnmr vhsghm bnmfimdldms hr drrdmsh]k- Hm nqcdq sn
etkkx ]bbntms enq onk]qhy]shnm dödbsr hm ansg v]sdq ]mc sgd
BMSr+ sgd Cqdhchmf5/ enqbd fidkc vhsg onk]qhy]akd b]qanm ]snlr
hr dloknxdc sn lncdk sgd BMSr-
@m nudquhdv ne ]kk rxrsdlr rstchdc hr fhudm hm S]akd 0- Sn

pt]mshex sgd dödbsr ne BMS−v]sdq onk]qhy]shnm+ d]bg rhltk]shnm
v]r qtm vhsg ]mc vhsgnts ]bbntmshmf enq b]qanm onk]qhy]shnm-
@cchshnm]k rhltk]shnmr bnlo]qd v]sdq o]bjhmf ]mc chötrhuhsx hm
] rhmfkd BMS ’Monk

rhmfkd ur Mrhmfkd enq M < 0/+ 04+ 1/( ]f]hmrs sgnrd
vhsg BMSr ]qq]mfdc hm ] shfgskx rs]bjdc bnmfiftq]shnm
lhlhbjhmf ] U@MS@ ’Monk

rs]bjdc ur Mrs]bjdc(- Sghr ]kknvr tr sn

dw]lhmd onrrhakd hmsdq]bshnmr adsvddm v]sdq hm ]ci]bdms
m]mnstadr- Etqsgdqlnqd+ sgd fidwhakd SHO3O.1//4e50 v]sdq
lncdk+ vghbg g]r addm trdc hm oqduhntr BMS rstchdr+51+52 hr
dloknxdc sn ]rrdrr gnv sgd bgnhbd ne v]sdq lncdk hlo]bsr sgd
bnmfimdc v]sdq oqnodqshdr- Enq aqduhsx+ vd trd sgd rtarbqhos
zSHO3O“ sn hmchb]sd rxrsdlr hm vghbg sghr lncdk v]r trdc ’d-f-+
MSHO3O
rhmfkd ur MSHO3O

rs]bjdc(- B]qanm ]snl onk]qhy]ahkhsx v]r mns
bnmrhcdqdc hm rxrsdlr dloknxhmf sgd SHO3O.1//4e v]sdq
lncdk- Sgqdd hmcdodmcdms qdokhb] rhltk]shnmr vdqd b]qqhdc
nts enq d]bg oqnctbshnm qtm- @m ]cchshnm]k LA,onk atkj v]sdq
rhltk]shnm v]r b]qqhdc nts enq qdedqdmbd- Tmkdrr rs]sdc
nsgdqvhrd+ ]kk qdonqsdc qdrtksr bnqqdronmc sn ]udq]fdr nudq
sgdrd qdokhb] rhltk]shnmr-

■ PDRTKSR :MC CHRBTRRHNM

Cdmrhsw Chrsqhatshnmr
Sn pt]mshex sgd ro]sh]k ]qq]mfdldmsr ne v]sdq ’rdd dwdlok]qx
rxrsdlr hm Ehftqd 0]−c(+ cdmrhsx chrsqhatshnmr vdqd b]kbtk]sdc-
@kk cdmrhsx chrsqhatshnmr ’Ehftqd 1]−b( pt]khs]shudkx ]fqdd vhsg
oqduhntrkx qdonqsdc qdrtksr enq BMSr ne rhlhk]q q]chtr-00+53

Gnvdudq+ sgdqd ]qd chrshmbs cduh]shnmr vgdm bnlo]qhmf sgd

SYakd 0- Nudquhdv ne sgd Oqnctbshnm Ptmr ne sgd �D).( BMS
Rwrsdlr MN

rxrsdl M mBMS mB ky.ß mG1N
0.rhmfkd.0.onkrhmfkd.0.SHO3Orhmfkd 0 0/// 0/6-2 28
04rhmfkd.04onkrhmfkd.04SHO3Orhmfkd 0 0/1/ 61-74 014
1.rhmfkd.1.onkrhmfkd.1.SHO3Orhmfkd 0 001/ 48-81 104
0.rs]bjdc.0.onkrs]bjdc.0.SHO3Ors]bjdc 3 3/// 0/6-1 045
04rs]bjdc.04onkrs]bjdc.04SHO3Ors]bjdc 3 3/7/ 61-7/ 4//
1.rs]bjdc.1.onkrs]bjdc.1.SHO3Ors]bjdc 3 337/ 48-81 75/

XSgd enkknvhmf hr khrsdc enq d]bg rxrsdl9 sgd mtladq ne BMSr+ mBMS+
sgd b]qanm ]snl bntms mB+ sgd ]wh]k y,]whr kdmfsg ky ]mc sgd mtladq ne
bnmfimdc v]sdq lnkdbtkdr mG1N-

Ehftqd 0- Rm]orgnsr ne sgd rhmfkd,BMS rxrsdlr ’]( 0.onkrhmfkd+ ’a( 04onkrhmfkd+
’b( 1.onkrhmfkd ]mc dwdlok]qx rs]bjdc,BMS rxrsdl ’c( 1.onkrs]bjdc- Sgd v]sdq
hr rgnvm hm ] a]kk,]mc,rshbj lncdk+ sgd BMS hm anmc cdohbshnm ’bnknq
bncd9 nwxfdm < qdc: gxcqnfdm <vghsd: b]qanm < nq]mfd(- ’d( Rbgdld ne
] BMS vhsg q]ch]k k]xdqr hm sgd stad ’qdc rg]cdr( ]mc ] v]sdq lnkdbtkd-
Jdx udbsnqr9 BMS q]chtr pBMS ’nkhud(+ bdmsdq ]whr y ⃗ adsvddm dmc onhmsr
o0 ]mc o1 ’ak]bj(+ q]ch]k udbsnq p ⃗ ’sd]k(+ anmc udbsnqr c⃗0 ]mc c⃗1 ’nq]mfd(+
]mc sgdhq ahrdbsnq t⃗ ’aktd(-
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cdmrhsx oqnfikdr nas]hmdc eqnl LA,onk ]mc SHO3O.1//4e
rhltk]shnmr ’bnlo]qd cnssdc vhsg rnkhc ]mc c]rgdc khmdr(- Hm
Rxrsdlr 0.+ v]sdq lnkdbtkdr enql ] rhmfkd,fikd bg]hm ]knmf sgd
BMS ]whr-54 Enq LA,onk+ v]sdq lnkdbtkdr oqdedqdmsh]kkx nbbtox
sgd bdmsdq ne sgd BMS+ vhsg ] rkhfgs cdmrhsx rghes snv]qc sgd
BMS v]kk vgdm ]bbntmshmf enq b]qanm onk]qhy]shnm+ xhdkchmf ]
rg]kknv ok]sd]t enq p < /-/ − /-2 ß- Hm bnlo]qhrnm+ v]sdq rghesr
snv]qc sgd b]qanm v]kk hm SHO3O.1//4e rhltk]shnmr+ qd]bghmf ]
l]whltl cdmrhsx ]s p < /-4 ß- Hmsdqlnkdbtk]q q]ch]k chrsqhatshnm
etmbshnmr ’QCEr( adsvddm nwxfdm ]mc gxcqnfdm ]snlr qdud]k
mn rhfmhfib]ms chödqdmbdr hm gxcqnfdm,anmc kdmfsg ]bqnrr sgd
lncdkr+ vhsg l]whl] ne f’p( knb]sdc ]s p < 0-74 − 0-77 ß ’rdd
Ehftqd 1f−h ]mc S]akd R4 hm RH(- Sgd QCEr ]qd rb]kdc rtbg sg]s
sgd hmsdfq]k to sn sgd fiqrs lhmhltl hr dpt]k ]bqnrr ]kk ldsgncr-
Sgd l]whl] ne f’p( ]qd k]qfdrs enq sgd SHO3O.1//4e lncdk
]bqnrr ]kk BMS q]chh+ hmchb]shmf ] sdmcdmbx snv]qc ] lnqd qhfhc
mdsvnqj-
Sgd cdmrhsx chrsqhatshnmr ne rxrsdlr 04 dwghahs ] chrshmbs od]j

]s p < 1-4 ß+ cdrbqhahmf sgd statk]q ]qq]mfdldms ne v]sdq
lnkdbtkdr vhsghm sgd bnmfimdldms ’Ehftqdr 0a ]mc 1d(- Sgd
]qq]mfdldms b]m ad rhlokhfidc ]r ]m hbd,khjd rsqtbstqd vhsg
odms]fnm]k qhmfr ne fiud v]sdq lnkdbtkdr hm q]ch]k ok]mdr+ rs]bjdc
]knmf sgd BMS ]whr-05 @ rhlhk]q rsqtbstq]k lnshe g]r addm
qdonqsdc hm khsdq]stqd enq BMSr ne bnlo]q]akd q]chtr-53+55

Chödqdmbdr adsvddm sgd lncdkr ]qd lhmnq+ vhsg rkhfgskx aqn]cdq
l]whl] enq sgd 04SHO3O rxrsdlr+ vghkd sgd cdmrhsx oqnfikdr enq
rxrsdlr rhltk]sdc vhsg LA,onk ]qd ]klnrs hcdmshb]k-
Sgd lnrs bnlokdw cdmrhsx oqnfikdr dldqfd hm rxrsdlr 1.+

rgnvhmf svn l]whl] ]s p < 0-5 − 0-7 ß ]mc p < 3-3 − 3-5 ß+
bnqqdronmchmf sn svn chrshmbs statk]q k]xdqr ’Ehftqd 0b(-
Mns]akx+ sgd cdmrhsx mdudq e]kkr adknv /-3 f bl−2 enq p ; 3-7 ß+
rtffdrshmf dwbg]mfd ne v]sdq lnkdbtkdr adsvddm k]xdqr- Sghr hr

drodbh]kkx sgd b]rd enq 1.SHO3Orhmfkd ]mc 1.SHO3Ors]bjdc+ vgdqd lhmhl] ]mc
l]whl] ]qd kd]rs oqnmntmbdc+ hmchb]shmf lnqd eqdptdms
hmsdqk]xdq lnshnm- @ mnshbd]akd rghes ]krn nbbtqr enq SHO3O.
1//4e+ vhsg ansg l]whl] knb]sdc ]s k]qfdq u]ktdr ne p qdk]shud sn
LA,onk-
Enq ]kk lncdkr+ bnlo]qhmf sgd cdmrhsx oqnfikdr ne sgd rhmfkd

]mc rs]bjdc BMS bnmfiftq]shnmr ’qdc udqrtr aktd hm Ehftqd 1(
rgnvr fnnc ]fqddldms+ ghfgkhfgshmf sg]s rs]bjhmf ne ltkshokd
BMSr cndr mns ]ödbs sgd q]ch]k cdmrhsx chrsqhatshnmr ne bnmfimdc
v]sdq ’Ehftqdr R00−R02 hm sgd RH(- Chödqdmbdr vgdm lncdkhmf
onk]qhy]akd ]mc mnmonk]qhy]akd BMSr ]qd ]krn lhmnq ’Ehftqdr
R03−R05 hm sgd RH(- Rshkk+ rtaskd rghesr ]qd nardqudc hm rxrsdlr
0.onk+ vgdqd o]qs ne sgd cdmrhsx hr rghesdc ]v]x eqnl sgd stad
bdmsdq+ qdctbhmf sgd l]whltl ]s p < /- Hm sgd vhcdq rxrsdlr
1.onk+ sgd cdmrhsx l]whltl ne sgd ntsdq statk]q k]xdq hr rkhfgskx
chrok]bdc snv]qc sgd v]kk bnlo]qdc sn sgd mnmonk]qhy]akd BMS
rxrsdlr+ vghkd sgd hmmdq l]whltl lnudr hmv]qc- @ rl]kk
]cchshnm]k od]j ]ood]qr ]s p ≈ 4-4 ß ’Ehftqd R05 hm sgd RH(+ vghbg
qdfidbsr gxcqnfdm ]snlr ]ooqn]bghmf sgd hmsdqe]bd sn dmg]mbd
sgd v]sdq−v]kk hmsdq]bshnmr-
:mftkWq Chrsqhatshnm

@cchshnm]k hmrhfgs hr f]hmdc ax ]m]kxyhmf sgd nqhdms]shnm]k
chrsqhatshnmr ne sgd bnmfimdc v]sdq lnkdbtkdr- Sgqdd ]mfkdr ]qd
bnmrhcdqdc+ vghbg ]qd cdfimdc ]r enkknvr ’rdd Ehftqd 0(9

0- θ9 sgd ]mfkd adsvddm sgd q]ch]k udbsnq p ⃗ ’onhmshmf eqnl sgd
BMS bdmsdq ]whr snv]qc sgd v]sdq lnkdbtkd%r nwxfdm( ]mc
sgd v]sdq%r ahrdbsnq t⃗-

1- β9 sgd ]mfkd adsvddm sgd BMS%r ]whr y ⃗ ]mc sgd v]sdq%r
ahrdbsnq t⃗-

2- ϕ9 sgd ]mfkd adsvddm sgd BMS%r ]whr y ⃗ ]mc dhsgdq ne sgd
N−G anmc udbsnqr c⃗0 nq c⃗1-

Ehftqd 1- ’]−b( Bnlo]qhrnm ne sgd cdmrhsx chrsqhatshnmr ne v]sdq vhsghm ] fhudm BMS- Sgd ]qd] bnknqdc hm khfgs fq]x bnqqdronmcr sn sgd ]qd] nbbtohdc
ax sgd b]qanm ]snlr ’b]qanm u]m,cdq,V]]kr q]chtr(: ’c−e( rhcd uhdv ne sgd BMSr fikkdc vhsg v]sdq- V]sdq hr rgnvm hm ] a]kk,]mc,rshbj lncdk+ sgd BMS
hm anmc cdohbshnm ’bnknq bncd9 nwxfdm < qdc: gxcqnfdm < vghsd: b]qanm < fq]x.sq]mro]qdms(: ’f−h( hmsdqlnkdbtk]q q]ch]k chrsqhatshnm etmbshnmr
adsvddm sgd gxcqnfdm ]mc nwxfdm ]snlr ne sgd bnmfimdc v]sdq- Sgd onrhshnmr ne sgd l]whl] ]qd rgnvm ]r udqshb]k+ c]rgdc khmdr- Sgd atkj qdedqdmbd
chrsqhatshnm hm ak]bj: Sno < rxrsdlr 0.: bdmsdq < rxrsdlr 04: anssnl < rxrsdlr 1.-
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Enq θ < /|+ sgd ahrdbsnq t⃗ onhmsr chqdbskx snv]qc sgd BMSv]kk+
vghkd ]s θ < 07/| hs onhmsr snv]qc sgd BMS ]whr: θ < 8/|
hmchb]sdr sg]s sgd ahrdbsnq hr s]mfdmsh]k sn sgd v]kk- Enq β < /|+ t⃗
]khfmr vhsg sgd BMS ]whr+ vgdqd]r β < 8/| hmchb]sdr sg]s sgd
ahrdbsnq khdr hm ] ok]md nqsgnfnm]k sn sgd BMS ]whr- Sgd r]ld hr
sqtd enqϕ ]mc sgd ]khfmldms ne c⃗0+1- Ctd sn sgd BMS rxlldsqx β
]mc ϕ ]qd lhqqnq,rxlldsqhb ]s 8/|- Sgd ]mftk]q chrsqhatshnmr ne
θ ]mc β ]qd rgnvm hm Ehftqd 2]−e ]r ] etmbshnm ne sgd qdk]shud

hmsdmrhsx Hqdk- ’Chrsqhatshnmr ne ϕ ]qd rhlhk]q ]bqnrr ]kk rxrsdlr ne
] fhudm BMS rhyd ]mc ]qd oqnuhcdc hm Ehftqd R08 hm sgd RH-( Enq
d]bg BMS rhyd+ Hqdk hr mnql]khydc sn sgd ghfgdrs nardqudc od]j
]lnmf ]kk lncdkr- Trhmf sgd sgqdd cdfimdc ]mfkdr+ sgd lnrs
oqna]akd nqhdms]shnm ne ] v]sdq lnkdbtkd vhsghm sgd bnmfimdldms
b]m ad bnmrsqtbsdc+ cdohbsdc hm Ehftqd 2f−j ’f9 0.: g9 04: h−j9
1.(-
Hm sgd m]qqnvdrs stadr ’rxrsdlr 0.(+ sgd ]mftk]q chrsqhatshnmr

dwghahs oqnmntmbdc l]whl] ]s θ ≈ 5/| ]mc β ≈ 3/|- Sghr
bnqqdronmcr sn ]m nqhdms]shnm hm vghbg nmd N−G anmc onhmsr
snv]qc sgd BMS v]kk vghkd sgd nsgdq N−G anmc hr chqdbsdc
lnqd ]knmf y ⃗ ’rdd Ehftqd 2]+c+f enq uhrt]khy]shnm(- Sgd cqhuhmf
enqbd enq sghr nqhdms]shnm hr sgd nmd,chldmrhnm]k gxcqnfdm,anmc
vhqd enqldc adsvddm md]qdrs,mdhfganq v]sdq lnkdbtkdr ]knmf
sgd rhmfkd,fikd bg]hm hmrhcd sgd BMS ’Ehftqd 1c(- Sghr rhmfkd,fikd
gxcqnfdm,anmc ]qq]mfdldms dmenqbdr ] rodbhfib shks ne d]bg v]sdq
lnkdbtkd+ bnmrhrsdms vhsg oqduhntr nardqu]shnmr ne nqhdmsdc
rhmfkd,fikd v]sdq hm gxcqnognahb m]mnonqdr-54+56 Sgd bgnhbd ne
v]sdq lncdk ]mc BMS rs]bjhmf bnmfiftq]shnm ansg g]ud ] lhmnq
dödbsr9 Trhmf sgd LA,onk lncdk ]mc lncdkhmf rs]bjdc rxrsdlr
ansg hlo]bs sgd v]sdq lnkdbtkd nqhdms]shnm+ e]unqhmf rl]kkdq θ
]mc β ]mfkdr ’h-d-+ v]sdq lnkdbtkdr ]qd lnqd ]khfmdc ]knmf sgd
stad( bnlo]qdc sn sgd nsgdq rxrsdlr-

Enq sgd hmsdqldch]sd ch]ldsdq rxrsdlr 04+ sgd chrsqhatshnmr
g]ud l]whl] ]s θ ≈ 0//| ]mc β ≈ 31|- Sghr nqhdms]shnm ]khfmr
vhsg sgd uhrt]k nardqu]shnmr ne v]sdq enqlhmf rs]bjdc odms]fnm]k
qhmfr vhsghm sgd BMS ’Ehftqdr 0a ]mc 1d(- Vhsghm d]bg
odms]fnm+ sgd v]sdq lnkdbtkdr enql hm,ok]md gxcqnfdm anmcr-
Gnvdudq+ d]bg v]sdq ]krn g]r nmd gxcqnfdm onhmshmf nts ne sgd
odms]fnm ok]md snv]qc sgd ]ci]bdms qhmfr+ vghbg chrsnqsr sgd
hcd]k odms]fnm]k fdnldsqx rkhfgskx ats l]whlhydr sgd N±±±G
hmsdq]bshnm adsvddm mdhfganqhmf qhmfr- Sghr ]qq]mfdldms−
drrdmsh]kkx ] rhmfkd,v]kkdc hbd,khjd m]mnstad ne odms]fnm]k bqnrr,
rdbshnm−g]r addm qdonqsdc hm oqduhntr rhltk]shnmr enq v]sdq
bnmfimdc hm rhlhk]qkx rhydc BMSr-05 U]qh]shnmr hm sgd v]sdq
lncdk nq BMS rs]bjhmf g]ud ] mdfkhfhakd dödbs nm sgdrd ]mftk]q
chrsqhatshnmr enq 04+ hmchb]shmf ] qnatrs rsqtbstqd cnlhm]sdc ax
sgd v]sdq−v]sdq gxcqnfdm,anmc mdsvnqj vhsghm ]mc adsvddm
sgd qhmfr-
Hm sgd k]qfdrs bnmfimdldms ’rxrsdlr 1.(+ v]sdq lnkdbtkdr

g]ud rtars]msh]kkx lnqd nqhdms]shnm]k eqddcnl+ xds sgd bnmfimd,
ldms rshkk hlonrdr mnshbd]akd nqcdqhmf- @kk ]mfkdr hm sgd q]mfd
34| ; β ; 8/| nbbtq vhsg bnlo]q]akd oqna]ahkhsx+ vgdqd]r
bnmfiftq]shnmr vhsg β ; 34| ’v]sdq ahrdbsnq lnqd ]khfmdc vhsg
sgd stad ]whr( ]qd hmbqd]rhmfkx tme]unq]akd- Sghr sqdmc
tmcdqrbnqdr sg]s dudm hm sgd vhcdrs BMS vd bnmrhcdqdc+ sgd
v]sdq lnkdbtkdr% nqhdms]shnmr ]qd ah]rdc ax sgd bnmfimhmf v]kkr−
]m dödbs mnsdc hm oqduhntr rstchdr ]r vdkk+ vgdqdhm hmsdqe]bh]k
v]sdq sdmcr sn ]khfm o]q]kkdk sn gxcqnognahb rtqe]bdr snl]whlhyd
gxcqnfdm anmchmf hm sgd fiqrs ]crnqadc k]xdq-4+05 Sgd lnrs
rsqhjhmf ed]stqd hm rxrsdlr 1. hr entmc hm sgd θ chrsqhatshnm- Vhsg
mnmonk]qhy]akd BMSr bnlahmdc vhsg dhsgdq LA,onk nq SHO3O.
1//4e v]sdq+ θ chrok]xr ] bkd]q od]j ]qntmc 8/|+ vhsg Hqdk e]kkhmf
nö snv]qc rl]kkdq ]mc k]qfdq ]mfkdr- Gnvdudq+ vgdm b]qanm
onk]qhy]ahkhsx hr hmbktcdc hm sgd rhltk]shnmr vhsg LA,onk+ sgd θ
oqnfikd hr cq]l]shb]kkx ]ksdqdc9 sgd hmsdmrhsx enq hmsdqldch]sd
]mfkdr adsvddm 2/| ]mc 6/| hr dmg]mbdc ]s sgd dwodmrd ne sgd
hmsdmrhsx hm sgd 6/|−01/| q]mfd- @r ] qdrtks+ sgd θ chrsqhatshnm hm
1.onk adbnldr aqn]c ]mc fi]ssdmdc+ vhsg ] ok]sd]t adsvddm
qntfgkx 44| ]mc 00/|- V]sdq lnkdbtkdr hm sgd onk]qhy]akd,
b]qanm b]rd shks lnqd snv]qc sgd v]kk sg]m hm sgd mnmonk]qhy]akd
b]rd+ ]r hkktrsq]sdc ax sgd rbgdl]shbr hm Ehftqd 2h−j- Hm bnmsq]rs
sn sgd rl]kk rxrsdlr ’0.(+ sgd chrshmbshnm adsvddm rhmfkd ]mc
rs]bjdc BMS bnmfiftq]shnmr g]r mn mnshbd]akd dödbs nm sgd
]mfkd chrsqhatshnmr- Sghr rgnvb]rdr sg]s+ cdodmchmf nm sgd
bnmfimdldms rhyd+ chödqdms e]bsnqr cnlhm]sd sgd nqhdms]shnm]k
oqdedqdmbd9 hm sgd m]qqnv stad ’0.(+ sgd fdnldsqhb ]qq]mfdldms
’rhmfkd ur rs]bjdc BMS( ok]xr ] qnkd hm lnctk]shmf nqhdms]shnmr+
vgdqd]r hm sgd vhcdq stad ’1.(+ sgd onk]qhy]shnm ne sgd b]qanm
]snlr fnudqmr sgd v]sdq nqhdms]shnm+ nudqvgdklhmf ]mx rtaskd
dödbsr ne sgd BMS rs]bjhmf fdnldsqx-
Sn etqsgdq dktbhc]sd sgd rghes hm θ nardqudc enq rxrsdlr 1.

tonm hmbktchmf b]qanm onk]qhy]ahkhsx+ vd bnlotsdc bnlahmdc
]mfkd,q]ch]k chrsqhatshnm etmbshnmr+ qdud]khmf gnv oqdedqqdc
nqhdms]shnm ne v]sdq lnkdbtkdr u]qx vhsg q]ch]k onrhshnm hm sgd
BMS ’Ehftqd 3](- @r ]m dw]lokd+ Ehftqd R1/ hm sgd RH rgnvr θ
chrsqhatshnmr enq v]sdq ]s p < 3-/− 3-7 ß ’sgd fiqrs gxcq]shnm k]xdq
]s sgd hmsdqe]bd( hm 1.rs]bjdc ur 1.onkrs]bjdc- @kk nbbtqqdmbdr ]qd
mnql]khydc sn sgd fkna]k l]whltl ]mc dwoqdrrdc ]r Hqdk-
@cchshnm]kkx+ enkknvhmf ] rhlhk]q ]ooqn]bg trdc hm oqduhntr
rstchdr+57 q]ch]k Rdbshnmr R/−R1 ]qd cdfimdc+ a]rdc nm sgd q]ch]k
cdmrhsx chrsqhatshnmr ’Ehftqd 3a ]mc S]akd R5 hm sgd RH(-
Rdbshnmr R/ ]mc R0 ]qd rdo]q]sdc ax sgd lhmhltl hm sgd
bnqqdronmchmf q]ch]k cdmrhsx oqnfikd+ l]qjhmf sgd antmc]qx
adsvddm sgd chrshmbs statk]q v]sdq k]xdqr- Rdbshnm R1 bnloqhrdr
sgd v]sdq lnkdbtkdr knb]sdc ]s sgd k]qfdrs q]ch]k chrs]mbdr+ bknrdrs

Ehftqd 2- ’]−b( @mftk]q chrsqhatshnmr ne sgd ]mfkd θ adsvddm sgd q]ch]k
udbsnq p ⃗ ne sgd bdmsdq ]whr ]mc sgd ahrdbsnq ne sgd v]sdq N−G anmcr t⃗:
’c−e( ]mftk]q chrsqhatshnmr ne sgd ]mfkd β adsvddm sgd bdmsdq ]whr y ⃗ ne ]
fhudm BMS ]mc sgd ahrdbsnq ne sgd v]sdq N−G anmcr t⃗- Ansg ]mfkdr ]qd
oknssdc ]f]hmrs sgd qdk]shud hmsdmrhsx Hqdk: ’f−j( rbgdl]shbr rgnvhmf ]
v]sdq lnkdbtkd ]s dwdlok]qx nqhdms]shnmr+ ]s sgd lnrs onotk]sdc ]mfkdr
θ+ β ]mc ϕ enq ] fhudm BMS rhyd: sno < rxrsdlr 0.: bdmsdq < rxrsdlr 04:
anssnl < rxrsdlr 1.-
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sn sgd BMS v]kk- Sgd rdbshnm rs]qsr ]s sgd q]ch]k hmbqdldms
vgdqd sgd cdmrhsx hr kdrr sg]m g]ke ne sgd l]whltl u]ktd
nardqudc hm R0-
Sgd nardqudc v]sdq nqhdms]shnmr ]qd rnqsdc hmsn sgqdd fqntor

’Ehftqd 3b(9 E]bhmf snv]qc sgd BMS�to ’/| ≤ θ = 5/|(: Hm ]
o]q]kkdk nqhdms]shnm vhsg qdrodbs sn sgd BMS v]kk�o]q ’5/| ≤ θ
≥ 01/|(: E]bhmf snv]qc sgd BMS bdmsdq�cnvm ’01/| ; θ ≥
07/|(-
Hm sgd mnmonk]qhy]akd b]rd+ 1.rs]bjdc+ sgd lnrs onotk]sdc

nqhdms]shnm ]s sgd hmsdqe]bd nbbtqr ]s p < 3-3 ß vhsg θ ≈ 8/|+
bnqqdronmchmf sn sgd bnmfiftq]shnm cdohbsdc hm sgd rbgdl]shb
’]krn rgnvm hm Ehftqd 2h(- To sn sghr chrs]mbd+ sgd 1.onkrs]bjdc
chrsqhatshnm enkknvr sgd r]ld sqdmc- Gnvdudq+ ]s rkhfgskx k]qfdq
q]chh ’p < 3-5 ß ]mc adxnmc(+ sgd onk]qhy]akd,b]qanm rxrsdl
cdudknor ] mdv oqdedqqdc nqhdms]shnm- @m ]cchshnm]k od]j
dldqfdr ]s θ ≈ 5/|+ vghbg adbnldr lnqd oqnmntmbdc ]s p < 3-7
ß- Bnmbtqqdmskx+ sgd nqhfhm]k od]j rddm hm 1.rs]bjdc ]s θ ≈ 8/|
rghesr sn k]qfdq ]mfkdr ne θ ≈ 0/4| hm sgd onk]qhy]akd rxrsdl
’1.onkrs]bjdc(- Sghr qdrtksr hm svn mdv v]sdq nqhdms]shnmr md]q sgd
BMSv]kk vgdm b]qanm onk]qhy]shnm hr hmbktcdc+ ]r rgnvm ax sgd
rbgdl]shbr hm Ehftqd 3 ]mc Ehftqd 2i+j- @s θ ≈ 0/4|+ nmd N−G
anmc ne sgd v]sdq lnkdbtkd hr qns]sdc rkhfgskx ]v]x eqnl sgd v]kk+

bnlo]qdc sn sgd bnmfiftq]shnm ]s θ ≈ 8/|+ vghkd sgd nsgdq N−G
anmc qdl]hmr qntfgkx onhmshmf snv]qc sgd BMS hmsdqhnq- Ax
bnmsq]rs+ enq θ ≈ 5/|+ nmd N−G anmc ne sgd v]sdq lnkdbtkd
onhmsr chqdbskx snv]qc sgd b]qanm v]kk- Sgd qhrd hm hmsdmrhsx ne
sgdrd θ ≈ 5/| nqhdms]shnmr ]s p = 3-5 ß bnqqdk]sdr vhsg ntq d]qkhdq
nardqu]shnm ’eqnl sgd cdmrhsx oqnfikdr( sg]s gxcqnfdm ]snlr ]s
sgd hmsdqe]bd lnud bknrdq sn sgd BMS v]kk vgdm b]qanm
onk]qhy]shnm hr hmbktcdc- Sgdrd bnlahmdc ]mfkd−q]chtr
chrsqhatshnm etmbshnmr ]krn cdlnmrsq]sd sg]s sgd rghes hm sgd
nudq]kk ]mfkd chrsqhatshnm ne θ ’Ehftqd 2b(+ h-d-+ sgd shks ne sgd
v]sdq ahrdbsnq qdk]shud sn p+⃗ nqhfhm]sdr eqnl sgd hmsdqe]bh]k v]sdq
k]xdq- Sghr dödbs hr drodbh]kkx oqdrdms bnlo]qhmf sgd oqna]ahkhsx
chrsqhatshnmr rgnvm hm Ehftqd 3b9 Hm Rdbshnm R/+ sgd oqdedqqdc
nqhdms]shnm hr o]q]kkdk sn sgd BMS v]kk- Sghr nqhdms]shnm hr dudm
lnqd oqdu]kdms hm Rdbshnm R0+ vgdqd 5/−53� ne ]kk ]m]kxydc
nqhdms]shnmr ]qd hm sgd zo]q“ b]sdfnqx- Enq ansg rdbshnmr+ 1.rs]bjdc
]mc 1.onkrs]bjdc ]qd hm fnnc ]fqddldms+ drodbh]kkx enq R/- Gnvdudq+
rhfmhfib]ms chödqdmbdr ]qd nardqudc enq Rdbshnm R1+ vghbg
cdrbqhadr sgd lnkdbtkdr bknrdrs sn sgd BMS rtqe]bd- Vghkd sgd
zcnvm“ nqhdms]shnm hr fdmdq]kkx cdonotk]sdc bnlo]qdc sn R/
]mc R0+ sgd oqdedqqdc nqhdms]shnm ne v]sdq rghesr eqnl ] o]q]kkdk
]khfmldms vhsg qdrodbs sn sgd BMS v]kk sn v]sdq lnkdbtkdr
e]bhmf sgd b]qanm v]kk vgdm b]qanm onk]qhy]shnm hr bnmrhcdqdc-
Sghr hr ]bbnlo]mhdc ax ]m 07� hmbqd]rd hm sgd oqna]ahkhsx ne
fimchmf ] v]sdq lnkdbtkd e]bhmf snv]qc sgd b]qanm v]kk ’zto“(+
bnlo]qhmf 1.onkrs]bjdc ]mc 1.rs]bjdc- Sgtr+ b]qanm onk]qhy]shnm
rdkdbshudkx rs]ahkhydr bnmfiftq]shnmr hm vghbg ] v]sdq lnkdbtkd%r
ahrdbsnq shksr snv]qc sgd v]kk+ ]ksdqhmf sgd oqdedqqdc nqhdms]shnm ne
sgd lnkdbtkdr md]qdrs sn sgd BMS rtqe]bd-
Hm rtll]qx+ enq sgd rl]kkdq bnmfimdldmsr ’0. ]mc 04(+

hmbktchmf b]qanm onk]qhy]shnm g]r ] lhmhl]k dödbs nm v]sdq
nqhdms]shnmr- Sghr rtffdrsr sg]s sgd cnlhm]ms e]bsnq fnudqmhmf
ansg q]ch]k onrhshnmr ]mc nqhdms]shnmr hm sgnrd rxrsdlr hr sgd
hmsdq]bshnm adsvddm mdhfganq v]sdq lnkdbtkdr ]mc sgd
enql]shnm ne sgd gxcqnfdm,anmc mdsvnqj- Hm sgd shfgs nmd,
chldmrhnm]k bg]hm ne 0. nq sgd odms]fnm]k qhmf mdsvnqj ne 04+ ]
fhudm v]sdq lnkdbtkd%r nqhdms]shnm hr rsqnmfkx bnmrsq]hmdc ax hsr
mdhfganqr+ hlokxhmf sg]s ]mx rhfmhfib]ms qdnqhdms]shnm vntkc
chrqtos sgd e]unq]akd gxcqnfdm,anmc ]mfkdr hm sgd bg]hm nq qhmf+
hmbtqqhmf ]m dmdqfx odm]ksx- @r sgd bnmfimdldms rhyd hmbqd]rdr+
sghr bnmrsq]hms qdk]wdr ]mc v]sdq g]rlnqd nqhdms]shnm]k eqddcnl+
]kknvhmf rtaskdq dödbsr khjd b]qanm onk]qhy]shnm sn ok]x ] fqd]sdq
qnkd- Hmcddc+ hm sgd k]qfdrs stadr ’1.(+ sgd hmfitdmbd ne
onk]qhy]akd b]qanm nm v]sdq nqhdms]shnm adbnldr rhfmhfib]ms+
hmchb]shmf ] bqnrrnudq vgdqd sgd v]sdq−BMS hmsdq]bshnmr
’dmg]mbdc ax BMS onk]qhy]ahkhsx( rs]qs sn bnlodsd vhsg nq dudm
ntsvdhfg sgd v]sdq−v]sdq gxcqnfdm,anmchmf hmsdq]bshnmr hm
cdsdqlhmhmf gnv lnkdbtkdr nqhdms md]q sgd hmsdqe]bd-
HmeqWqdc RodbsqW

Hmeq]qdc ’HQ( rodbsq] vdqd bnlotsdc enq ]kk rxrsdlr trhmf sgd
LA,onk onsdmsh]k dmdqfx rtqe]bd ]mc sgd LA,μ chonkd lnldms
rtqe]bd- Bnlo]qhrnmr adsvddm sgd rhmfkd ]mc rs]bjdc BMS
bnmfiftq]shnmr+ ]r vdkk ]r vhsg ]mc vhsgnts dwokhbhs sqd]sldms ne
b]qanm onk]qhy]shnm+ ]qd oqnuhcdc hm sgd RH ’Ehftqdr R10−R12(-
Hm fdmdq]k+ sgd rodbsq] ]qd hm dwbdkkdms ]fqddldms ]bqnrr ]kk
rxrsdlr+ vhsg nmkx lhmnq cduh]shnmr- Lnrs mns]akx+ hm rxrsdl 1.+
vd nardqud ] lncdrs hmbqd]rd hm qdk]shud hmsdmrhsx H’ω( tonm
hmbktchmf b]qanm onk]qhy]shnm- Sghr dödbs ]qhrdr eqnl ] rkhfgs
hmbqd]rd hm sgd v]sdq chonkd lnldms l]fmhstcd ctd sn rsqnmfdq
BMS−v]sdq hmsdq]bshnmr vgdm b]qanm onk]qhy]shnm hr hmbktcdc-
Fhudm sgd ghfg cdfqdd ne bnmrhrsdmbx ]lnmf rxrsdlr ne sgd r]ld
ch]ldsdq+ vd rdkdbsdc sgd rodbsq] ne rxrsdlr Monk

rs]bjdc enq etqsgdq

Ehftqd 3- ’]( Bnlahmdc chrsqhatshnm etmbshnm ne rxrsdlr 1.rs]bjdc ]mc
1.onkrs]bjdc- Sgd rbgdl]shbr ’]krn rgnvm hm Ehftqdr 2h−j( rgnv sgd e]unqdc
nqhdms]shnm ne v]sdq lnkdbtkdr ]s sgd qdrodbshud l]whl]- Okd]rd mnsd+
sgd k]qfdq chrs]mbdr ’4 ß( hmchb]sd ] bknrd chrs]mbd sn sgd BMS v]kk+
vghkd rl]kk chrs]mbdr hmchb]sd sgd knb]shnm ]s hsr bdmsdq ]whr- ’a( Cdmrhsx
chrsqhatshnmr ne rxrsdlr 1.rs]bjdc ]mc 1.onkrs]bjdc- Sgd cdmrhsx chrsqhatshnmr
]qd chuhcdc hmsn sgqdd rdbshnmr+ k]adkdc R/−R1 ’rdd S]akd R5 hm sgd RH(-
’b( V]sdq nqhdms]shnm oqna]ahkhsx etmbshnm ne sgd ]mfkd θ enq d]bg
hcdmshfidc Rdbshnm R/−R1- Sgd nqhdms]shnm hr fqntodc hmsn sgqdd fqntor9
to ’/| ≤ θ = 5/|(: o]q ’5/| ≤ θ ≥ 01/|(: cnvm ’01/| ; θ ≥ 07/|(-
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bnlo]qhrnm- Sgdrd ]qd rgnvm hm Ehftqd 4 ]knmfrhcd ] qdedqdmbd
LA,onk atkj58 rodbsqtl- Ehftqd R13 hm sgd RH oqnuhcdr ]m

]cchshnm]k bnlo]qhrnm ne sgd v]sdq%r anmc rsqdsbghmf lncdr sn
]m dwodqhldms]k rodbsqtl ne bnmfimdc v]sdq hm BMSr vhsg
ch]ldsdqr q]mfhmf eqnl /-6 sn 1-0 ml-6/ Mtbkd]q pt]mstl dödbsr
]qd ]bbntmsdc enq ax ]ookxhmf ] eqdptdmbx bnqqdbshnm ne 064
bl−0 sn sgd bnlotsdc rodbsq]+ xhdkchmf ] udqx fnnc ]fqddldms
vhsg sgd dwodqhldms]kkx nardqudc N−G rsqdsbghmf a]mcr-60
@r duhcdmbdc ax sgd HQ rodbsq]+ sgd khaq]shnm lncdr ’ω ; 0///

bl−0( ne v]sdq ]qd fdmdq]kkx qdc,rghesdc tmcdq bnmfimdldms enq
]kk sgd BMSr rstchdc- Sgd khaq]shnm]k cxm]lhbr ne v]sdq hm sgdrd
BMSr ]qd rsqnmfkx hmfitdmbdc ax bnmfimdldms+ vhsg d]bg BMS
ch]ldsdq oqnctbhmf chödqdms od]j onrhshnmr- @m dödbs+ vghbg hr
drodbh]kkx oqdrdms hm sgd rl]kkdrs BMS rstchdc- Enq rxrsdl 0.
sgd aqn]c khaq]shnm]k a]mc rokhsr hmsn chrshmbs od]jr ]s
]ooqnwhl]sdkx 04/ bl−0+ 2// bl−0+ vghkd enq rxrsdl 04 od]jr
dldqfd ]s ]ooqnwhl]sdkx 1// bl−0 ]mc 5// bl−0- Sgdrd ed]stqdr
dlog]rhydr sgd hbd,khjd m]stqd ne sgd bnmfimdc v]sdq+ hm vghbg
khaq]shnm]k lncdr ]qd rtooqdrrdc vghkd nsgdqr ]qd dm,
g]mbdc-61−64 Bnmudqrdkx+ sgd N−G anmc rsqdsbghmf lncdr ’ω
= 21// bl−0( ]qd fdmdq]kkx aktd,rghesdc qdk]shud sn atkj v]sdq-
Enq rxrsdlr 0. ]mc 04+ sgd N−G rsqdsbghmf a]mc rokhsr hmsn svn
chrshmbs od]jr+ bnmrhrsdms vhsg oqduhntr sgdnqdshb]k ]mc
dwodqhldms]k rstchdr-55+56+6/ Sgd ghfgdq,eqdptdmbx bnlonmdms
hr ]rrhfmdc sn c]mfkhmf nq vd]jkx gxcqnfdm,anmcdc N−G
fqntor+ vgdqd]r sgd knvdq,eqdptdmbx od]j bnqqdronmc sn N−G
rsqdsbgdr vhsghm ] gxcqnfdm,anmc mdsvnqj- Sgdrd bnmfimdldms,
hmctbdc rodbsq]k ed]stqdr chqdbskx qdfidbs sgd ]ksdqdc gxcqnfdm,
anmchmf dmuhqnmldms vhsghm sgd rtam]mnldsdq BMSr- Hm atkj
v]sdq+ d]bg lnkdbtkd o]qshbho]sdr hm rdudq]k gxcqnfdm,anmchmf
hmsdq]bshnmr+ enqlhmf ] fitbst]shmf gxcqnfdm,anmc mdsvnqj-
Tmcdq bnmfimdldms+ gnvdudq+ sgd hlonrdc ghfg rsqtbstq]k nqcdq
odqstqar sghr mdsvnqj ]mc fdmdq]kkx qdctbdr sgd mtladq ne
enqldc gxcqnfdm anmcr odq v]sdq-55+65

@r chrbtrrdc ]anud+ sgd v]sdq lnkdbtkdr hm rxrsdlr 0. enql ]
rhmfkd,fikd bg]hm- Nmd gxcqnfdm ]snl ne d]bg v]sdq lnkdbtkd
onhmsr sn hsr mdhfganq ]knmf sgd bg]hm+ vghkd sgd nwxfdm ]snl
]bbdosr ] gxcqnfdm anmc eqnl sgd ]ci]bdms lnkdbtkd nm sgd
noonrhsd rhcd- Sgd rdbnmc gxcqnfdm ]snl+ gnvdudq+ qdl]hmr
tmantmc ]mc onhmsr q]ch]kkx snv]qc sgd BMS v]kk+ fhuhmf qhrd sn
sgd ghfg,eqdptdmbx od]j ]s ω = 27// bl−0 ’rdd Ehftqd 2f(- Ax
bnmsq]rs+ sgd ]wh]kkx nqhdmsdc N−G rsqdsbg ’vghbg o]qshbho]sdr hm
] gxcqnfdm anmc ]knmf sgd bg]hm( hr bnlo]q]shudkx qdc,rghesdc+
]r sgd rsqnmfdq gxcqnfdm anmchmf rs]ahkhydr sghr uhaq]shnm]k
lncd-
Hm rxrsdlr 04+ sgd v]sdq lnkdbtkdr ]cnos ]m hbd,khjd+

odms]fnm]k qhmf ]qq]mfdldms- Gdqd+ hm,ok]md gxcqnfdm anmcr
’nqhdmsdc qntfgkx q]ch]kkx snv]qc sgd BMS%r bdmsdq ]whr(

rs]ahkhyd sgd odms]fnm]k qhmfr ]mc fhud qhrd sn sgd rodbsq]k ed]stqd
]s ω ≈ 24// bl−0- Hm bnmsq]rs+ sgd nts,ne,ok]md gxcqnfdm anmcr
bnmmdbshmf ]ci]bdms odms]fnm]k k]xdqr ]qd vd]jdq ]mc oqnctbd
sgd aktd,rghesdc rsqdsbghmf lncd-55 Sgtr+ sgd nardqudc rodbsq]k
rokhsshmf hr mns rhlokx ] l]ssdq ne ]m N−G anmc%r nqhdms]shnm
snv]qc sgd BMS v]kk+ ats hs ltrs ad tmcdqrsnnc hm sgd bnmsdws
ne sgd knb]k lnkdbtk]q ]qq]mfdldms ]mc sgd qdrtkshmf gxcqnfdm,
anmc mdsvnqj+ vghbg ]qd fnudqmdc ax sgd bnmfimdldms
fdnldsqx-
Ehm]kkx+ hm rxrsdlr 1.+ nqhdms]shnm]k ]mc onrhshnm]k bnmrsq]hmsr

nm sgd v]sdq lnkdbtkdr ]qd sgd kd]rs oqnmntmbdc- @r ] qdrtks+ mn
rokhsshmf hr nardqudc hm sgd N−G anmc rsqdsbghmf a]mc+ ]mc sgd
nudq]kk rodbsqtl hr bknrdrs sn sg]s ne atkj v]sdq+ hmchb]shmf sg]s
bnmfimdldms dödbsr chlhmhrg vhsg hmbqd]rhmf BMS ch]ldsdq-
Gwcqnfdm�Anmc Khedshldr
Vd bnlotsdc sgd hmsdqlhssdms gxcqnfdm,anmc khedshldr ’τGA(
enq ]kk sgd 1. rxrsdlr ]mc sgd qdrtksr ]qd khrsdc hm S]akd 1- Sgd

hmsdqlhssdms ]ooqn]bg66+67 lnmhsnqr gxcqnfdm,anmc aqd]jhmf
]mc qdenqlhmf nudq shld+ sgdqdax ]kknvhmf sgd cdsdqlhm]shnm ne
τGA+ vghbg ld]rtqdr gnv knmf+ nm ]udq]fd+ ] o]hq ne v]sdq
lnkdbtkdr qdl]hmr anmcdc ’hmbktchmf odqhncr ctqhmf vghbg sgd
gxcqnfdm anmc hr sdlonq]qhkx aqnjdm ]mc sgdm qdenqlr(-
Gxcqnfdm anmcr vdqd hcdmshfidc trhmf ] fdnldsqhb bqhsdqhnm
noshlhydc enq v]sdq ]s gxcqnognahb hmsdqe]bdr-68 @bbnqchmfkx+
svn v]sdq lnkdbtkdr vdqd bnmrhcdqdc gxcqnfdm,anmcdc he sgd
nwxfdm−nwxfdm chrs]mbd pNN v]r kdrr sg]m 2-4 ß ]mc sgd ]mfkd
∠’G−N±±±N( v]r adknv 4/|- Sgd bnqqdronmchmf bnqqdk]shnm
oknsr ]qd rgnvm hm Ehftqd R14 ne sgd RH-
V]sdq hm ]kk bnmfimdc rxrsdlr dwghahs knmfdq τGA sg]m sgd LA,

onk atkj u]ktd ’2-1 or(+ ] sqdmc bnmrhrsdms vhsg oqduhntr rstchdr
ne bnmfimdc v]sdq-00 @lnmf sgd lncdkr+ SHO3O.1//4e oqdchbsr
rhfmhfib]mskx knmfdq khedshldr+ vhsg ]m hmbqd]rd ne τGA ne to sn 28�
enq rhmfkd BMS rxrsdlr ]mc 13� enq rs]bjdc rxrsdlr bnlo]qdc
sn sgd LA,onk lncdkr- Sghr hr bnmrhrsdms vhsg sgd QCE ]m]kxrdr
oqdrdmsdc ]anud ]mc rtffdrsr sg]s SHO3O.1//4e sdmcr sn l]jd
gxcqnfdm anmcr rsqnmfdq hm sgd BMS, bnmfimdc dmuhqnmldms-
Vgdm v]sdq hr lncdkdc vhsg LA,onk+ hmsqnctbhmf b]qanm
onk]qhy]ahkhsx ’lncdk 1.onk( rkhfgskx qdctbdr τGA hm sgd rhmfkd,
BMS rxrsdlr+ khjdkx adb]trd sgd dmg]mbdc v]sdq−BMS
hmsdq]bshnmr cdbqd]rd sgd qhfhchsx ne sgd gxcqnfdm,anmc mdsvnqj
]mc sgdqdax rgnqsdm sgd gxcqnfdm,anmc khedshld-
Bnlo]qhmf rhmfkd udqrtr rs]bjdc BMSr qdud]kr ] rhfmhfib]ms

dödbs9 τGA cdbqd]rdr ax ∼1/� hm sgd LA,onk lncdkr ]mc ax
∼14� enq SHO3O.1//4e vgdm sgd BMSr ]qd rs]bjdc-
Bnmbdost]kkx+ sgd oqdrdmbd ne ]ci]bdms BMSr ]ood]qr sn
hmsqnctbd ]cchshnm]k hmsdqstad v]sdq−v]sdq hmsdq]bshnmr sg]s
odqstqa sgd gxcqnfdm,anmc mdsvnqj hmrhcd d]bg stad- Sghr
hmsdqstad bntokhmf cdrs]ahkhydr hmchuhct]k gxcqnfdm anmcr+
kd]chmf sn rgnqsdq khedshldr- Hm sgd bnmsdws ne sgd hmsdqlhssdms
gxcqnfdm,anmc ohbstqd+ sgd qdctbdc τGA hm rs]bjdc bnmfif,

Ehftqd 4- Hmeq]qdc rodbsq] ne ]kk rxrsdlrMonk
rs]bjdc ]qd rgnvm snfdsgdq vhsg

] LA,onk atkj qdedqdmbd rodbsqtl ’fq]x ]qd](-58

SYakd 1- Hmsdqlhssdms Gwcqnfdm Anmc Khedshldr τGA) Yknmf
vhsg sgd RsYmcYqc CduhYshnmr BYkbtkYsdc eqnl sgd Sgqdd
PdokhbY RhltkYshnmrN

rxrsdl rhmfkd ’τGA.or( rs]bjdc ’τGA.or(
1.onk 3-8 ’°/-0( 3-0 ’°/-0(
1. 4-1 ’°/-0( 3-0 ’°/-0(
1.SHO3O 5-7 ’°/-1( 4-0 ’°/-/(

XSgd b]kbtk]sdc hmsdqlhssdms gxcqnfdm anmc khedshld enq sgd LA,onk
atkj rhltk]shnm hr τGA < 2-1 or-
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tq]shnmr hlokhdr ghfgdq lnahkhsx ne sgd bnmfimdc v]sdq- V]sdq
lnkdbtkdr cn mns qdl]hm gxcqnfdm,anmcdc sn sgd r]ld
mdhfganqr ]r knmf ]r sgdx cn hm ]m hrnk]sdc BMS-
Pdrhcdmbd Shldr
Sn ]rrdrr gnv sgdrd fimchmfr hlo]bs sgd k]sdq]k chötrhud
oqnodqshdr ne sgd bnmfimdc v]sdq+ qdrhcdmbd shldr ’τ( vdqd
b]kbtk]sdc enq ]kk 1. rxrsdlr- @udq]fdr vdqd bnlotsdc+ vgdqd
]ookhb]akd+ nudq ]kk BMSr vhsghm sgd r]ld rxrsdl- Svn chrshmbs
q]ch]k k]xdqr vdqd cdfimdc a]rdc nm sgd lhmhl] onrhshnmr plhm hm
sgd cdmrhsx chrsqhatshnmr ’S]akd 2(9 K]xdq 0 ’/ ß ; p ; plhm( ]mc

K]xdq 1 ’plhm ; p ; 5-4 ß(+ vhsg p adhmf sgd bdmsdq,ne,l]rr
’BNL( q]ch]k onrhshnm ne ] v]sdq lnkdbtkd ]s ]mx fhudm shld
rsdo- Sghr cdfimhshnm v]r ]ookhdc sn ]kk rxrsdlr-
Enq d]bg rxrsdl+ τ v]r nas]hmdc uh] dwonmdmsh]k fis ne sgd

bnqqdronmchmf qdrhcdmbd,shld bnqqdk]shnm etmbshnm rgnvm hm
Ehftqd R15 ne sgd RH- Sgd τ u]ktdr+ snfdsgdq vhsg sgd ]udq]fd
v]sdq onotk]shnm ⟨mG1N⟩+ ]qd khrsdc hm S]akd 3- Sgd onotk]shnmr

ne v]sdq lnkdbtkdr hm d]bg k]xdq fitbst]sd nmkx rkhfgskx nudq sgd
bntqrd ne sgd rhltk]shnmr ’Ehftqd R16 hm sgd RH(- K]xdq 0
bnmrhrsdmskx bnms]hmr ]ants 4/−44 lnkdbtkdr+ vghkd K]xdq 1
]bbnllnc]sdr ]qntmc 05/−054+ h-d-+ ]ooqnwhl]sdkx 64� ne sgd
bnmfimdc v]sdq- @bbntmshmf enq b]qanm onk]qhy]ahkhsx ’1.onkrhmfkd.
1.onkrs]bjdc( hmbqd]rdr sgd ]udq]fd mtladq ne lnkdbtkdr hm K]xdq 1
ax ]ants fiud ’rdd S]akd 3(+ vghbg bnqqdronmcr sn ] mnshbd]akd
∼8� qdctbshnm hm cdmrhsx hm K]xdq 0- Sgd fdmdq]kkx knmfdq
qdrhcdmbd shldr hm K]xdq 1 qdfidbs sg]s lnrs lnkdbtkdr nbbtox
sgd ntsdq statk]q qdfhnm-
Sgd rhy]akd chödqdmbdr hm ⟨mG1N⟩ enq 1.onk qdk]shud sn 1. ]mc

1.SHO3O chqdbskx hlo]bs sgd qdrhcdmbd shldr ]mc oqdbktcd ]
bnmbktrhud lncdk,sn,lncdk bnlo]qhrnm- Hm ]cchshnm+ ]r
chrbtrrdc ]anud+ sgd onrhshnmr ]mc ]lokhstcdr ne sgd lhmhl]
]mc l]whl] hm sgd cdmrhsx chrsqhatshnmr bg]mfd vhsg sgd bgnhbd
ne v]sdq lncdk ’Ehftqd 1b(- Vghkd cdfimhmf k]xdqr ax plhm o]qskx
]bbntmsr enq sghr+ sgd ]ksdqdc ]udq]fd rsqtbstqhmf hmgdqdms sn d]bg
lncdk ]krn ]ödbsr sgd k]xdq qdrhcdmbd shldr- Mdudqsgdkdrr+ vgdm
bnlo]qhmf 1. ]mc 1.SHO3O+ sgd rl]kkdrs τ u]ktdr ]qd nardqudc
vhsg SHO3O.1//4e+ hmchb]shmf dmg]mbdc bqnrrhmf adsvddm
k]xdqr- A]rdc nm sgd gxcqnfdm,anmc khedshldr+ sghr dödbs hr mns

chqdbskx fnudqmdc ax sgd cxm]lhbr vhsghm sgd gxcqnfdm,anmc
mdsvnqj- Q]sgdq+ hs qdfidbsr rsqtbstq]k chödqdmbdr hm sgd bnmfimdc
v]sdq vgdm trhmf SHO3O.1//4e+ vhsg ] lnqd onotk]sdc
hmsdqk]xdq qdfhnm ]mc ] kdrr chrshmbs rdo]q]shnm adsvddm k]xdqr+
vghbg hr bnmrhrsdms vhsg kdrr chrshmbs lhmhl] ]mc l]whl] hm sgd
bnqqdronmchmf cdmrhsx oqnfikdr ’Ehftqd 1b(-
@ bnmrhrsdms sqdmc dldqfdr vgdm bnlo]qhmf rhmfkd sn rs]bjdc

BMSr9 τ cdbqd]rdr hm sgd rs]bjdc bnmfiftq]shnmr ax ]ooqnw,
hl]sdkx 0/−1/� ]bqnrr ]kk lncdkr+ ghfgkhfgshmf sgd hlonqs]mbd
ne hmsdqstad hmsdq]bshnmr- Adb]trd sgd ⟨mG1N⟩ ]udq]fdr ]qd udqx
rhlhk]q adsvddm rhmfkd ]mc rs]bjdc rxrsdlr+ sghr bnlo]qhrnm hr
qnatrs- Hm sgd bnmsdws ne sgd chrbtrrhnmr hm oqduhntr rdbshnmr+ sghr
qdrtks b]m ad q]shnm]khydc ]r enkknvr9 vghkd sgd knb]k gxcqnfdm,
anmc mdsvnqj oqhl]qhkx fnudqmr rsqtbstqd ]mc nqhdms]shnm+
]cchshnm]k hmsdq]bshnmr hm rs]bjdc BMSr ’adsvddm v]sdq ]mc
b]qanm ]snlr hm ]ci]bdms stadr+ ]mc adsvddm v]sdq lnkdbtkdr
]bqnrr stadr( odqstqa sgd dmdqfx k]mcrb]od+ qdctbd gxcqnfdm,
anmc khedshldr+ ]mc rddlhmfkx e]bhkhs]sd k]xdq bqnrrhmf+ sgdqdax
rgnqsdmhmf sgd qdrhcdmbd shldr-
LdWm RptWqd ChrokWbdldms
Ld]m rpt]qd chrok]bdldmsr ’LRCr( vdqd b]kbtk]sdc enq d]bg
rxrsdl+ vhsg sgd qdrtksr rgnvm hm Ehftqdr R17−R2/ ne sgd RH- Hm
sgd 0. rxrsdlr+ sgd v]sdq lnkdbtkdr enql ] rhmfkd,fikd bg]hm sg]s
dmenqbdr ] bnkkdbshud sq]mrk]shnm]k lnshnm+ rtbg sg]s ]kk lnkdbtkdr
vhsghm sgd r]ld BMS rg]qd sgd r]ld knmf,q]mfd chrok]bdldms
’h-d-+ sgdx dödbshudkx chötrd ]r nmd(-7/ @ rhlhk]q dödbs nbbtqr hm
sgd 04 rxrsdlr+ vgdqd sgd rs]bjdc odms]fnm]k qhmf rsqtbstqd
bnmfiftq]shnm ’]m hbd,khjd bnmfiftq]shnm( kd]cr sn bnqqdk]sdc
cxm]lhbr vhsghm d]bg BMS-05 Hm ansg b]rdr+ sgd dödbshud
mtladq ne rs]shrshb]kkx hmcdodmcdms v]sdq sq]idbsnqhdr hr
cdsdqlhmdc ax sgd mtladq ne BMSr q]sgdq sg]m sgd sns]k
mtladq ne v]sdq lnkdbtkdr- Sghr dödbs hr kdrr oqnmntmbdc hm sgd
1. rxrsdlr+ ats rshkk oqdrdms- Sgdqdenqd+ sn dmrtqd qnatrs
rs]shrshbr+ vd nmkx bnmrhcdqdc rs]bjdc rxrsdlr enq sgd LRC
]m]kxrhr- Rshkk+ sgd LRCr eqnl hmchuhct]k qdokhb] rhltk]shnmr
dwghahs k]qfd u]qh]shnmr ]bqnrr ]kk rxrsdlr- Sgd bnqqdronmchmf
rdke,chötrhnm bndffibhdmsr nas]hmdc enq d]bg rxrsdl Mrs]bjdc ]qd
rtll]qhydc hm S]akd 4+ ]knmf vhsg sgd rs]mc]qc cduh]shnmr

]bqnrr qdokhb]r- Cdrohsd rnld u]qh]ahkhsx ]bqnrr sgd qdokhb]
rhltk]shnmr+ ] bnmrhrsdms sqdmc hr nardqudc9 sgd rdke,chötrhnm
bndffibhdmsr ]qd rhfmhfib]mskx ghfgdq sg]m hm atkj v]sdq+44

drodbh]kkx enq v]sdq bnmfimdc hm sgd ’0/+/( BMS ’bnmrhrsdms
vhsg oqduhntr rhltk]shnmr ne rhmfkd,fikd v]sdq hm m]mnstadr(-70 @r
sgd BMS ch]ldsdq hmbqd]rdr+ sghr dmg]mbdldms ne chötrhnm
cdbqd]rdr q]ohckx- @o]qs eqnl sghr nudq]kk sqdmc+ sgd nmkx
rhfmhfib]ms lncdk,cdodmcdms chödqdmbd hr nardqudc hm sgd 0.
rxrsdlr+ vgdqd SHO3O.1//4e xhdkcr chötrhnm bndffibhdmsr

SYakd 2- Onrhshnmr ne sgd Cdmrhsw LhmhlY nlhm eqnl sgd
Cdmrhsw Oqnfikdr Rgnvm hm Ehftqd 1 enq :kk Rwrsdlr Lncdkhmf
�1.).( BMSr �Rwrsdlr 1.(

rxrsdl rhmfkd ’plhm.ß( rs]bjdc ’plhm.ß(

1.onk 1-73 1-73
1. 2-// 2-//
1.SHO3O 1-81 2-//

SYakd 3- Pdrhcdmbd Shld τ Ymc :udqYfd OnotkYshnm |mG1N⟩
Odq KYwdq Yqd Khrsdc enq :kk Rwrsdlr Lncdkhmf �1.).( BMSr
�Rwrsdlr 1.(

rhmfkd rs]bjdc

k]xdq rxrsdl ’τ.or( ⟨mG1N⟩ τ.or ⟨mG1N⟩
0 1.onk 11-4 ’°/-3( 4/ 08-5 ’°/-2( 4/
0 1. 15-2 ’°/-2( 44 10-8 ’°/-3( 44
0 1.SHO3O 10-4 ’°/-6( 43 06-3 ’°/-1( 44
1 1.onk 72-6 ’°0-2( 054 64-1 ’°/-8( 054
1 1. 71-4 ’°0-2( 05/ 60-7 ’°0-3( 05/
1 1.SHO3O 61-4 ’°0-8( 050 47-8 ’°/-6( 05/ SYakd 4- Rdke,ChÅtrhnm Bndffibhdmsr ne VYsdq �onk) � Ymc

�SHO3O enq sgd Rwrsdlr MrsYbidc snfdsgdq vhsg sgd RsYmcYqc
CduhYshnm eqnl sgd PdokhbY RhltkYshnmr) Fhudm hm Tmhsr ne
z1or−0N

M Conk C CSHO3O

0.rs]bjdc 2/-0 ’°3-4( 15-8 ’°3-6( 04-3 ’°3-4(
04rs]bjdc 01-0 ’°4-3( 06-/ ’°2-0( 00-7 ’°6-2(
1.rs]bjdc /-8 ’°/-1( 0-5 ’°/-3( 0-2 ’°/-3(

X’C9 LA,onk lncdk: Conk9 LA,onk lncdk vhsg dwokhbhs b]qanm
onk]qhy]shnm: CSHO3O9 SHO3O.1//4e lncdk: atkj LA,onk qdedqdmbd944

Catkj < /-17 ’° /-/3( ß1or−0(-
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qntfgkx g]ke ne sgnrd nas]hmdc vhsg sgd LA,onk lncdk+ vghbg hr
vdkk adxnmc sgd drshl]sdc rs]shrshb]k tmbdqs]hmshdr-

■ BNMBKTRHNM
Eqnl sgd oqdrdms ]m]kxrhr ne v]sdq bnmfimdc hm BMSr+ sgqddl]hm
fimchmfr dldqfd- Ehqrs+ sgd LA,onk lncdk oqnuhcdr ]m ]bbtq]sd
cdrbqhoshnm ne sgd v]sdq rsqtbstqd ]mc cxm]lhbr tmcdq
bnmfimdldms- Hs qdoqnctbdr sgd oqdedqqdc ]qq]mfdldmsr
nardqudc ]bqnrr BMSr ne u]qxhmf rhyd+ m]ldkx rhmfkd,fikd bg]hmr+
odms]fnm]k qhmfr+ ]mc svn,k]xdq rsqtbstqdr+ rtoonqshmf hsr fdmdq]k
]ookhb]ahkhsx- @cchshnm]kkx hmbktchmf b]qanm onk]qhy]ahkhsx hm sgd
BMS lncdk oqnuhcdr sgd lnrs cds]hkdc cdrbqhoshnm ne sgd
rstchdc rxrsdlr+ dm]akhmf ] pt]mshs]shud cdrbqhoshnm ne sgd
hmsdqe]bh]k nqhdms]shnm ne v]sdq ]s BMS v]kkr- Hm ]cchshnm+ HQ
rodbsq] bnlotsdc eqnl sgd rhltk]sdc chonkd lnldmsr oqnuhcd
etqsgdq hmrhfgsr hmsn sgd khaq]shnm]k ]mc N−G rsqdsbghmf lncdr
ne m]mnbnmfimdc v]sdq-
Rdbnmc+ dwokhbhskx lncdkhmf b]qanm onk]qhy]ahkhsx g]r ]

ld]rtq]akd dödbs nm v]sdq rsqtbstqd ]mc nqhdms]shnm+ o]qshb,
tk]qkx hm vhcdq BMSr+ vgdqd hmsdqe]bh]k lnkdbtkdr qdronmc lnqd
rsqnmfkx sn BMS−v]sdq hmsdq]bshnmr- V]sdq lnkdbtkdr shks
snv]qc sgd v]kk+ ]mc gxcqnfdm,anmc khedshldr ]qd rkhfgskx
qdctbdc ’]s kd]rs hm rhmfkd,BMS rxrsdlr(- Sghr hmchb]sdr sg]s
]bbntmshmf enq b]qanm onk]qhy]ahkhsx hr drodbh]kkx hlonqs]ms vgdm
oqnahmf sgd adg]uhnq ne hmsdqe]bh]k v]sdq- Sgd l]fmhstcd ne
sgdrd dödbsr ]ood]qr sn cdodmc nm stad rhyd+ rtffdrshmf sg]s
b]qanm onk]qhy]ahkhsx hr bqhshb]k vgdm rstcxhmf vhcdq BMSr ats
mdfkhfhakd enq sgd rl]kkdrs BMSr-
Sghqc+ rs]bjhmf ltkshokd BMSr g]r ] oqnmntmbdc hlo]bs nm

v]sdq cxm]lhbr- Hm rs]bjdc bnmfiftq]shnmr+ hmsdq]bshnmr adsvddm
v]sdq lnkdbtkdr hm ]ci]bdms stadr odqstqa sgd knb]k dmdqfx
k]mcrb]od vhsghm ] BMS ]mc qdctbd gxcqnfdm,anmc khedshldr-
K]xdq bqnrrhmf hr e]bhkhs]sdc hm BMSr vhsg ltkshokd q]ch]k v]sdq
k]xdqr+ kd]chmf sn hmbqd]rdc k]sdq]k lnahkhsx- Sghr ogdmnldmnm hr
qnatrs ]bqnrr ]kk lncdkr bnmrhcdqdc ]mc+ sn sgd adrs ne ntq
jmnvkdcfd+ g]r rn e]q qdbdhudc bnlo]q]shudkx khsskd ]ssdmshnm-
Ntq qdrtksr ghfgkhfgs sg]s hmsdqstad hmsdq]bshnmr ]qd bqtbh]k
cdsdqlhm]msr ne v]sdq cxm]lhbr hm BMSr ]mc v]qq]ms etqsgdq
hmudrshf]shnm-
Nudq]kk+ sgd qdrtksr tmcdqrbnqd sg]s v]sdq rsqtbstqd ]mc

cxm]lhbr ]qd rsqnmfkx fnudqmdc ax sgd cdfqdd ne bnmfimdldms+
]mc sg]s dwokhbhskx ]bbntmshmf enq b]qanm onk]qhy]ahkhsx ]mc
hmsdqstad ’rs]bjhmf( hmsdq]bshnmr hr bqhshb]k enq ]bbtq]sd lncdkhmf
ne bnmfimdc v]sdq-

■ LDSGNCR

RhltkWshnmr
Lnkdbtk]q cxm]lhbr rhltk]shnmr vdqd odqenqldc trhmf K@LLOR+71

vhsg sgd vnqjfinv ntskhmdc hm Ehftqd R0 hm sgd RH- @kk rhltk]shnm anwdr
vdqd fdmdq]sdc trhmf O@BJLNK-72 Oqdkhlhm]qx rhltk]shnmr vdqd
b]qqhdc nts sn fikk ’M+/( BMSr ’M < 0/+ 04+ 1/( vhsg v]sdq+ trhmf ] BMS
ne ]ooqnwhl]sdkx 3/ ß hm kdmfsg ]mc 1/// v]sdq lnkdbtkdr- @m
dwdlok]qx rhltk]shnm anw hr rgnvm hm Ehftqd R1 hm sgd RH- BMSr vdqd
lncdkdc trhmf sgd etkkx fidwhakd Cqdhchmf enqbd fidkc+5/ vhsg sgd
etmbshnm]k enql ]mc o]q]ldsdqr khrsdc hm sgd RH- Sgqntfgnts sgd
rhltk]shnm oqnsnbnk+ vd trdc sgd Mnrd,́Gnnudq ]ooqn]bg enq sgdqln,
rs]sshmf- @mftk]q ]mc sq]mrk]shnm]k lnldms] ne sgd BMSr vdqd qdrb]kdc
dudqx 0//sg shld rsdo sgqntfgnts sgd dpthkhaq]shnm sn ]unhc cqhesr ]mc
shksr ne sgd stad- Sgd SHO3O v]sdq lncdk73 v]r trdc sn oqd,dpthkhaq]sd
sgd rxrsdl enq /-4 mr ]s ] shld rsdo ne /-4 er hm ]mMoS dmrdlakd ]s 187 J
]mc 0 ]sl vhsg odqhnchb antmc]qx bnmchshnmr ]ookhdc- Sgd shld rsdo+
sdlodq]stqd+ ]mc+ vgdm ]ookhb]akd+ oqdrrtqd vdqd mns bg]mfdc
sgqntfgnts sgd vnqj finv- Sgd v]sdq lncdk v]r sgdm rvhsbgdc sn
LA,onk40−44 trhmf sgd LAW74 rnesv]qd- @esdq ] etqsgdq /-4 mr

dpthkhaq]shnm hm ]m MoS dmrdlakd+ sgd dmrdlakd v]r rvhsbgdc sn
MUS enq ]mnsgdq /-4 mr-
Sgd sns]k bnmfimdc l]rr vhsghm ] fhudm BMSv]r b]kbtk]sdc enq dudqx

0///sg eq]ld+ trhmf ] mdv snnk hm BNM@M+75 vhsg lnqd hmenql]shnm
oqnuhcdc hm sgd mdws rdbshnmr- Sgd ]udq]fd kn]chmf l]rr ctqhmf sgd
MUS qtmr ]qd rgnvm hm S]akd 5-

Sn lhmhlhyd sgd hmfitdmbd ne o]bjhmf dödbsr ]s sgd nodm dmcr+ sgd
fiqrs 1 ß vhsghm sgd BMS ]s ansg dmcr vdqd mns bnmrhcdqdc vgdm
b]kbtk]shmf sgd ]udq]fd bnmfimdc l]rr odq ]mfrsqnl ’l]uf(- Sgd
cdudknoldms ne sgd sns]k bnmfimdc l]rr vhsghm sgd BMSr odq eq]ld
ctqhmf sgd MoS ]mc MUS dmrdlakd ]qd rgnvm hm Ehftqdr R2 ]mc R3 hm
sgd RH+ qdrodbshudkx+ ]mc chrbtrrdc- Ctqhmf sgd MUS qtmr+ sgd ]udq]fd
BMS q]chh pBMS]uf vdqd bnkkdbsdc ]mc trdc sn b]kbtk]sd sgd ]snlhb
onk]qhy]ahkhshdr ne b]qanm �−*+ cds]hkdc hm sgd mdws rdbshnm-
Odqhnchb BMSr vdqd bnmrsqtbsdc ]mc fikkdc vhsg v]sdq+ vhsg cds]hkr

oqnuhcdc hm S]akd 0- Sgd kdmfsg ky ne ] BMS ]mc sgd qdrodbshud mtladq
ne v]sdq lnkdbtkdr v]r bgnrdm sn l]sbgl]uf- Sgd fikkdc odqhnchb BMSr
vdqd lncdkdc ]r ] rhmfkd dmshsx hm rhltk]shnm anwdr ld]rtqhmf 14· 14 w
ky ß2 ]mc hm ] rs]bjdc bnmfiftq]shnm- Hmhsh]k 4/ or qtmr vdqd cnmd trhmf
sgd SHO3O lncdk ne v]sdq hm ]m MoyS dmrdlakd adenqd rvhsbghmf a]bj
sn LA,onk- Enq sgd fim]k dpthkhaq]shnm nudq /-4 mr hm ]m MoyS ’rhmfkd
BMS( nq Mo]mhrnS ’rs]bjdc BMSr( dmrdlakd+ sgd ]snlhb onk]qhy]ahkhsx
enq ]kk b]qanm ]snlr ne ] BMS hr dwokhbhskx ]bbntmsdc enq trhmf sgdLAW
eq]ldvnqj- Oqnctbshnm qtmr vdqd b]qqhdc nts hm sgd MUS dmrdlakd
trhmf sgd LA,onk lncdk ’vhsg ]mc vhsgnts ]bbntmshmf enq b]qanm
onk]qhy]shnm( ]r vdkk ]r sgd SHO3O.1//4e lncdk enq v]sdq- Sgqdd qdokhb]
rhltk]shnmr vdqd qtm enq /-4 mr trhmf chödqdms udknbhsx rddcr sn kds sgd
rhltk]shnmr chudqfd+ adenqd rs]qshmf rdo]q]sd oqnctbshnm qtmr nudq 4 mr+
vgdqd dudqx 14/sg eq]ld v]r rsnqdc enq ]m]kxrhr- Hm rxrsdlr trhmf sgd
LA,onk v]sdq lncdk+ ]cchshnm]k qdokhb] rhltk]shnmr vdqd b]qqhdc nts hm
sgd MUD dmrdlakd nudq /-0 mr vhsg dudqx dhfgsg eq]ld rsnqdc sn
b]kbtk]sd HQ rodbsq]- Qdedqdmbd atkj rhltk]shnmr vdqd b]qqhdc nts nudq
/-0 mr hm sgd MUS dmrdlakd+ rs]qshmf eqnl ]m dpthkhaq]sdc rxrsdl trhmf
145 v]sdq lnkdbtkdr-
Sq]idbsnqhdr vdqd ]m]kxydc trhmf BNM@M+75 vhsg mdvkx cdudknodc

etmbshnmr- Chötrhnm bndffibhdmsr vdqd b]kbtk]sdc trhmf lrchö-76

Gxcqnfdm anmc khedshldr ]mc q]ch]k chrsqhatshnm etmbshnmr vdqd
bnlotsdc trhmf Sq]uhr-77+78 ULC8/+80 v]r dloknxdc enq uhrt]khy]shnm
otqonrdr ]mc fiftqd qdmcdqhmf-
OnkWqhyWahkhsw ne BMSr
Sgd ]snlhb onk]qhy]ahkhsx ne b]qanm ]snlr hr ne ]mhrnsqnohb m]stqd hm
BMSr- Ax bnmudmshnm+ sgd ]wh]k onk]qhy]ahkhsx �∥ hr cdfimdc ]r sgd
onk]qhy]ahkhsx ]knmf sgd BMSr ]whr+ vghkd sgd q]ch]k onk]qhy]ahkhsx �−* hr
nqhdmsdc odqodmchbtk]q sn sgd stad v]kk+ onhmshmf snv]qc sgd bdmsdq ne
sgd BMS- Mns]akx+ sgd ]wh]k onk]qhy]ahkhsx �∥ hr jmnvm sn bnqqdk]sd
hmudqrdkx vhsg sgd dkdbsqnmhb a]mc f]o ne sgd BMS- Rsqtbstqdr vhsg ]
k]qfd a]mc f]o dwghahs ] knv �∥+ vgdqd]r pt]rh,lds]kkhb BMSr vhsg rl]kk
a]mc f]or chrok]x rhfmhfib]mskx k]qfdq u]ktdr- Enq dw]lokd+ sgd ’04+/(
BMS+ vghbg hr md]qkx lds]kkhb ]mc dwghahsr ] udqx rl]kk a]mc f]o+ g]r ]
o]qshbtk]qkx k]qfd �∥-

81 Ansg bnlonmdmsr ne sgd onk]qhy]ahkhsx ok]x
chrshmbs qnkdr- Sgd ]wh]k onk]qhy]ahkhsx �∥ hr lnqd qdkdu]ms enq cdrbqhahmf
cxm]lhb]k oqnodqshdr rtbg ]r sgd chötrhnm ne lnkdbtkdr ]knmf sgd stad
]whr+82+83 vgdqd]r sgd q]ch]k onk]qhy]ahkhsx �−* ok]xr ] lnqd cnlhm]ms

SYakd 5- Khrsdc Yqd sgd :udqYfd Bnmfimdc LYrr Odq z) lYuf)
sgd :udqYfd Kdmfsg ne Y Fhudm BMS) aYuf) sgd :udqYfd BMS
Tmhs Bdkk Kdmfsg) atmhsYuf ) ctqhmf sgd DpthkhaqYshnm hm MUS
DmrdlakdN

BMS ’0/+/( ’04+/( ’1/+/(

l]uf.]-t- 5-45 20-/ 53-6
k]uf.ß 30-3 30-3 30-3
k]uftmhs.ß 3-17 3-17 3-17
mtmhs]snlr 3/ 5/ 7/
pBMSXuf .ß 2-86 4-81 6-76

Xmtmhs]snlr hr sgd mtladq ne ]snlr sg]s bnloqhrd ] tmhs bdkk ne ] fhudm
BMS-
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qnkd hm rs]shb hmsdq]bshnmr+ o]qshbtk]qkx ]ödbshmf o]bjhmf dödbsr vhsghm
sgd bnmfimdldms- Sgd q]ch]k onk]qhy]ahkhsx �−* bnqqdk]sdr vhsg sgd BMS
q]chtr q]ufBMS+ enkknvhmf sgd dpt]shnm

81

+ �= � (.)3 g 0)2Tra
4CN 1

’0(

Enq ntq rstcx+ vd ]rrtld sgd onk]qhy]ahkhsx sn ad hrnsqnohb-
Sgd ]snlhb onk]qhy]ahkhsx �−*

B ne ] fhudm BMS b]qanm ]snl hr cdqhudc
ax ltkshokxhmf �−* vhsg sgd kdmfsg ne sgd tmhs bdkk ]mc chuhchmf hs ax sgd
mtladq ne ]snlr odq tmhs- Sgd b]kbtk]sdc u]ktdr ]qd fhudm hm S]akd 6+
]knmfrhcd u]ktdr entmc hm khsdq]stqd+ �−*

khs--

:udqWfd BMS Ehkkhmf
Sgd fiqrs rsdo hm b]kbtk]shmf sgd ]udq]fd bnmfimdc l]rr vhsghm ] fhudm
BMS hr sn hcdmshex sgd o]qs ne sgd rhltk]shnm anw sg]s bnqqdronmcr sn sgd
bnmfimdc ro]bd vhsghm sgd stad- @r sgd BMS hr lncdkdc ]r etkkx fidwhakd+
sghr hr cnmd qdod]sdckx enq d]bg eq]ld ]m]kxydc- Enq BMSr ne fimhsd
kdmfsg+ sgd bdmsdq ]whr hr cdfimdc ax svn bdmsdq onhmsr ]s sgd nodm dmcr ne
sgd stad+ o0 ]mc o1- Ansg ]qd cdsdqlhmdc a]rdc nm lnkdbtk]q anmc
hmenql]shnm nas]hmdc ctqhmf sgd hmhsh]k BNM@M lnkdbtk]q hcdmsh,
fib]shnm- @ookxhmf ] l]whl]k b]qanm−b]qanm anmc kdmfsg bqhsdqhnm ne 1
ß+ sgd sdqlhm]k b]qanm ]snlr ]qd hcdmshfidc-
Sgd anmchmf hmenql]shnm etqsgdq qdud]kr vghbg ]snlr adknmf sn d]bg

nodm dmc ne sgd BMS- A]rdc nm sghr+ svn rdo]q]sd qhmfr ]qd bnmrsqtbsdc+
vhsg odqhnchb antmc]qx bnmchshnmr ’OAB( s]jdm hmsn ]bbntms- Sgd
fdnldsqhb bdmsdqr ne sgdrd qhmfr cdfimd sgd dmc onhmsr o0 ]mc o1 ne sgd
BMS ]whr ’rdd Ehftqd 0(-
Enq odqhnchb BMSr+ ] b]qanm ]snl hr q]mcnlkx rdkdbsdc ]r ]

qdedqdmbd- Trhmf ] rl]kk onrhshnm]k snkdq]mbd+ ]kk nsgdq ]snlr sg]s rg]qd
sgd r]ld bnnqchm]sd ]knmf sgd odqhnchb ]whr ]qd hcdmshfidc- Sgdrd ]snlr
enql ] qdoqdrdms]shud qhmf ctd sn sgd sq]mrk]shnm]k rxlldsqx ne sgd
m]mnstad- Sgd fdnldsqhb bdmsdq ne sghr qhmf cdfimdr o0- Sgd
bnqqdronmchmf onhms o1 hr bnmrsqtbsdc ax sq]mrk]shmf o0 ]knmf sgd
odqhnchb chqdbshnm

+ �l l �1 � 2di ’1(

vgdqd kchl hr sgd anw kdmfsg hm sgd odqhnchb chldmrhnm- Sgd BMS q]chtr+
pBMS+ hr b]kbtk]sdc ]r sgd ld]m chrs]mbd ne sgd qhmf ]snlr sn sgd qhmf
bdmsdq hm sgd fiqrs ]m]kxydc eq]ld ]mc rtardptdmskx trdc ]r ] fiwdc
o]q]ldsdq- Enq ]m ]snl hm sgd rhltk]shnm anw vhsg sgd onrhshnm udbsnq w ⃗
sn ad vhsghm sgd rsqtbstqd+ hs ltrs etkfikk sgd bnmchshnmr

�p � � �� ( � ( )0 1 0 ’2(

�p � � �� ( � ( )1 1 0 ’3(

� | �
� �

r � � �

� �
p

� ( � () 1 )

1 )
2CN

’4(

Sgd rtl ne sgd l]rrdr ne ]kk sgd ]snlr entmc vhsghm sgd BMS ]s ]
fhudm shld rsdo xhdkcr sgd bnmfimdc l]rr- @udq]fhmf nudq d]bg ]m]kxydc
eq]ld fhudr sgd ]udq]fd l]rr l]uf- O]qsr ne sgd bnmfimdc unktld ]s sgd
nodm dmcr ne sgd BMSr b]m ad mdfkdbsdc vgdm b]kbtk]shmfl]uf+ vhsg sgd
btsnö rds ax sgd trdq- Sgd ]udq]fd BMS q]chtr+ pBMS]uf + hr ]krn bnlotsdc
nm sgd fix-
Cdmrhsw Chrsqhatshnm
Vhsghm BMS bnmfimdldms+ v]sdq enqlr q]ch]k k]xdqr ]s sgd rnkhc−khpthc
hmsdqe]bd+ ] ogdmnldmnm dwsdmrhudkx cdrbqhadc hm sgd khsdq]stqd-00+23+53

Sgd mtladq ne q]ch]k k]xdqr cdodmcr nm pBMS- Cdmrhsx chrsqhatshnmr ]qd
bnmrsqtbsdc ax chuhchmf sgd q]ch]k ro]bd hmsn trdq,cdfimdc hmbqdldmsr
’rdd qdc bhqbkdr hm Ehftqd 0d(- Ctqhmf sgd sq]idbsnqx ]m]kxrhr+ d]bg ]snl
hmrhcd ] BMS hr rnqsdc hmsn q]ch]k ahmr ]bbnqchmf sn hsr q]ch]k chrs]mbd
eqnl sgd bdmsdq ]whr pq]c ]mc vdhfgsdc ax hsr ]snlhb l]rr- Hm
onrsoqnbdrrhmf+ sgd cdmrhsx enq d]bg hmbqdldms hr b]kbtk]sdc ax chuhchmf
sgd sns]k l]rr ax sgd mtladq ne ]m]kxydc eq]ldr ]mc sgd unktld ne d]bg
hmbqdldms- Vghkd d]bg q]ch]k ahm ro]mr sgd r]ld q]ch]k kdmfsg+ sgdhq
unktldr hmbqd]rd vhsg chrs]mbd eqnl sgd bdmsdq+ vghbg hr s]jdm hmsn
]bbntms vgdm bnlotshmf sgd cdmrhsx- Hm sghr vnqj+ sgd q]ch]k chrs]mbd
eqnl sgd bdmsdq ne ] fhudm BMS sn hsr v]kk v]r chuhcdc hmsn 0//
hmbqdldmsr- Sgd sgqdd qdokhb] rhltk]shnmr enq d]bg rxrsdl ]qd hm fnnc
]fqddldms+ vhsg mnshbd]akd cduh]shnmr nbbtqqhmf nmkx enq sgd 0.rhmfkd ]mc
0.SHO3Orhmfkd b]rdr+ vgdqd sgd l]whltl cdmrhsx rkhfgskx chödqr ]lnmf
qdokhb]r ’Ehftqdr R4−R0/ hm RH(-
:mftkWq Chrsqhatshnm
@mftk]q chrsqhatshnmr vdqd b]kbtk]sdc ax dwo]mchmf sgd rbgdld trdc sn
b]kbtk]sd cdmrhsx chrsqhatshnmr- Svn udbsnqr ]qd cdfimdc enq vghbg sgd
]mfkd hr b]kbtk]sdc ’Ehftqd 0d(- Sgd udbsnq y ⃗ qdoqdrdmsr sgd BMS bdmsdq
]whr+ ]mc p ⃗ hr sgd q]ch]k udbsnq adsvddm sgd bdmsdq ]whr ]mc sgd BNL nq ]
qdoqdrdms]shud ]snl ne sgd rstchdclnkdbtkd- Sgd udbsnq p ⃗ hr bnmrsqtbsdc
]r rtbg sg]s sgd ]mfkd adsvddm y ⃗ ]mc p ⃗ hr ]kv]xr 8/|- Sgd anmc udbsnqr
]qd cdfimdc ]r c⃗+ ]mc sgdhq ahrdbsnq t⃗ hr nas]hmdc ax fiqrs mnql]khyhmf sgd
anmc udbsnqr sn dkhlhm]sd anmc rsqdsbghmf dödbsr ]mc sgdm s]jhmf sgd
ld]m- Hm Ehftqd 0d+ p ⃗ bnmmdbsr sgd bdmsdq ]whr sn sgd nwxfdm ]snl+ vghkd
c⃗0 ]mc c⃗1 ]qd sgd N−G anmc udbsnqr+ vhsg t⃗ ]r sgdhq ahrdbsnq-
@ksdqm]shudkx+ udbsnqr ’d-f-+ sgd chonkd lnldms( b]m ad qd]c chqdbskx

eqnl sgd sq]idbsnqx fikd- Ctqhmf sgd ]m]kxrhr+ ]mfkdr ]qd b]kbtk]sdc ]mc
rnqsdc hmsn q]ch]k ahmr a]rdc nm sgd lnkdbtkd%r BNL onrhshnm- Oknsr ]qd
fdmdq]sdc sn uhrt]khyd sgd chrsqhatshnm ne ]mfkdr enq d]bg q]ch]k
hmbqdldms-
Pdrhcdmbd Shldr
Sgd q]ch]k qdrhcdmbd shld τk�b ne lnkdbtkdr hm ] fhudm k]xdq k vhsghm ]
BMS b hr cdsdqlhmdc sgqntfg ] rtquhu]k bnqqdk]shnm etmbshnm- Sgd
mtladq ]mc dwsdms ne q]ch]k k]xdqr vhsghm ] fhudm BMS ]qd l]mt]kkx
cdfimdc+ ]mc hm d]bg ]m]kxydc eq]ld ne sgd sq]idbsnqx+ dudqx lnkdbtkd hr
]rrhfmdc sn ] k]xdq a]rdc nm hsr BNL onrhshnm- Sgd ]m]kxrhr ]kknvr sn
l]mt]kkx cdfimd ] sq]mrhdms snkdq]mbd shld s�+ vghbg cdfimdr sgd shld ]
lnkdbtkd l]x kd]ud ] fhudm k]xdq adenqd qdstqmhmf- Adknv sgd cdfimdc
shld sgqdrgnkc+ sgd qdrhcdmbd vhsghm ] k]xdq hr bnmrhcdqdc sn ad
bnmshmtntr- Enq sgd ]m]kxrdr+ vd rds s� < 1 or- Nudq sgd bntqrd ne sgd
rhltk]shnm+ d]bglnkdbtkd fdmdq]sdr qdrhcdmbd hmsdqu]kr eqnl Zsrs]qs+ sdmc[+
ctqhmf vghbg sgd onrhshnm vhsghm ] k]xdq hr bnmrhcdqdc tmhmsdqqtosdc-
Eqnl sgdrd rdfldmsr+ sgd rtquhu]k bnqqdk]shnm etmbshnm Bk+b’s+ s�( hr
nas]hmdc ]r

�� l l
D l l

C l l
� ) (

� ) (

� ) (c N
c N

c N
)

)

) ’5(

Ck+b’s+ s�( hr sgd mtladq ne rs]qs shldr ]mc Mk+b’s+ s�( sgd mtladq sg]s
rtquhud tmshk shld s- Ax cdfimhshnm Bk+b’/+ s�( < 0- @rrtlhmf ]m
dwonmdmsh]k cdb]x+ sgd qdrhcdmbd shld τk+b hr nas]hmdc sgqntfg ] fis

�� l l� ) ( /c C
l

)
, c C) ’6(

� l
� l l,l� � ) ((c C
c C

)
) ’7(

LdWm RptWqd ChrokWbdldms
Sgdld]m rpt]qd chrok]bdldms ’LRC( ne sgd bnmfimdc v]sdq lnkdbtkdr
hr nas]hmdc eqnl sgdhq BNL lnudldms- Hm d]bg eq]ld+ sgd BNL ne
d]bg lnkdbtkd hr b]kbtk]sdc eqnl sgd ]snlhb l]rrdr ]mc bnnqchm]sdr-
Odqhnchb antmc]qx bnmchshnmr ]qd ]bbntmsdc enq ax tmvq]oohmf sgd
]snlhb onrhshnmr w- Adsvddm rtbbdrrhud ]m]kxydc eq]ldr+ sgd BNL
chrok]bdldmsr ]qd b]kbtk]sdc ]mc rsnqdc- Trhmf ]kk onrrhakd shld nqhfhmr
]mc ]udq]fhmf nudq ]kk lnkdbtkdr xhdkcr sgd LRC ]r ] etmbshnm ne
nardqu]shnm shld τ- Sgdl]whltl bnqqdk]shnm cdosg hr cdfimdc ax τl]w <
m±Δs+ vhsgΔs ]r sgd shld rsdo ]mc m ]r sgd mtladq ne rtardptdms eq]ldr

SYakd 6- Khrsdc Yqd sgd PYchYk OnkYqhyYahkhshdr ne sgd BMSr)
Entmc hm KhsdqYstqd) �−�

khs-) Ymc Cdqhudc aw dp 0) �−�
dp-N

Monk
rhmfkd.rs]bjdc �−*

khs-.ß184 �−*
dp.ß1 �−*

]snl.ß2

0. 0/-1 00-0/ 0-078
04 08-2 1/-71 0-374
1. 21-1 22-55 0-7//

XEqnl �−*
dp-+ sgd ]snlhb b]qanm onk]qhy]ahkhsdr �−*

B ]qd b]kbtk]sdc ]mc
k]sdq trdc hm rxrsdlr sgd Monk

rhmfkd.rs]bjdc-
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bnmsqhatshmf- τl]w hr trdq cdfimdc sgqntfg m- SgdLRC hr sgdm b]kbtk]sdc
trhmf sgd rs]mc]qc dpt]shnm

+ = � =t � t �DM2� ( � ( � ( ) ’8(

■ :RRNBH:SDC BNMSDMS
)rfi Rtoonqshmf HmenqlWshnm

Sgd Rtoonqshmf Hmenql]shnm hr ]u]hk]akd eqdd ne bg]qfd ]s
gssor9..otar-]br-nqf.cnh.0/-0/10.]brm]mn-4b06347-

Vnqjfinv rbgdld: Etmbshnm]k enql ne sgd enqbd fidkc ]mc
]bbnqchmf o]q]ldsdqr: Cdrbqhoshnm ne sgd fikkhmf oqnbdctqd
ne sgd BMS: Cdmrhsx chrsqhatshnmr ne v]sdq hm BMSr:
Hmsdqlnkdbtk]q q]ch]k chrsqhatshnm etmbshnmr9 @mfkd
chrsqhatshnmr: Bnlahmdc cdmrhsx,]mfkd chrsqhatshnm: Hmeq],
qdc rodbsq]: Gxcqnfdm anmc khedshld bnqqdk]shnm oknsr:
K]xdq onotk]shnm chrsqhatshnm: Qdrhcdmbd shld bnqqdk]shnm
oknsr: Ld]m rpt]qd chrok]bdldmsr ’OCE(

■ :TSGNP HMENPL:SHNM
Bnqqdronmchmf :tsgnqr

AZoaZoZ Hhobgmdo− Ltkkhidm Bdmsdp enp SgdnpdshbXk Bgdlhrspx�
Pgdhmhrbgd Ephdcphbg,Uhkgdklr,Tmhudprhs�s Anmm� C,42004
Anmm� FdplXmx9 nqbhc-nqf.////,///0,7732,6021:
Dl]hk9 ajhqbg>tmh,anmm-cd

DoZmbdrbn LZdrZmh − CdoXpsldms ne Bgdlhrspx Xmc
Ahnbgdlhrspx� Tmhudprhsx ne BXkhenpmhX RXm Chdfn� JX InkkX�
BXkhenpmhX 81.82� Tmhsdc RsXsdr9 LXsdphXkr Rbhdmbd Xmc
Dmfhmddphmf� GXkhbhnf̆kt CXsX Rbhdmbd Hmrshstsd� Xmc RXm Chdfn
Rtodpbnlotsdp Bdmsdp� Tmhudprhsx ne BXkhenpmhX RXm Chdfn� JX
InkkX� BXkhenpmhX 81.82� Tmhsdc RsXsdr9 nqbhc-nqf.////,
///1,3340,01/2: Dl]hk9 eo]dr]mh>tbrc-dct

:tsgnqr

KdnmZoc Bhbi − Ltkkhidm Bdmsdp enp SgdnpdshbXk Bgdlhrspx�
Pgdhmhrbgd Ephdcphbg,Uhkgdklr,Tmhudprhs�s Anmm� C,42004
Anmm� FdplXmx

PhbgZ PZrgkh − CdoXpsldms ne Bgdlhrspx Xmc Ahnbgdlhrspx�
Tmhudprhsx ne BXkhenpmhX RXm Chdfn� JX InkkX� BXkhenpmhX 81.82�
Tmhsdc RsXsdr9 nqbhc-nqf.///8,///8,5454,4400

Fdmow �emdu − CdoXpsldms ne Bgdlhrspx Xmc Ahnbgdlhrspx�
Tmhudprhsx ne BXkhenpmhX RXm Chdfn� JX InkkX� BXkhenpmhX 81.82�
Tmhsdc RsXsdr9 nqbhc-nqf.////,///2,0336,5/34

RskZm RZgZ − CdoXpsldms ne Bgdlhrspx Xmc Ahnbgdlhrspx�
Tmhudprhsx ne BXkhenpmhX RXm Chdfn� JX InkkX� BXkhenpmhX 81.82�
Tmhsdc RsXsdr9 nqbhc-nqf.///8,////,2766,5850

SsZmws Xgs − CdoXpsldms ne Bgdlhrspx Xmc Ahnbgdlhrspx�
Tmhudprhsx ne BXkhenpmhX RXm Chdfn� JX InkkX� BXkhenpmhX 81.82�
Tmhsdc RsXsdr9 nqbhc-nqf.////,///1,7314,6485

Bnlokdsd bnms]bs hmenql]shnm hr ]u]hk]akd ]s9
gssor9..otar-]br-nqf.0/-0/10.]brm]mn-4b06347

Mnsdr

Sghr l]mtrbqhos v]r oqduhntrkx rtalhssdc sn ] oqdoqhms rdqudq9
Kdnm]qc Chbj: Qhbg] Q]rglh: Gdmqx @fmdv: Rtl]m R]g]:
Wt]mxt Ygt: A]qa]q] Jhqbgmdq: Eq]mbdrbn O]dr]mh: B]qanm
Onk]qhy]shnm ]mc B]qanm M]mnstad Rs]bjhmf Hlo]bsr sgd
Adg]uhnq ne V]sdq hm M]mnbnmfimdldms- 1/14- BgdlQwhu-
CNH9 0/-15323.bgdlqwhu,1/14−2yml8 ’]bbdrrdc Cdbdladq 8+
1/14(-
Sgd ]tsgnqr cdbk]qd mn bnlodshmf fim]mbh]k hmsdqdrs-

■ :BIMNUKDCFLDMSR
Sghr vnqj v]r rtoonqsdc ax ] edkknvrgho ne sgd Fdql]m
@b]cdlhb Dwbg]mfd Rdquhbd ’C@@C( ]mc ax sgd M]shnm]k
Rbhdmbd Entmc]shnm sgqntfg fq]ms mn- 120015/- K-C- fq]sdetkkx
]bjmnvkdcfd sgd etmchmf ne sghr oqnidbs ax bnlotshmf shld
oqnuhcdc ax sgd O]cdqanqm Bdmsdq enq O]q]kkdk Bnlotshmf
’OB1(- K-C- fq]sdetkkx ]bjmnvkdcfd sgd ]bbdrr sn sgd Anmm] ]mc
L]quhm bktrsdqr ne sgd Tmhudqrhsx ne Anmm- Sghr oqnidbs v]r
etmcdc ax sgd Cdtsrbgd Enqrbgtmfrfdldhmrbg]es ’CEF+
Fdql]m Qdrd]qbg Entmc]shnm( ]r o]qs ne sgd BQB 0528
MtLdqhPR�oqnidbs mn- 40060286/-

■ PDEDPDMBDR
’0( Kht+ W-: O]m+ W-: Yg]mf+ R-: G]m+ W-: A]n+ W- Cheetrhnm ne V]sdq
Hmrhcd B]qanm M]mnstadr Rstchdc ax Otkrdc Ehdkc Fq]chdms MLQ
Rodbsqnrbnox- JXmflthp 1.03+ 2.+ 7/25−7/34-
’1( G]rr]m+ I-: Ch]l]msnontknr+ F-: Fjntq]+ K-: J]q]fh]mmh+ L-:
@kg]rr]m+ R-: Jtl]q+ R- U-: J]srhnshr+ L- R-: J]q]fh]mmhr+ S-: E]qchr+ L-:
O]mnontknr+ M-: Jhl+ G- I-: Ad]yh,J]srhnsh+ L-: O]o]u]rrhkhnt+ F-
Tksq]e]rs Rsq]shehdc Cheetrhnm ne V]sdq Hmrhcd B]qanm M]mnstadr:
Chqdbs Dwodqhldms]k Duhcdmbd vhsg 1C C,S1 MLQ Rodbsqnrbnox- I-
Ogxr- Bgdl- B 1.07+ 011+ 0/5//−0/5/5-
’2( Fjntq]+ K-: Ch]l]msnontknr+ F-: E]qchr+ L-: Gnlnty+ C-:
@kg]rr]m+ R-: Ad]yh,J]srhnsh+ L-: J]q]fh]mmh+ L-: @m]rs]rhnt+ @-:
Qnl]mnr+ F-: G]rr]m+ I-: O]o]u]rrhkhnt+ F- Sgd odbtkh]q rhyd ]mc
sdlodq]stqd cdodmcdmbd ne v]sdq cheetrhnm hm b]qanm m]mnstadr
rstchdc vhsg 1C MLQ cheetrhnm,qdk]w]shnm C,S1dee rodbsqnrbnox-
Ahnlhbpnekthchbr 1.1.+ 03+ Mn- /23003-
’3( Ygdmf+ X-,f-: Xd+ G-,E-: Yg]mf+ Y-,P-: Yg]mf+ G-,V- V]sdq
cheetrhnm hmrhcd b]qanm m]mnstadr9 ltst]k deedbsr ne rtqe]bd ]mc
bnmehmdldms- Ogxr- Bgdl- Bgdl- Ogxr- 1.01+ 03+ 853−860-
’4( Sghdl]mm+ E- K-: Rbgq]m+ B-: Qnvd+ O-: Lẗkkdq+ D- @-: Lhbg]dkhcdr+
@- V]sdq Eknv hm Rhmfkd,V]kk M]mnstadr9 Nwxfdm L]jdr Hs Rkho+
Gxcqnfdm L]jdr Hs Rshbj- ;BR MXmn 1.11+ 05+ 0/664−0/671-
’5( Ldmcnmb ̧]+ A- G- R-: cd Lnq]dr+ D- D-: A]shrs]+ Q- I- B-: cd Nkhudhq]+
@- A-: A]qanr]+ L- B-: Bg]bg]l+ G- V]sdq Cheetrhnm hm B]qanm
M]mnstadr enq Qhfhc ]mc Ekdwhakd Lncdkr- I- Ogxr- Bgdl- B 1.12+ 016+
8658−8667-
’6( Jg]m+ F- Q-: R]hsn+ R-: C]rbg]jq]anqsx+ R- E]rsdq Cheetrhnm neV]sdq
]knmf B]qanm M]mnstadr md]q sgd V]kk- I- Ogxr- Bgdl- A 1.14+ 018+
5450−5462-
’7( Kh+ Y-: Lhrq]+ Q-: Kh+ X-: X]n+ X-,B-: Yg]n+ R-: Yg]mf+ X-: Bgdm+ X-:
Ak]mjrbgsdhm+ C-: Mnx+ @- Aqd]jcnvm ne sgd Mdqmrs−Dhmrsdhm qdk]shnm
hm b]qanm m]mnstad onqhmr- MXs- MXmnsdbgmnk 1.11+ 07+ 066−072-
’8( J]mm]l+ R- J-: C]huhr+ O- I-: Sncc+ A-: ds ]k- Lncdkhmf rkho ]mc eknv
dmg]mbdldms ne v]sdq hm b]qanm m]mnstadr- LPR Atkk- 1.06+ 31+ 172−
177-
’0/( Sqho]sgx+ L- J-: L]g]v]q+ C- J-: Bg]mcq]jtl]q+ J- Q- R- Deedbs
ne m]mn,bnmehmdldms nm sgd rsqtbstqd ]mc oqnodqshdr ne v]sdq bktrsdqr9
@m ]a hmhshn rstcx- I- Bgdl- Rbh- 1.1.+ 021+ Mn- 6-
’00( Rqhu]rs]u]+ @-: G]rr]m+ I-: Gnlnty+ C- Gxcqnfdm AnmcCxm]lhbr
]mc Og]rd Sq]mrhshnmr ne V]sdq hmrhcd B]qanm M]mnstadr- MXmnlX,
sdphXkr 1.12+ 02+ Mn- 173-
’01( Rqhu]rs]u]+ @-: @adcq]aan+ R-: G]rr]m+ I-: Gnlnty+ C- Cxm]lhbr
ne bnmehmdc v]sdq hmrhcd b]qanm m]mnstadr a]rdc nm rstcxhmf
sdsq]gdcq]k nqcdq o]q]ldsdqr- Rbh- Pdo- 1.13+ 03 ’0(+ Mn- 0437/-
’02( Jtkhj+ G- I-: Rbgvdfkdq+ D-: F]kkh+ F- Oqnahmf sgd Rsqtbstqd ne R]ks
V]sdq tmcdq Bnmehmdldms vhsg Ehqrs,Oqhmbhokdr Lnkdbtk]q Cxm]lhbr
]mc Sgdnqdshb]k W,q]x @arnqoshnm Rodbsqnrbnox- I- Ogxr- Bgdl- Jdss-
1.01+ 2+ 1542−1547-
’03( Fhnu]la]sshrs]+ M-: Qnrrjx+ O- I-: Cdadmdcdssh+ O- F- Og]rd
sq]mrhshnmr hmctbdc ax m]mnbnmehmdldms hm khpthc v]sdq- Ogxr- Pdu- Jdss-
1..8+ 0.1+ Mn- /4/5/2-
’04( V]mf+ B-: Ph+ B-: St+ X-: Mhd+ W-: Kh]mf+ R- @lahdms bnmchshnmr
chrnqcdqdc,nqcdqdc og]rd sq]mrhshnm ne svn,chldmrhnm]k hmsdqe]bh]k
v]sdq lnkdbtkdr cdodmcdms nm bg]qfd chonkd lnldms- Ogxr- Pdu- LXsdp-
1.08+ 2+ Mn- /545/1-
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’05( Jnf]+ J-: F]n+ F- S-: S]m]j]+ G-: Ydmf+ W- B- Enql]shnm ne
nqcdqdc hbd m]mnstadr hmrhcd b]qanm m]mnstadr- MXstpd 1..0+ 301+
7/1−7/4-
’06( A]h+ I-: V]mf+ I-: Ydmf+ W- B- Ltkshv]kkdc hbd gdkhwdr ]mc hbd
m]mnstadr- Opnb- MXsk- ;bXc- Rbh- T-R-;- 1..5+ 0.2+ 08553−08556-
’07( Y]mfh+ Q-: L]qj+ @- D- Ahk]xdq hbd ]mc ]ksdqm]sd khpthc og]rdr ne
bnmehmdc v]sdq- I- Bgdl- Ogxr- 1..2+ 008+ 0583−06//-
’08( G]vsgnqmd+ E-: Mds]+ U- L-: Eqdhqd+ I- @-: Vndkkmdq+ B- E-
M]mnbnmehmdc v]sdq og]rd sq]mrhshnmr hm hmehmhsd fq]ogdmd rkhsr9
Lnkdbtk]q cxm]lhbr rhltk]shnmr ]mc ld]m,ehdkc hmrhfgsr- BXpanm
Spdmcr 1.14+ 08+ Mn- 0//374-
’1/( G]m+ R-: Bgnh+ L- X-: Jtl]q+ O-: Rs]mkdx+ G- D- Og]rd sq]mrhshnmr
hm bnmehmdc v]sdq m]mnehklr- MXs- Ogxr- 1.0.+ 5+ 574−578-
’10( Y]kdrjh+ Q-: Fnqfnk+ L-: Jhdqxr+ @-: L]gdrgv]qh+ O-: Ohdsqnv+ L-:
Oti]qh+ O- J-: Yf]qcyhmŕj]+ A- Tmq]udkhmf sgd Og]rd Adg]uhnq ne V]sdq
Bnmehmdc hm M]mnbg]mmdkr sgqntfg Onrhsqnm @mmhghk]shnm- I- Ogxr-
Bgdl- B 1.11+ 015+ 4805−4815-
’11( Q]n+ Q-: Ohms+ B- K-: Hrk]l+ @- D-: ds ]k- B]qanm M]mnstadr ]mc
Qdk]sdc M]mnl]sdqh]kr9 Bqhshb]k @cu]mbdr ]mc Bg]kkdmfdr enq Rxmsgdrhr
snv]qc L]hmrsqd]l Bnlldqbh]k @ookhb]shnmr- ;BR MXmn 1.07+ 01+
00645−00673-
’12( Chmf+ B-: Rt+ I- Oqnlnshmf cdr]khm]shnm odqenql]mbd ne b]qanm
m]mnstadr sgqntfg b]shnmhb ]mc ]mhnmhb rtqe]bd lnchehb]shnmr- ;ook-
Rtpe- Rbh- 1.12+ 5.6+ Mn- 043860-
’13( X]mf+ G- X-: G]m+ Y- I-: Xt+ R- E-: Odx+ J- K-: Nrsqhjnu+ J-: J]qmhj+
Q- B]qanm m]mnstad ldlaq]mdr vhsg tksq]ghfg rodbhehb ]crnqoshnm
b]o]bhsx enq v]sdq cdr]khm]shnm ]mc otqhehb]shnm- MXs- Bnlltm- 1.02+ 3
’0(+ Mn- 111/-
’14( V]mf+ Q-: Bgdm+ C-: V]mf+ P-: Xhmf+ X-: F]n+ V-: Whd+ K- Qdbdms
@cu]mbdr hm @ookhb]shnmr ne B]qanm M]mnstadr enq Cdr]khm]shnm9 @
Qduhdv- MXmnlXsdphXkr 1.1.+ 0.+ Mn- 01/2-
’15( Rhlnmbdkkh+ L-: F]mentc+ M-: Rdmd+ @-: G]dedkd+ L-: C]eenr+ A-:
S]adqm]+ O- K-: R]k]mmd+ L-: Rhlnm+ O-: Qnsdmadqf+ A- Aktd Dmdqfx ]mc
Cdr]khm]shnm vhsg M]mnonqntr B]qanm Dkdbsqncdr9 B]o]bhs]mbd eqnl
Lnkdbtk]q Rhltk]shnmr sn Bnmshmtntr Lncdkr- Ogxr- Pdu- W 1.07+ 7+
Mn- /10/13-
’16( S]kha+ D-: @y]l+ L- @- @m dwsdmrhud rstcx nm b]qanm
m]mnl]sdqh]kr dkdbsqncd eqnl dkdbsqnognqdshb cdonrhshnm sdbgmhptd
enq dmdqfx rsnq]fd cduhbd- I- LXsdp- Pdr- 1.05+ 20+ 0861−0871-
’17( V]xrdmrnm+ Y-: Eq]mbd,K]mnqc+ @-: Rdqu]+ @-: Rhlnm+ O-: R]k]mmd+
L-: R]hss]+ @- L- Dkdbsqncd Ekdwhahkhsx Dmg]mbdr Dkdbsqnkxsd Cxm]lhbr
ctqhmf Rtodqb]o]bhsnq Bg]qfhmf- ;BR MXmn 1.14+ 08+ 18351−18358-
’18( Rddadbj+ I-: Ldqkds+ B-: Ldh”mdq+ Q- G- Dktbhc]shmf Btqu]stqd,
B]o]bhs]mbd Qdk]shnmrghor hm B]qanm,A]rdc Rtodqb]o]bhsnqr- Ogxr- Pdu-
Jdss- 1.11+ 017+ Mn- /75//0-
’2/( Ldqkds+ B-: Qnsdmadqf+ A-: L]ccdm+ O- @-: S]adqm]+ O- K-: Rhlnm+
O-: Fnfnsrh+ X-: R]k]mmd+ L- Nm sgd lnkdbtk]q nqhfhm ne rtodq,
b]o]bhs]mbd hm m]mnonqntr b]qanm dkdbsqncdr- MXs- LXsdp- 1.01+ 00+
2/5−20/-
’20( S]ihqh+ S-: L]srty]jh+ Q-: Rghl]ltq]+ X- Rhltk]shnm ne v]sdq
hloqdfm]shnm sgqntfg udqshb]kkx ]khfmdc BMS enqdrsr trhmf ] lnkdbtk]q
cxm]lhbr ldsgnc- Rbh- Pdo- 1.05+ 5 ’0(+ Mn- 21151-
’21( L]itlcdq+ L-: Bgnoq]+ M-: @mcqdvr+ Q-: Ghmcr+ A- I- Dmg]mbdc
eknv hm b]qanm m]mnstadr- MXstpd 1..4+ 327+ 33-
’22( Gnks+ I- J-: O]qj+ G- F-: V]mf+ X-: Rs]cdql]mm+ L-: @qsxtjghm+ @-
A-: Fqhfnqnontknr+ B- O-: Mnx+ @-: A]j]ihm+ N- E]rs l]rr sq]mronqs
sgqntfg rta,1,m]mnldsdq b]qanm m]mnstadr- Rbhdmbd 1..5+ 201+ 0/23−
0/26-
’23( Bg]syhbgqhrsnr+ @-: G]rr]m+ I- Btqqdms Tmcdqrs]mchmf ne V]sdq
Oqnodqshdr hmrhcd B]qanm M]mnstadr- MXmnlXsdphXkr 1.11+ 847+
Mn- 063-
’24( R]l+ @-: G]qsj]lo+ Q-: J]mm]l+ R- J-: A]at+ I- R-: R]sgh]m+ R- O-:
C]huhr+ O- I-: Sncc+ A- C- E]rs sq]mronqs ne v]sdq hm b]qanm m]mnstadr9 ]
qduhdv ne btqqdms ]bbnlokhrgldmsr ]mc bg]kkdmfdr- Lnk- Rhltk- 1.10+
36+ 8/4−813-
’25( Ltjgdqidd+ J-: Y]rsqnv+ L-: Bnkím+ X- I- Dwo]mchmf Bktrsdq+
Dmg]mbhmf @crnqoshnm9 Hmudrshf]shmf sgd Qnkd ne Dkdbsqnrs]shb
Bnmehftq]shnmr nm V]sdq U]onq @crnqoshnm- JXmflthp 1.14+ 30+
06557−06567-

’26( Q]rglh+ Q-: A]knftm+ S- N-: @ynl+ F-: @fmdv+ G-: Jtl]q+ Q-:
O]dr]mh+ E- Qdud]khmf sgd V]sdq Rsqtbstqd ]s Mdtsq]k ]mc Bg]qfdc
Fq]ogdmd.V]sdq Hmsdqe]bdr sgqntfg Pt]mstl Rhltk]shnmr ne Rtl
Eqdptdmbx Fdmdq]shnm Rodbsq]- ;BR MXmn 1.14+ 08+ 3765−3775-
’27( Lhrq]+ Q- O-: Ak]mjrbgsdhm+ C- Hmrhfgsr nm sgd Qnkd ne L]mx,Ancx
Onk]qhy]shnm Deedbsr hm sgd Vdsshmf ne Fq]oghshb Rtqe]bdr ax V]sdq- I-
Ogxr- Bgdl- B 1.06+ 010+ 17055−17068-
’28( Lhrq]+ Q- O-: Ak]mjrbgsdhm+ C- Tmbnudqhmf ] Tmhudqr]k Lnkdbtk]q
Ldbg]mhrl ne R]ks Hnm @crnqoshnm ]s Rnkhc.V]sdq Hmsdqe]bdr- JXmflthp
1.10+ 26+ 611−622-
’3/( Lhrq]+ Q- O-: Ak]mjrbgsdhm+ C- Hnm @crnqoshnm ]s Rnkhc.V]sdq
Hmsdqe]bdr9 Drs]akhrghmf sgd Bntokdc M]stqd ne Hnm−Rnkhc ]mc V]sdq−
Rnkhc Hmsdq]bshnmr- I- Ogxr- Bgdl- B 1.10+ 014+ 1555−1568-
’30( R]l+ @-: Lhrq]+ Q- O-: Ktn+ R-: Eqólafdm+ S-: Jhqbgmdq+ A-:
Ak]mjrbgsdhm+ C- Adxnmc O]hqvhrd Hmsdq]bshnmr9 Gnv Hmsdqe]bh]k
Onk]qhy]shnm Lnctk]sdr V]sdq Eknv hm Fq]ogdmd M]mnbg]mmdkr- ;BR
;ook- LXsdp- HmsdpeXbdr 1.14+ 06+ 37808−37820-
’31( Enmf+ J- C-: Rtlhb+́ A-: N%Mdhkk+ M-: Rbgq]m+ B-: Fqdx+ B- O-:
Lhbg]dkhcdr+ @- Sgd Hmsdqok]x ne Rnku]shnm ]mc Onk]qhy]shnm Deedbsr nm
Hnm O]hqhmf hm M]mnbnmehmdc Dkdbsqnkxsdr- MXmn Jdss- 1.13+ 13+ 4/13−
4/2/-
’32( R]l+ @-: J]mm]l+ R-: G]qsj]lo+ Q-: R]sgh]m+ R- V]sdq eknv hm
b]qanm m]mnstadr9 Sgd deedbs ne stad ekdwhahkhsx ]mc sgdqlnrs]s- I- Bgdl-
Ogxr- 1.06+ 035+ Mn- 1236/0-
’33( @kdwh]chr+ @-: J]rrhmnr+ R- Rdke,cheetrhuhsx+ gxcqnfdm anmchmf ]mc
cdmrhsx ne cheedqdms v]sdq lncdkr hm b]qanm m]mnstadr- Lnk- Rhltk-
1..7+ 23+ 560−567-
’34( @mcqddu+ R-: Qdhbgl]m+ C-: Gtlldq+ F- Deedbs ne ekdwhahkhsx nm
gxcqnognahb adg]uhnq ne m]mnstad v]sdq bg]mmdkr- I- Bgdl- Ogxr- 1..4+
012+ Mn- 0834/1-
’35( F]qf+ @- Dmg]mbdc eknv hm cdenql]akd b]qanm m]mnstadr- I- ;ook-

Ogxr- 1.13+ 024+ Mn- /632/3-
’36( Ctss]+ @-: K]y]qhchr+ S- Bk]rrhb]k Lncdkr ne Gxcqnwhcd enq Oqnsnm
Gnoohmf Rhltk]shnmr- I- Ogxr- Bgdl- A 1.13+ 017+ 01050−0106/-
’37( Kht+ G-,R-: Yg]mf+ W-,L-: Kh]mf+ F-,G-: Ygdmf+ R-: Kh+ I-,E-
Hmudrshf]shnm ne v]sdq rsqtbstqd ]mc oqnsnm sq]mredq vhsghm bnmehmdc
fq]ogdmd ax ]a hmhshn lnkdbtkd cxm]lhbr ]mc ltkshrb]kd c]s] ]m]kxrhr-
Bghm- I- Rsptbs- Bgdl- 1.14+ 33+ Mn- 0//485-
’38( Wh]+ G-: Ygnt+ V-: Pt+ W-: V]mf+ V-: V]mf+ W-: Ph]n+ Q-: Yg]mf+
X-: Vt+ W-: X]mf+ B-: Chmf+ A-: Gt+ K- X-: Q]m+ X-: Xt+ J-: Gt+ R-: Kh+ I- E-:
Bgdmf+ G-L-: Pht+ G-: Xhm+ I-: Ftn+V-: Pht+ K- Dkdbsqhbhsx fdmdq]sdc ax
torsqd]l oqnsnm cheetrhnm hm svn,chldmrhnm]k m]mnbg]mmdkr- MXs-
MXmnsdbgmnk- 1.13+ 08+ 0205−0211-
’4/( C]rftos]+ R-: R]g]+ R-: O]dr]mh+ E- Rta,m]mnldsdq Bnmehmdldms
Rtooqdrrdr @tsnhnmhy]shnm ne V]sdq- I- ;l- Bgdl- Rnb- 1.14+ 036+
14056−14062-
’40( A]ahm+ U-: Kdenqdrshdq+ B-: O]dr]mh+ E- Cdudknoldms ne ] zehqrs
oqhmbhokdr“ v]sdq onsdmsh]k vhsg ekdwhakd lnmnldqr9 Chldq onsdmsh]k
dmdqfx rtqe]bd+ UQS rodbsqtl+ ]mc rdbnmc uhqh]k bndeehbhdms- I- Bgdl-
Sgdnpx Bnlots- 1.02+ 8+ 4284−43/2-
’41( A]ahm+ U-: Ldccdqr+ F- Q-: O]dr]mh+ E- Cdudknoldms ne ] zehqrs
oqhmbhokdr“ v]sdq onsdmsh]k vhsg ekdwhakd lnmnldqr- HH9 Sqhldq onsdmsh]k
dmdqfx rtqe]bd+ sghqc uhqh]k bndeehbhdms+ ]mc rl]kk bktrsdqr- I- Bgdl-
Sgdnpx Bnlots- 1.03+ 0.+ 0488−05/6-
’42( Ldccdqr+ F- Q-: A]ahm+ U-: O]dr]mh+ E- Cdudknoldms ne ] zehqrs,
oqhmbhokdr“ v]sdq onsdmsh]k vhsg ekdwhakd lnmnldqr- HHH- Khpthc og]rd
oqnodqshdr- I- Bgdl- Sgdnpx Bnlots- 1.03+ 0.+ 18/5−180/-
’43( O]dr]mh+ E- Fdsshmf sgd Qhfgs @mrvdqr enq sgd Qhfgs Qd]rnmr9
Snv]qc Oqdchbshud Lnkdbtk]q Rhltk]shnmr ne V]sdq vhsg L]mx,Ancx
Onsdmsh]k Dmdqfx Etmbshnmr- ;bb- Bgdl- Pdr- 1.05+ 38+ 0733−0740-
’44( Qdccx+ R- J-: Rsq]hfgs+ R- B-: A]i]i+ O-: Gtx Og]l+ B-: Qhdq]+ L-:
Lnadqf+ C- Q-: Lnq]kdr+ L- @-: Jmhfgs+ B-: Fósy+ @- V-: O]dr]mh+ E- Nm
sgd ]bbtq]bx ne sgd LA,onk l]mx,ancx onsdmsh]k enq v]sdq9 Hmsdq]bshnm
dmdqfhdr+ uhaq]shnm]k eqdptdmbhdr+ ]mc bk]rrhb]k sgdqlncxm]lhb ]mc
cxm]lhb]k oqnodqshdr eqnl bktrsdqr sn khpthc v]sdq ]mc hbd- I- Bgdl- Ogxr-
1.05+ 034+ Mn- 0834/3-
’45( Ygt+ W-: Qhdq]+ L-: Atkk,Utkod+ D- E-: O]dr]mh+ E- LA,onk’1/12(9
Rta,bgdlhb]k ]bbtq]bx enq v]sdq rhltk]shnmr eqnl sgd f]r sn sgd khpthc
og]rd- I- Bgdl- Sgdnpx Bnlots- 1.12+ 08+ 2440−2455-
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’46( O]knr+ D-: Atkk,Utkod+ D- E-: Ygt+ W-: @fmdv+ G-: Ftos]+ R-: R]g]+
R-: O]dr]mh+ E- Btqqdms rs]str ne sgd LA,onk c]s],cqhudm l]mx,ancx
onsdmsh]k enq oqdchbshud rhltk]shnmr ne v]sdq ]bqnrr cheedqdms og]rdr- I-
Bgdl- Sgdnpx Bnlots- 1.13+ 1.+ 8158−8178-
’47( Anqd+ R- K-: O]dr]mh+ E- Qd]khrshb og]rd ch]fq]l ne v]sdq eqnl zehqrs
oqhmbhokdr“ c]s],cqhudm pt]mstl rhltk]shnmr- MXs- Bnlltm- 1.12+ 03
’0(+ Mn- 2238-
’48( Rbhnqshmn+ E-: Yg]h+ X-: Anqd+ R- K-: O]dr]mh+ E- Bnmrsq]hmsr nm sgd
knb]shnm ne sgd khpthc−khpthc bqhshb]k onhms hm v]sdq-MXs- Ogxr- 1.14+ 10+
37/−374-
’5/( L]xn+ R- K-: Nk]ernm+ A- C-: Fncc]qc+ V- @- CQDHCHMF9 @
fdmdqhb enqbd ehdkc enq lnkdbtk]q rhltk]shnmr- I- Ogxr- Bgdl- ; 088.+ 83+
7786−78/8-
’50( FnmyÅkdy+ L- @-: @a]rb]k+ I- K- E- @ ekdwhakd lncdk enq v]sdq a]rdc
nm SHO3O.1//4- I- Bgdl- Ogxr- 1.00+ 024+ Mn- 113405-
’51( Rqhu]rs]u]+ @-: C]r+ F-: @adcq]aan+ R-: G]rr]m+ I-: Gnlnty+ C-
Hmudrshf]shmf sgd sgdqlncxm]lhbr oqnodqshdr ne v]sdq bnmehmdc hm
b]qanm m]mnstadr trhmf lnkdbtk]q cxm]lhbr rhltk]shnmr- Rbh- Pdo-
1.14+ 04 ’0(+ Mn- 10463-
’52( Ihm+ X-: F]n+ W-: Yg]mf+ J-: Kh+ Y- @ m]mnotlo trhmf b]qanm
m]mnstad gdsdqn,itmbshnm cqhudm ax rxlldsqhb sdlodq]stqd fq]chdmsr-
Ogxr- Ekthcr 1.10+ 22+ Mn- /71//0-
’53( Anqf+ L- J-: Knbjdqax+ C- @-: Qhsnr+ J-: Qddrd+ I- L- Ltkshrb]kd
rhltk]shnm ne v]sdq eknv sgqntfg k]anq]snqx,rb]kd m]mnstad ldl,
aq]mdr- I- Ldlap- Rbh- 1.07+ 456+ 004−015-
’54( Jóehmfdq+ I-: Gtlldq+ F-: Cdkk]fn+ B- Rhmfkd,ehkd v]sdq hm
m]mnonqdr- Ogxr- Bgdl- Bgdl- Ogxr- 1.00+ 02+ 043/2−04306-
’55( @mcq]cd+ L- E- B-: Og]l+ S- @- Oqnahmf Bnmehmdldms Deedbsr nm
sgd Hmeq]qdc Rodbsq] ne V]sdq vhsg Cddo Onsdmsh]k Lnkdbtk]q Cxm]lhbr
Rhltk]shnmr- I- Ogxr- Bgdl- Jdss- 1.12+ 03+ 445/−4455-
’56( L]qsá+ I-: Fnqchkkn+ L- B- Deedbsr ne bnmehmdldms nm sgd
uhaq]shnm]k rodbsq] ne khpthc v]sdq ]crnqadc hm b]qanm m]mnstadr- Ogxr-
Pdu- A 1..0+ 52+ Mn- 05432/-
’57( Odyynssh+ R-: F]khladqsh+ C- Q-: F]hfdns+ L-,O- 1C G,Anmc
Mdsvnqj ]r sgd Snolnrs Rjhm sn sgd @hq,V]sdq Hmsdqe]bd- I- Ogxr- Bgdl-
Jdss- 1.06+ 7+ 2022−2030-
’58( Qdccx+ R- J-: Lnadqf+ C- Q-: Rsq]hfgs+ R- B-: O]dr]mh+ E-
Sdlodq]stqd,cdodmcdms uhaq]shnm]k rodbsq] ]mc rsqtbstqd ne khpthc
v]sdq eqnl bk]rrhb]k ]mc pt]mstl rhltk]shnmr vhsg sgd LA,onk
onsdmsh]k dmdqfx etmbshnm- I- Bgdl- Ogxr- 1.06+ 036+ Mn- 1334/3-
’6/( Adqm]qchm]+ R- C-: O]hmd]t+ D-: Aqta]bg+ I- A-: Itcdhmrsdhm+ O-:
Qntyhdq̀d+ R-: K]tmnhr+ O-: Qnx+ O- V]sdq hm B]qanm M]mnstadr9 Sgd
Odbtkh]q Gxcqnfdm Anmc Mdsvnqj Qdud]kdc ax Hmeq]qdc Rodbsqnrbnox-
I- ;l- Bgdl- Rnb- 1.05+ 027+ 0/326−0/332-
’60(Ldccdqr+ F- Q-: O]dr]mh+ E- Chrrdbshmf sgdLnkdbtk]q Rsqtbstqd ne
sgd @hq.V]sdq Hmsdqe]bd eqnl Pt]mstl Rhltk]shnmr ne sgd Rtl,
Eqdptdmbx Fdmdq]shnm Rodbsqtl- I- ;l- Bgdl- Rnb- 1.05+ 027+ 2801−
2808-
’61( Adqshd+ I- D-: K]aad+ G- I-: Vg]kkdx+ D- E]q,Hmeq]qdc Rodbsq] ne Hbd
HH+ U+ ]mc HW- I- Bgdl- Ogxr- 0857+ 38+ 664−67/-
’62( Qnadqsrnm+ B- V-: Btqmtssd+ A-: Vhkkh]lr+ C- Sgd hmeq],qdc
rodbsqtl ne v]sdq- Lnk- Ogxr- 0862+ 15+ 072−080-
’63( Hlnsn+ R-: W]msgd]r+ R- R-: R]hsn+ R- Lnkdbtk]q nqhfhm ne sgd
cheedqdmbd hm sgd GNG admc ne sgd HQ rodbsq] adsvddm khpthc v]sdq ]mc
hbd- I- Bgdl- Ogxr- 1.02+ 027+ Mn- /434/5-
’64( Kdd+ L- R-: A]kdssn+ E-: J]mgdqd+ C- F-: Rb]mcnkn+ R- E]q,hmeq]qdc
]arnqoshnm ne v]sdq bktrsdqr ax ehqrs,oqhmbhokdr lnkdbtk]q cxm]lhbr- I-
Bgdl- Ogxr- 1..7+ 017+ Mn- 1034/5-
’65( Oh]+ E- C-: Ydm+ @-: J]ohk+ U-: Sghdl]mm+ E- K-: @ked+̀ C-:
Lhbg]dkhcdr+ @- Nm sgd hmbqd]rd ne sgd ldkshmf sdlodq]stqd ne v]sdq
bnmehmdc hm nmd,chldmrhnm]k m]mn,b]uhshdr- I- Bgdl- Ogxr- 1.13+ 050+
Mn- 1136/5-
’66( Fdgqjd+ R-: unm Cnl]qnr+ L-: Bk]qj+ Q-: Gnkkíbyjh+ N-: Aqdgl+
L-: Vdksnm+ S-: Kty]q+ @-: Jhqbgmdq+ A- Rsqtbstqd ]mc khedshldr hm hnmhb
khpthcr ]mc sgdhq lhwstqdr- EXpXcXx Chrbtrr- 1.07+ 1.5+ 108−134-
’67( Fdgqjd+ R-: Jhqbgmdq+ A- Qnatrsmdrr ne sgd Gxcqnfdm Anmc ]mc
Hnm O]hq Cxm]lhbr hm Hnmhb Khpthcr sn Cheedqdms O]q]ldsdqr eqnl sgd
Qd]bshud Ektw Ldsgnc- I- Bgdl- Dmf- CXsX 1.1.+ 54+ 0035−0047-

’68( S]mf+ E-: Ngsn+ S-: G]rdf]v]+ S-: Whd+ V- I-: Wt+ K-: Anmm+ L-:
M]f]s]+ X- Cdehmhshnm ne Eqdd N−G Fqntor ne V]sdq ]s sgd @hq−V]sdq
Hmsdqe]bd- I- Bgdl- Sgdnpx Bnlots- 1.07+ 03+ 246−253-
’7/( Gtlldq+ F-: Q]r]h]g+ I- B-: Mnvnqxs]+ I- O- V]sdq bnmctbshnm
sgqntfg sgd gxcqnognahb bg]mmdk ne ] b]qanm m]mnstad- MXstpd 1..0+
303+ 077−08/-
’70( A]q]sh E]qhl]mh+ @-: @ktqt+ M- Q- Ro]sh]k cheetrhnm ne v]sdq hm
b]qanm m]mnstadr9 eqnl ehbjh]m sn a]kkhrshb lnshnm- I- Ogxr- Bgdl- A
1.00+ 004+ 01034−01038-
’71( Okhlosnm+ R- E]rs O]q]kkdk @kfnqhsglr enq Rgnqs,Q]mfd Lnkdbtk]q
Cxm]lhbr- I- Bnlots- Bgdl- 0884+ 006+ 0−08-
’72( L]qsámdy+ K-: @mcq]cd+ Q-: Ahqfhm+ D- F-: L]qsámdy+ I- L-
O@BJLNK9 @ o]bj]fd enq athkchmf hmhsh]k bnmehftq]shnmr enq lnkdbtk]q
cxm]lhbr rhltk]shnmr- I- Bnlots- Bgdl- 1..8+ 2.+ 1046−1053-
’73( Inqfdmrdm+ V- K-: Bg]mcq]rdjg]q+ I-: L]ctq]+ I- C-: Hlodx+ Q- V-:
Jkdhm+ L- K- Bnlo]qhrnm ne rhlokd onsdmsh]k etmbshnmr enq rhltk]shmf
khpthc v]sdq- I- Bgdl- Ogxr- 0872+ 68+ 815−824-
’74( Qhdq]+ L-: Jmhfgs+ B-: Atkk,Utkod+ D- E-: Ygt+ W-: @fmdv+ G-:
Rlhsg+ C- F-: Rhllnmdss+ @- B-: O]dr]mh+ E- LAW9 @ l]mx,ancx dmdqfx
]mc enqbd b]kbtk]snq enq c]s],cqhudm l]mx,ancx rhltk]shnmr- I- Bgdl-
Ogxr- 1.12+ 048+ Mn- 437/1-
’75( Chbj+ K-: Jhqbgmdq+ A- BNM@M , Mnudk Snnk sn Bqd]sd ]mc
@m]kxyd Khpthcr hm Bnmehmdc Ro]bd- I- Bgdl- Hme- Lncdk- 1.12+ 52+
56/5−5605-
’76( Eqólafdm+ S-: Y]ax+ O-: @khy]cdg+ U-: C] Rhku]+ I- K- E-: Jhqbgmdq+
A-: Kntqdmb ̧n+ S- B- Kdrrnmr Kd]qmdc nm Nas]hmhmf Qdkh]akd Cxm]lhb
Oqnodqshdr enq Hnmhb Khpthcr- BgdlOgxrBgdl 1.14 + 15 +
Mn- d1/13/0/37-
’77( Aqdgl+ L-: Jhqbgmdq+ A- SQ@UHR , @ Eqdd @m]kxydq ]mc
Uhrt]khydq enq Lnmsd B]qkn ]mc Lnkdbtk]q Cxm]lhbr Sq]idbsnqhdr- I-
Bgdl- Hme- Lncdk- 1.00+ 40+ 1//6−1/12-
’78( Aqdgl+ L-: Sgnl]r+ L-: Fdgqjd+ R-: Jhqbgmdq+ A- SQ@UHR�@
eqdd ]m]kxydq enq sq]idbsnqhdr eqnl lnkdbtk]q rhltk]shnm- I- Bgdl- Ogxr-
1.1.+ 041+ Mn- 0530/4-
’8/( Gtlogqdx+ V-: C]kjd+ @-: Rbgtksdm+ J- ULC− Uhrt]k Lnkdbtk]q
Cxm]lhbr- I- Lnk- FpXoghbr 0885+ 03+ 22−27-
’80( Rsnmd+ I- D- @m Dffibhdms Khaq]qx enq O]q]kkdk Q]x Sq]bhmf ]mc
@mhl]shnm+ L- Rb- Sgdrhr+0636: Tmhudqrhsx ne Lhrrntqh−Qnkk]0887-
’81( Jnyhmrjx+ A-: L]qy]qh+ M- Rs]shb Chdkdbsqhb Oqnodqshdr ne B]qanm
M]mnstadr eqnl Ehqrs Oqhmbhokdr- Ogxr- Pdu- Jdss- 1..5+ 85+ Mn- 0557/0-
’82( @xchm+ E-: Lnq]cy]cdg+ @-: Ahkncd]t+ B- K-: K]t+ D- X-: Rbgvdfkdq+
D-: @ktqt+ M- Q-: Og]l+ S- @- Hnm Rnku]shnm ]mc Sq]mronqs hm M]qqnv
B]qanm M]mnstadr9 Deedbsr ne Onk]qhy]ahkhsx+ B]shnm,π Hmsdq]bshnm+ ]mc
Bnmehmdldms- I- Bgdl- Sgdnpx Bnlots- 1.10+ 06+ 0485−05/4-
’83( Jtl]q+ G-: C]rftos]+ B-: L]hsh+ O- J- Rsqtbstqd+ cxm]lhbr ]mc
sgdqlncxm]lhbr ne rhmfkd,ehkd v]sdq tmcdq bnmehmdldms9 deedbsr ne
onk]qhy]ahkhsx ne v]sdq lnkdbtkdr- PRB ;cu- 1.04+ 4+ 0782−08/0-
’84( Ftn+ F-: Bgt+ J-: V]mf+ C-,R-: Ct]m+ B-,F- Rs]shb onk]qhy]ahkhsx
ne b]qanm m]mnstadr9 ]a hmhshn hmcdodmcdms,o]qshbkd b]kbtk]shnmr-
Bnlots- LXsdp- Rbh- 1..3+ 2.+ 158−162-

:BR MWmn vvv-WbrmWmn-nqf :pshaid
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The adsorption of drugs on 
nanoplastics has severe biological 
impact
Leonard Dick1,2, Patrick R. Batista1,3, Paul Zaby1, Gabriele Manhart4,5, Verena Kopatz6,7,8,9, 
Lukas Kogler7,10,11, Verena Pichler7,11, Florian Grebien4,5,12, Vince Bakos13,14,  
Benedek G. Plósz13, Nikola Zlatkov Kolev15, Lukas Kenner6,7,9,16,17, Barbara Kirchner1 & 
Oldamur Hollóczki18

Micro- and nanoplastics can interact with various biologically active compounds forming aggregates 
of which the effects have yet to be understood. To this end, it is vital to characterize these aggregates 
of key compounds and micro- and nanoplastics. In this study, we examined the adsorption of the 
antibiotic tetracycline on four different nanoplastics, made of polyethylene (PE), polypropylene (PP), 
polystyrene (PS), and nylon 6,6 (N66) through chemical computation. Two separate approaches 
were employed to generate relevant conformations of the tetracycline-plastic complexes. In the 
first approach, we folded the plastic particle from individual polymer chains in the presence of the 
drug through multiple separate simulated annealing setups. In the second, more biased, approach, 
the neat plastic was pre-folded through simulated annealing, and the drug was placed at its surface 
in multiple orientations. The former approach was clearly superior to the other, obtaining lower 
energy conformations even with the antibiotic buried inside the plastic particle. Quantum chemical 
calculations on the structures revealed that the adsorption energies show a trend of decreasing 
affinity to the drug in the order of N66> PS> PP> PE. In vitro experiments on tetracycline-sensitive 
cell lines demonstrated that, in qualitative agreement with the calculations, the biological activity 
of tetracycline drops significantly in the presence of PS particles. Preliminary molecular dynamics 
simulations on two selected aggregates with each plastic served as first stability test of the aggregates 
under influence of temperature and in water. We found that all the selected cases persisted in water 
indicating that the aggregates may be stable also in more realistic environments. In summary, our data 
show that the interaction of micro- and nanoplastics with drugs can alter drug absorption, facilitate 
drug transport to new locations, and increase local antibiotic concentrations, potentially attenuating 
antibiotic effect and at the same time promoting antibiotic resistance.
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Through the degradation of plastics, particles with a wide variety of sizes, shapes, and compositions are 
formed1–5. Over the past few decades, it has become evident that micro- and nanometer-sized fragments of 
these pollutants (micro- and nanoplastic particles, MNPs) are present in our environment1,2,6,7. Beyond the fact 
that these artificial materials enter the human body8, organs9–14, or even individual cells15 of living organisms, 
their physiological and environmental effects are not yet fully understood16–18. Numerous studies have focused 
on understanding the consequences of absorbing MNPs, and reached alarming conclusions5,15,19–25. While it is 
clear that decreasing the MNP intake is necessary to mitigate the risks, more research is needed to identify the 
particular kinds of MNPs that pose a health and environmental danger.

When assessing the possible effects of MNPs, it is crucial to consider their interactions with other compounds 
in natural and artificial environments. These materials can adsorb a wide variety of substances and, through a 
“Trojan horse” effect, deliver them into living organisms. Compounds called endocrine disruptors (EDCs)26 
that enter life forms through this mechanism can trigger severe toxic effects on the hormonal level, which is 
suspected to be linked to the increased incidence of cancer cases worldwide5, but also male infertility27.

The interaction of MNPs with medicinal drugs can also have severe consequences. First, through the 
aforementioned “Trojan horse” effect, residual drugs in waste water28 can be shuttled into the body of humans 
and animals, resulting in unintended physiological changes29–33. Second, it is conceivable that when MNPs 
are present in the digestive tract of the patient while undergoing medical treatment through oral delivery, 
interactions between the drug and the MNP particles may slow down, or even hinder the absorption of the 
drug into the blood stream, thereby altering the pharmacokinetics of the medication. This hypothesis must be 
rigorously tested with the ever-increasing particle load in humans due to the rising concentration of MNPs in 
the environment.

However, when considering MNP-drug interactions, antimicrobial agents deserve special attention, as 
the possible negative effects can be significantly exacerbated by these compounds. The presence of antibiotic 
drugs in the environment is of great concern even without their interplay with MNPs34. Depending on the 
exposure level, bacteria exposed to these compounds may exhibit intrinsic, adaptive and acquired resistance (i.e. 
positive selection above minimal selective concentration, MSC). Still, even much below MSC, the persistence of 
resistance genes may increase35. Due to this evolutionary pressure, and the continuous release of antimicrobial 
compounds by their anthropogenic use and misuse, the abundance of resistance genes has been observed to 
increase in the environment36. The emergence and spread of resistant strains is highly alarming, since common 
infectious diseases have become a global threat. The findings above prompted the definition of new strategies 
and policies for assessing drugs’ environmental and human health risks37, including the potential contribution 
to antimicrobial resistance when selecting the compound’s Predicted No Effect Concentration. As the most 
common form of bacterial life38, biofilms are bacterial populations embedded in self-produced heterogeneous 
matrices where diffusion, sorption39 and biotransformation40 of antimicrobial chemicals may occur. MNPs 
provide a surface for microorganisms to colonize, serving as a vector for transportation and spread41. The local 
increase in drug concentration induced by the MNP leads to the exposure of bacteria to higher quantities of 
the drug than in the absence of the plastic, increasing the chances for resistance to develop. Furthermore, both 
microplastics and biofilms seem to facilitate the transfer of resistance genes between the microbes42,43. However, 
a deeper and more structured understanding of analyte-MNP, analyte-biofilm, and biofilm-MNP interactions 
may be required to bridge knowledge gaps regarding the development and spread of antimicrobial resistance in 
complex environmental matrices.

Thus, beyond being potentially toxic themselves, MNPs can also offer a platform, at which resistant strains 
of bacteria can be produced. If a post-antibiotic era is to be avoided, all possible actions need to be taken to 
explore and eliminate the sources of resistance, and the connections with plastic waste need to be unveiled. 
Understanding the key features of drug adsorption on MNPs is essential in this endeavour. Several studies 
have been published throughout the last decade that focused on the interaction of MNPs and antibiotics44–49, 
including a broad-spectrum antibiotic, tetracycline (TC, see Fig.  1). The importance of this particular drug 
is underscored by the fact that it is on the WHO’s list of essential medicines, despite its significantly eroded 
versatility. Further loss of its efficacy will have a devastating effect on the treatment of some severe infections, 
including malaria and syphilis.

TC binds spontaneously to polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyvinyl chloride 
(PVC)44,49, following a multilayer adsorption mechanism49, changing the morphology of the MNP particle48. 
The interactions that drive this adsorption include polar and π − π interactions, making PVC48 and PS the 
strongest adsorbents among the investigated MNPs, followed by PP and finally PE45. Weathering introduces 
polar functional groups to the plastics, such as carbonyl groups, which enhance adsorption47,50. Organic and 
inorganic substances can also significantly affect sorption44–46,50, therefore the particular matrix, in which the 
binding occurs, has to be considered in the experimental setups and their interpretation.

In the present article, we use a theoretical chemical and molecular biological approach to characterize how 
TC interacts with a variety of nanoplastics, and to observe how the biological activity of the drug is altered 
by the presence of these plastic pollutants. Since this antibiotic interacts weaker with MNPs than many 
other antibiotics (ciprofloxacin, amoxicillin, sulfadiazine, trimethoprin)44, investigating TC should be more 
challenging for modeling than the others. For the same reason, any effects found for TC in the experiments 
should be stronger with the other drugs, providing a careful underestimation for the general biolocial impact of 
MNP-drug interactions. We chose four kinds of pristine plastics for our study, including the plastics produced in 
the most significant quantities such as polyethylene (PE), polypropylene (PP), and polystyrene (PS), which are 
also the most prevalent in the environment, and nylon 6,6 (N66), which has been shown to have severe effects 
on biomolecules (see Fig. 2)51,52. Note, in the following, we use only NP as an abbreviation for the micro- and 
nanoplastic (MNP) because the size of our investigated subjects does not exceed the nanoscale.
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Methods
Theoretical chemical calculations
Exploring the conformational space of macromolecular systems is a difficult task, and beyond a certain size 
only stochastic methods are available. One of these methods is simulated annealing (SA)53–58, which relies on 
a temperature program, heating up the system to an often unphysically high temperature, and then gradually 
cooling it down. The high kinetic energy of the atoms allows the facile exploration of the conformations of the 
system, while the gradual cooling depopulates the higher energy structures. This approach can find the global 
minimum of the potential energy surface of any system, if the rate of cooling is infinitely low; in any other 
(i.e. realistic) cases it may produce energetically higher lying minima. Thus, a careful design of the simulated 
annealing setup is necessary, and it is highly advantageous to perform several parallel SA runs that produce 
multiple conformations58.

In order to obtain several conformations of the drug molecule TC with the nanoplastic, we adapted a 
workflow from our earlier established51 simulated annealing protocol. First, the polymer chains that the plastic 
particle is to be composed of were placed in a periodic box. The box size was chosen to be large enough to 
avoid close self-interactions between the opposite ends of the same polymer chain, but small enough to prevent 
the individual chains from floating apart, e.g. 150 Å. On this system, a molecular dynamics run of 20 ns was 
performed in the canonical ensemble with the temperature gradually decreasing from 1200 to 200 K. The radius 
of gyration of the particle and the mobility of the chains within were monitored through the simulation, showing 
the phase transition temperatures at which first, the polymer chains condense into a single cluster (defining Tstart

), and second, their mobility becomes so limited that they do not explore their conformational space anymore 
(defining Tend). These two temperatures were taken as the two extreme points for the subsequent simulated 
annealing runs. Then, 50 separate starting conformations were generated, and on each of these a simulated 
annealing run was performed in the canonical ensemble for 20 ns, cooling gradually from the obtained Tstart to 
the Tend temperature.

Next, we built the TC@NP system in two separate ways. In one approach, we carried out a complete refolding 
of NP in the presence of the TC through the same temperature program designed for the neat plastic, i.e., SA was 
applied to the TC@NP systems as well. We again performed these simulations on 50 different starting structures, 
so that we received an array of conformations at the end. In the other approach, we placed the TC on the pre-
folded NP surface that was found as the lowest energy structure of the simulated annealing runs of the pure 
plastic. We term this FP (for free particle) approach. The TC was attached to the surface of the plastic in various 
systematically chosen orientations. A 1 ns molecular dynamics simulations run at 200 K followed to adjust the 
position and orientation of the drug. These two processes led to a total of 104 aggregates for each NP.

To characterize the binding modes of the chosen drug TC to the various plastics, each of the obtained multiple 
conformations underwent a geometry optimization based on the OPLS-AA59,60 force field. Subsequently, 
we carried out semi-empirical quantum chemical calculations with implicit aqueous solvation, using the xtb 
program61, and the GFN2-xTB method62. The structures were all fully geometry optimized. The binding modes 
and sorption energies discussed in the paper were obtained from these quantum chemical calculations. The 
methodology is described in the Supporting Information (see Supplementary Fig. S2).

Fig. 1.  Lewis structure (A) and ball-and-stick representation (B) of the antibiotic tetracycline (carbon: orange; 
hydrogen: white; oxygen: red; nitrogen: blue).
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To study the temperature influence and solvation behavior of the TC@NP aggregates, we performed two 
molecular dynamics simulations for each type of plastic, with 32000 water molecules explicitly modeled using 
the Lammps63 program package with the OPLS-AA force field for the NP and TC, and the SPC/E64 water 
model. The bond and angle terms of water were constrained throughout the simulations using the SHAKE65 
algorithm to allow for a time step of 1 fs. Pairwise interactions were computed up to a cut off distance of 10 Å. 
Coulombic interactions for larger distances were computed using the paricle-particle particle-mesh method. 
The equilibration process was initiated with a minimization with the convergence criteria set to 10−4 kcal mol−1 
for the energy and 10−4 kcal mol−1 Å−1 for the force term. After convergence, a simulation in a microcanonical 

Size (supplier)/µm ζ  potential Size (measured)/nm PDI (measured)

PET − −34.30 1090 0.26

PE 0.2–9.9 −34.72 n.d. n.d.

PS 1 µm 1.11 –71.75 1158 0.05

PS 0.25 µm 0.252 −64.51 258.3 0.01

Table 1.  Particle characterization of the studied plastic particles. The sizes are given as listed by the 
commercial supplier. Micro- and nanoplastic particles were additionally analyzed for ζ  potential, size 
distribution and polydispersity index (PDI) (1 mg particles in 1 mM KCl).

 

Fig. 2.  Ball-and-stick structures and Lewis formulae of the four investigated NP particles; characteristic 
functional groups of polystyrene (PS, phenyl groups) and nylon (N66, amide units) are highlighted in 
green and red, respectively. The composition and number of polymer chains use of each NP are given in 
Supplementary Table S1.
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ensemble was performed to further remove hotspots in the initial configuration over 50 ps, while explicitely 
rescaling the temperature of the system at 500 K. The temperature was then adjusted in a short NVT ensemble 
to 293.15 K via a temperature ramp over 100 ps. After the thermal adjustment, the setup was changed to an NpT 
ensemble to adjust the density over 5 ns. The box volume was averaged over the last 3 ns before adjusting the cell 
vector to the calculated value. The final cell vectors are listed in the Supporting Information (see Supplementary 
Table S2). For the final equilibration phase of 0.7 ns and the subsequent production run, the NVT ensemble was 
used. In the production run of 50 ns, every 10,000-th time step was saved to the trajectory file and later used for 
analysis. The processing of the trajectories and all of the analyses presented in this paper were carried out using 
the TRAVIS program suite66,67.

Molecular biology experiments
Microplastic particles were either purchased commercially—polystyrene (PS, microParticles GmbH, Germany; 
250 nm or 1.1 µm mean particle size, 5% or 10% w/vol in aqueous solution), polyethylene (PE, Cospheric 
LLC, United States; size range 0.2–9.9 µm, dissolved at 100 mg/ml in 1% Tween20)—or produced in the lab—
polyethylene terephthalate (PET, mean size range of 1.9 ± 0.3 µm, dissolved at 630 µg/ml in 0.5% Tween 20) 
using a variation of the protocol of Rodríguez-Hernández et al.68 PS particle characterization was performed 
measuring ζ  potential, size and polydispersity index (PDI) on a Zetasizer Pro device (Malvern Pananalytical, 
Malvern, United Kingdom). Data analysis was performed using ZS Xplorer software. ζ  potential, size and PDI 
of 1 mg particles were measured in 1 mM KCl solution (see Table 1). DLS measurements for PE particle were 
not possible due to the high particles size range. For scanning electron microscopy (SEM) PET particles were 
dried and mounted on aluminum stubs with conductive tape and Au sputter-coated for 120 s at 50 mA using 
a sputter-coating device Q150R ES from Quorum Technologies Ltd. (East Grinstead, UK). The SEM images 
(see Supplementary Fig. S19) were measured using a JEOL JSM-6510 scanning electron microscope from 
JEOL GmbH (Eching/Munich, Germany). SEM images of commercially supplied particles are provided by the 
company on request via https://www.microparticles-shop.de/, or https://www.cospheric.com/. A platinum ATR 

Fig. 3.  The distribution of relative total energies referenced to minimum value (left) and the interaction energy 
for the different NP with TC (right) are presented as histograms with bins of 7 chosen according to Sturge’s 
rule. The normal distribution plots are only to guide the eye.
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alpha from Bruker (Billerica, USA) with its software OPUS 7.5, was used for FTIR-measurements of all particles 
(see Supplementary Fig. S20). Light microscopy was performed on an Invitrogen EVOS FL imaging system (see 
Supplementary Fig. S19). Both mouse (Cebpap30/p30 shCebpa) and human (MV4:11 shRen.713) cell lines were 
cultured as described previously (Schmidt et al.69 and Skucha et al.70, respectively). In these cells, expression of 
the shRNA and the fluorescent reporter protein is under the regulation of a tetracycline-controlled promoter 
(Tet-On)71. Microplastic samples were pre-incubated in fetal bovine serum (FBS) for 20 minutes at room 
temperature, before incubation at given concentrations with tetracycline (CycloPel 300mg capsules, Pelpharma, 
Cat# 136100, diluted to 16 µg/mL in cell culture medium) at 37 ◦C for 1 h. Tetracycline ± microplastic was added 
to the cells for 45 h before measuring the induction of the reporter on the IQue3 (Sartorius). Data were analyzed 
using Forecyte 10.0 and FlowJo 10.4.2 and statistical analysis was done with Excel (2308) and GraphPad Prism 
(6.01). To evaluate the statistical significance of the differences in adsorption rates among various experimental 
conditions, we conducted a One-Way Analysis of Variance (ANOVA). This method was selected as it allows for 
comparison of means across multiple groups, providing insights into whether any significant differences exist.

Results
Conformational analysis
The obtained structures of the neat NPs resemble the known features of bulk plastics of the same material, 
indicating that simulated annealing works reasonably well for these systems. For instance, the most stable N66 
particle exhibits a clear structure, in which the amide groups line up to form long chains through hydrogen 
bonding (red in Fig. 2) that repeat across the roughly spherical plastic, analogously to the crystal structure of 
this highly crystalline polymer. The folding of multiple chains of these hydrogen bonds into a sphere produces 
a complex network of mesoscopic structures, as shown in Fig. 2. The three remaining plastics—in which the 
chains are held together only by weak intermolecular interactions—are often amorphous, also represented in the 
hereby obtained geometries, lacking any clearly recognizable features. The detailed structure of these particles 
has been described elsewhere51,52.

The surface structure of the particle determines its solvation and the interactions with any molecule that is 
adsorbed on its surface. Both PE and PP consist solely of non-polar functional groups, therefore their surface 
lacks hydrogen bonding sites. However, the surface of PP should be rougher due to the presence of the methyl 
groups that hinder the close alignment of the polymer chains. The PS particle exhibits a significant portion of 
its phenyl functionalities at the surface, pointing away from the rest of the plastic (Fig. 2). The resulting surface 
contains many cavities and voids, which may affect adsorption processes. N66, on the other hand, has several 
polar amide groups on its surface, which can form multiple hydrogen bonds with either the aqueous solvent, or 
the molecule to be adsorbed. Due to these differences in the structure of the various MNPs investigated here, the 
tetracycline molecule is expected to behave differently when interacting with each particular NP.

PE PP

SA SAB FP FPB SA SAB FP FPB

Mean 18 18 16 16 56 56 79 79

σ 9 1 11 2 20 3 7 1

95 % 
conf. 3 – 3 – 6 – 2 –

skew 0.32 0.03 1.00 0.16 −0.47 −0.06 1.09 0.16

kurt −0.16 −0.02 0.26 0.08 −0.23 −0.02 0.46 0.07

xMed 17 18 12 16 60 56 77 79

xlow 0 13 0 10 0 45 67 75

xhi 38 22 47 24 97 66 100 85

PS N66

SA SAB FP FPB SA SAB FP FPB

Mean 40 40 54 54 34 34 42 42

σ 22 3 6 1 17 2 11 2

95 % 
conf. 6 – 2 – 5 – 4 –

skew 0.20 0.04 0.46 0.00 −0.07 −0.02 0.29 0.01

kurt −0.65 −0.04 0.88 −0.04 −0.52 −0.03 −0.56 −0.04

xMed 41 40 54 54 31 34 42 42

xlow 0 30 39 51 0 25 24 35

xhi 88 51 70 58 70 42 65 49

Table 2.  Relative total energy in kcal/mol: Collection of mean, standard deviation (σ), skewness (skew), 
kurtosis (kurt), x-median (xMed), lowest x-value (xlow) and highest x-value (xhi) for histogram and 
bootstrapped histogram. SA: simulated annealing approach; SAB: SA bootstrapped; FP: fixed particle 
approach; FPB: fixed particle bootstrapped.
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Employing the two separate strategies described in the Methods section and the Supporting Information, 
we produced 104 conformations for each plastic. Simulated annealing is a conformational search approach, 
and its aim is not to generate a thermodynamic ensemble; hence, strictly speaking, only the lowest energy 
structures are thermodynamically meaningful. Yet, since it is a stochastic algorithm, the geometries produced 
can be considered to be a random sample from the conformational space. Similarly, we distributed the TC in 
the FP approach over the whole NP, producing random orientations (see Supplementary Fig. S1). Therefore, 
the geometries obtained can be seen as an extension of that sample. Thus, comparing the resulting structures in 
terms of geometry and energy can lead to a more detailed understanding of TC-NP interactions and allow for a 
more sophisticated approach to produce the present macromolecular clusters.

It must be stressed here that the inherent features of the SA and FP methods determine some differences in 
the meaning of the data. First, the plastic is refolded in the SA approach, the relative energies of the structures 
produced may result from the imperfect alignment of the polymer chains. On the other hand, in the FP method, 
an already reasonable plastic structure is selected. Therefore, the energy differences are all related solely to the 
plastic-TC interaction. However, shown below, it is essential to select the proper neat plastic structure for FP if 
the energies are to be compared directly to those obtained from SA. Second, the refolding allows the plastic to 
better adjust to the molecule it should interact with, and therefore the ideal modes of plastic-TC interplay can be 
tracked. In contrast, in FP, only a limited adjustment of the surface to the drug can be expected. Third, somewhat 
related to the previous point, if the drug should penetrate the plastic particle, i.e., diffuse in between the chains, 
FP will not be able to recognize the full extent of the complex adsorption behavior that is the focus of our study.

The relative total energies of the structures vary considerably (Table 2 and left side of Fig. 3), in the range of 
up to 100 kcal mol−1, which underscores the need for multiple folding attempts to ensure that higher energy 
conformations and the related erroneous conclusions regarding structures and energies can be avoided. As 
expected, the FP data (shown in red in Fig. 3) scatters less, as these conformer aggregates differ exclusively in 
their surface structure. This finding, together with the higher energy values of xlow in Table 2 shows it is inferior 
to the SA approach. For PE the scatter is the lowest and SA as well FP exhibit similar distributions.

The scatter in SA is greatest in case of PP and PS, as shown by the standard deviation (σ), the x-median 
(xMed) and highest x-value (xhi) numbers in Table 2. Note the bootstrapping (SAB values) of this data reduces 
the standard deviation to about 3 kcal/mol. Further note, the bootstrapping does not find lower energy values 
but works within the range of the original data, which is why xlow never reaches 0. The two plastics (PP and PS) 
are, presumably, due to the functional groups branching off the backbone, apparently more complicated to fold. 

Fig. 4.  Number of hydrogen bonds in TC@N66 against energies. Each symbol represents an aggregate 
conformer. Upper left: All hydrogen bonds in the system versus relative total energies. Upper right: All 
hydrogen donated and accepted by the NP versus relative total energies. Lower left: All hydrogen bonds 
accepted by the TC molecules versus interaction energies. Lower right: All hydrogen bonds donated by the TC 
molecule versus interaction energies. (Hydrogen bonds against the index see Supplementary Fig. S8.
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In other words, the roughness of the chains should produce higher barriers between the minima, which hinders 
the rearrangement from a high-energy structure into a more stable one. This feature makes simulated annealing 
more likely to get trapped in a higher energy structure, making SA much more sensitive to the particular setup 
of the procedure. Thus, the refolding of the TC@NP complexes by the SA approach yields a higher portion of 
thermodynamically unstable or metastable structures than in the case of the other two plastics (cf. σ, xMed and 
xhi values in Table 2).

Similarly, the different conformations of a N66 polymer chain should exhibit significant barriers since the 
rearrangement between them may necessitate breaking hydrogen bonds between the amide groups. Thisnot 
only makes the SA approach more likely to result in a higher energy structure but also makes the differences 
in the relative energies between the various conformations larger, as a single hydrogen bond can be more than 
10 kcal mol−1 in strength. Hydrogen bonds can be observed and counted within the structures by defining a 
distance criterion (3.5 Å) and an angle N–H· · ·O cutoff (30◦), exhibiting total numbers between 150 and 180. 
These values show a common trend with the total energy of the structure. However, there are apparently other 
effects at play (Fig. 4), which prompted us to refrain from a linear regression analysis. Furthermore, although 
the repeating sequences of the hydrocarbon and amide moieties create a well-defined surface, they also make 
different sites that can interact with the tetracycline with varying strengths. Thus, the number of hydrogen bonds 
between the drug and the nanoplastic varies greatly, strongly affecting the interaction energy between the two 
compounds (see right side of Fig. 3 and Table 3).

A lower scatter in the relative total energies was found since the same structure was taken for each plastic for 
FP (Fig. 3). However, as the plastic particle cannot adjust to the drug, and hence the drug cannot enter the particle, 
using a pre-folded particle to study drug-plastic interplay can lead to an underestimation of the stability of the 
corresponding complexes and the strength of the interaction. In contrast, when refolding the plastic structure 
in the presence of the TC, the polymer chains can adjust to the TC molecule, and choose the best possible 
conformation to maximize the sum of NP-NP and NP-TC interplay. This difference can be clearly demonstrated 
via the example of the interaction of the N66 particle with TC. The FP approach has a significantly higher 
propensity of creating structures with fewer hydrogen bonds between drug and plastic, yielding substantially 
less stable structures than the SA method (Fig. 4). According to the data in Table 2, it is evident that refolding 
the plastic to let it adjust to the drug produces significantly more stable structures, with differences between 
the most stable structures from the SA and FP approaches of up to 66.7 kcal mol−1. It should be, however, also 
mentioned here that the sizable difference in total energies between the structures obtained through these two 
approaches partly stems from the reference structure in the FP method. We selected the folded plastic structure 
that exhibited the lowest energy according to the molecular mechanical force field calculations at the end of 
the energy minimization after the simulated annealing of the plastic. However, the semi-empirical quantum 
chemical energies, after geometry optimization, showed a slightly different trend, shifting the reference energies 
significantly. However, the interaction energies—used as reference the neat plastic particle with an identical 
geometry to that within the complex—also indicate a superior performance of the SA approach.

PE PP

SA SAB FP FPB SA SAB FP FPB

Mean −22.0 −22.0 −11.8 −11.8 −21.1 −21.1 −12.3 −12.3

σ 2.4 0.3 2.6 0.4 2.7 0.4 2.8 0.4

95 % conf. 0.7 – 0.8 – 0.8 – 0.9 –

skew 1.07 0.16 −0.29 −0.02 −0.06 −0.02 −0.75 −0.12

kurt 2.12 0.00 −0.24 0.03 0.37 0.02 0.20 −0.02

xMed −22.2 −22.0 −11.5 −11.8 −21.0 −21.1 −12.0 −12.3

xlow −25.9 −23.1 −18.5 −13.2 −27.9 −22.5 −19.7 −14.1

xhi −13.3 −20.5 −6.2 −10.2 −15.1 −19.5 −8.2 −10.8

PS N66

SA SAB FP FPB SA SAB FP FPB

Mean −26.4 −26.4 −15.2 −15.2 −46 −46 −23 −23

σ 2.9 0.4 2.9 0.4 7 1 7 1

95 % conf. 0.8 – 0.8 – 2 – 3 –

skew 0.36 0.08 −0.03 0.00 −0.23 −0.03 −1.41 −0.24

kurt −0.70 0.03 −0.03 −0.01 −0.79 −0.03 3.27 0.08

xMed −27.1 −26.4 −14.9 −15.2 −46 −46 −21 −23

xlow −31.5 −28.1 −22.6 −16.7 −63 −50 −48 −29

xhi −19.3 −24.8 −8.3 −13.8 −35 −43 −10 −19

Table 3.  Interaction energy: collection of mean, standard deviation (σ), skewness (skew), kurtosis (kurt), 
x-median (xMed), lowest x-value (xlow) and highest x-value (xhi) for histogram and bootstrapped histogram. 
SA: simulated annealing approach; SAB: SA bootstrapped; FP: fixed particle approach; FPB: fixed particle 
bootstrapped.
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Analyzing the structures and correlating plastic-drug interaction energies and the total relative energies with 
the way TC is situated on the NP provide essential information on how this antibiotic prefers being adsorbed 
on the plastic surfaces considered here. Tetracycline has multiple polar functional groups, concentrated 
predominantly on one side of the molecule, see Fig. 1. This almost amphiphilic structure determines the modes 
of interaction between TC and the NP. On polyethylene, the less polar side of the molecule is attached to the 
plastic, while the carbonyl, hydroxyl and amide groups point toward the aqueous solvent. On N66, the alignment 
of TC is opposite, and the polar-polar interaction between the particle and the antibiotic is apparently stronger 
than the solvation of these very groups.

It is interesting to point out that the drug molecule in the SA approach, which produces the more stable 
TC@NP structures, the drug molecule is often situated “inside” the particle, buried beneath the polymer chains. 
A similar observation was made by molecular dynamics simulations of a peptide adsorbed on the surface of a 
PE nanoparticle. In these simulations, the polymer chains rearranged so that they clear a path for the peptide 
to move toward the center of the NP52. The driving force for the SA to produce such conformations should be 
that if the polymer surrounds the tetracycline, they interact through a larger interface, stabilizing the structure, 
provided that the drug-plastic interactions can compensate for the disrupted plastic-plastic interplay. This 
finding is in line with the swelling of plastic surfaces in hydrophobic media, which involves the solvent molecules 
penetrating the interfacial region of the polymer, loosening the entangled structure of the plastic.

If a molecule, adsorbed onto the surface of a nanoplastic particle, can diffuse in between the polymer chains, 
this would have significant consequences. In case of the most frequently investigated nanoparticles—built from 
e.g. metals, metal oxides, silicates—it has been discussed that their composition does not necessarily play a 
pivotal role in their toxicity, as its environment, for instance a cell may sense and respond to only the molecules 
that cover the surface, i.e., the corona72,73. Plastic nanoparticles possess, however, a property that makes them 
significantly different from materials mentioned above, namely that they are composed of polymer chains that 
may be associated only through weak secondary intermolecular forces. Thus, instead of having a distinct border 
between the particle and its corona, these two materials may mix, forming a heterogeneous droplet composed 

Fig. 5.  Left: Occurrence of ratio of center of mass distance (TC to NP) divided by the radius of gyration of the 
NP. Right: Occurrence of accessible surface area ATC

asa for TC. The histograms are done with bins of 7 according 
to Sturge’s rule. The normal distribution plots are only given to guide the eye.
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of a mixture of multiple compounds. Furthermore, the capacity of a nanoparticle to carry environmental 
molecules—e.g. drugs, endocrine disruptors, heavy metals, pesticides—should be higher, if the whole volume of 
the species is accessible for these compounds rather than just its surface.

To quantify this effect, we defined the ratio of the drug-plastic centers of mass distance (rcom) and the radius 
of gyration (rgyr), see Fig. 5 left. Assuming a perfect, homogeneous sphere, this ratio converges to a value of 
rcom/rgyr = 1/

√
3/5 ≈ 1.29 for a particle sitting directly on the surface. However, due to the NPs rough surface 

structure and empty spaces within the particle, rgyr is generally larger for all investigated structures. Additionally, 
the rcom does not contain information regarding the orientation of the TC with respect to the NP. Therefore, the 
ratio has certain limitations in its accuracy to predict the TC position, but from visual observation of the analyzed 
structures, we found that the values of rcom/rgyr, for structures with the TC positioned on a NPs surface, mostly 
lie in a range of 1–1.4. As a crude approximation and for simplicity we decided to characterize structures with 
ratio below 1 as the TC being inside the NP. For all plastic particles we observe that the scatter for the SA method 
is wider than that for the FP approach, which is particularly the case for PE and N66. Supplementary Table S3 
shows the corresponding statistics. Additionally, the FP approach, apparent for obvious reasons, shows higher 
values of the ratio, i.e., the conformers do not show the TC molecule inside of the NP as opposed to the SA 
conformers. Interestingly, and in contradiction to the very hydrophilic nature, the TC can enter the PE and the 
PP in more cases than the N66 where the TC molecule is found closer to the surface than deep inside of the NP, 
i.e., the mean of the ratio is 1 for N66 and 0.7 for PE as well as for the PP.

Fig. 6.  The ratio of center of mass TC versus NP and the radius of gyration plotted against the interaction 
energy.
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When plotting the interaction energies (∆Eint) against rcom/rgyr for all the structures obtained, it becomes 
apparent that there is a notable, albeit somewhat weak correlation between these two quantities, with a stronger 
interplay when the drug molecule is inside the plastic particle (Fig. 6). As approaching from the larger rcom/rgyr 
values—i.e., from the structures with the TC excluded from the plastic particle—the slope of this correlation is 
quite large. Thus, if the TC is closer to the surface, the energy decreases significantly, as the drug/plastic interface 
grows. However, when the rcom/rgyr = 1 value is reached, the slope becomes smaller, since from this point 
on the plastic has already covered most of the antibiotic, and therefore burying this molecule deeper into the 
particle does not produce significant further stabilization. Thus, in the structures with the TC inside the plastic, 
the energy of the system will probably exclusively depend on the efficiency of the polymer chains’ packing. 
In agreement, the total energies of these structures exhibit a different trend, and in contrast to the ∆Eint, the 
structures with the minimal ∆Etot do not necessarily correspond to structures with low rcom/rgyr ratios (see 
Supplementary Fig. S12).

After observing this common trend between interaction energy and rcom/rgyr ratio, and the finding that the 
more the TC is inside the NP the stronger it interacts with the plastic, the accessible surface area (ATC

asa) of the 
TC puts these results into a different perspective. Figure 5 (right) plots this measure for all plastic particles. For 
the FP approach, all particles behave similarly, with a mean value of 533 Å2 (see Supplementary Table S4 and 
Supplementary Fig. S13). This value also coincides with that obtained from the SA approach in case of PE and 
PP. These are the NPs, in which the TC is buried most. For PS and N66, however, lower average ATC

asa values were 
found with 522 and 520 Å2 , indicating that the antibiotic adopts a more compact conformation, associated 
with a higher reorganization energy ∆ETC

reorg (see Table 4 for the values of the most stable TC-NP aggregates), to 
maximize its interaction with the given NP.

Fig. 7.  Snapshots of the MD simulations of the tetracycline-plastic systems. 100 snapshots are overlapped 
with the tetracycline shown in color-changing-with-time. Water molecules are omitted for clarity. Start: Red, 
Middle: Green; and End: Blue; Above: trajectory starting from a small rcom/rgyr ratio; Below: trajectory starting 
from a large rcom/rgyr ratio.

 

Plastic ∆Eint
∆ENP

reorg ∆ETC
reorg ∆Eads ATC

asa

PE −23.2 8.7 10.3 −4.3 530

PP −22.0 1.0 10.3 −10.6 536

PS −25.2 1.6 12.0 −11.6 518

N66 −36.0 1.9 15.0 −19.1 518

Table 4.  Interaction energies (∆Eint), reorganization energies for the plastic particle (∆ENP
reorg) and 

tetracycline (∆ETC
reorg), sorption energies (∆Eads) and accessible surface area of tetracycline (ATC

asa) for the most 
stable obtained tetracycline-nanoplastic aggregates. All energies are given in kcal mol−1.
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While TC clearly penetrates less into N66 and remains closer to the surface, the average accessible surface 
area of TC is the smallest in these complexes (cf. Fig. 5 left and right), highlighting that the driving force behind 
the more compact conformation is to maximize the favorable interactions with the NPs and is not caused by the 
embedded position within the NPs. This implies that in case of PE and PP, the TC is in a relatively large void, 
arising from packing effects within the NP.

The interaction energies (∆Eint, see Fig. 6 and Table 4) were found similar for the three polyolefins PE, PP, 
and PS, as they are all similar in interacting with tetracycline solely through weak van der Waals forces. The 
strongest interaction can be observed for N66, which—as discussed above—offers a multitude of hydrogen bond 
donor and acceptor sites to the antibiotic (Fig. 4). However, rearranging the polymer chains in this plastic to 
make the cavity for the drug requires more energy due to the strong interactions between the amide moieties of 
N66, making the structure with TC attached to the surface, rather than embedded, energetically more favorable. 
In the case of PP and PS, the substituents that are attached to the backbone of the polymer chain hinder these 
chains from being packed very close to each other, leaving significant voids in the structure of the plastic itself. 
In the presence of these cavities, the reorganization of the plastic in the adsorption process is less demanding 
energetically compared to PE.

The combination of the effects above results in the adsorption energies (∆Eads) presented in Table  4. 
Interestingly, although the ∆Eint data were similar for all polyolefins, the ∆Eads values were more negative for 
PP and PS, due to the lower reorganization energy of the plastic upon adsorption. The high ∆Eint found in the 
case of N66 yields the most negative adsorption of the four hereby investigated plastic materials.

Tetracycline on and in nanoplastics solvated in water
Based on the SA and FP calculations, we found that the present drug-polymer systems form low-energy 
aggregates with the tetracycline, with thermodynamically favorable adsorption. Moreover, the drug often prefers 
being inside the plastic particle, fully covered by the polymer chains. For the formation of these conformations, 
the polymer chains must be mobile enough for the antibiotic to penetrate the particle. Therefore, we investigated 
two TC@NP structures of each type of plastic in water using molecular dynamics simulations to gain preliminary 
knowledge about their stability concerning temperature and solvation. The investigated structures were selected 
from the SA approach, with the two structures of each plastic being those with the highest and lowest rcom/rgyr 
ratio, of all structures lying within 20 kcal mol−1 of the energetically best TC@NP structure. We paid special 
attention to the solvation of these aggregates, and the mobility of the molecules they are comprise.

The mobility of the chains can be expressed through the root mean square deviations (RMSDs, Supplementary 
Fig. S16), which describe how much the atoms of the TC@NP system rearrange over time. It is visible that 
the plastics exhibit significant differences in their mobilities. The least mobile structures are PS chains, which 
have the largest functionalities attached to the polyolefin backbone that can provide significant friction or steric 
hindrance in their rearrangement. Similarly, the movement of the N66 macromolecules is hindered by the strong 
hydrogen bonds between the amide groups, although the hydrocarbon units in between may have some mobility. 
The rearrangement of PE is somewhat more significant, but that of PP is remarkable, showing almost two times 
larger deviations with respect to the starting structures.

These results show that while the simulation time is limited compared to the time scale of macromolecular 
motion, at least PP is capable of rearranging enough to accommodate drug molecules within, e.g. tetracycline. In 
case of this particular drug, however, radial diffusion can occur in both directions. In case of the low rcom/rgyr 
ratio simulations with PE and PP, the moieties that covered TC, and separated it from the aqueous solvent, 
rearranged in a way that TC was uncovered already during the equilibration phase. This change allowed the 
polar, hydrophillic substituents of TC to interact with the water molecules, resulting in the stabilization of the 
system.

In agreement, plotting the radial position of the TC in or on the NP (rCOM) as a function of time shows that 
the drug diffuses significantly on top of the PP and N66 particles (see Supplementary Fig. S17). It is also notable 
that in case of PS, the drug detached from the surface during the equilibration. However, it found its way back 
to the plastic over the course of the subsequent production run, apparently finding a stronger binding site. The 
fact that the drug was spontaneously adsorbed on the PS represents the affinity of these compounds toward each 
other, indicating that the complexes obtained here are not metastable states.

Interestingly, except for PS, the rgyr values also change significantly for the particles, especially with small 
rcom/rgyr ratio (see Supplementary Fig. S17). Over the course of the simulation, these systems seem to shrink, 
obtaining a more compact packing of the polymer chains. This process appears to be slower than the range of 
the present simulations, and would presumably continue after the 50 ns of physical time that was simulated here.

Plastic AD A D

PE 5.334 5.452 3.828 3.976 1.506 1.476

PP 5.428 6.034 3.876 4.394 1.552 1.640

PS 0.268 4.872 0.030 3.444 0.238 1.428

N66 0.896 4.814 0.884 3.960 0.012 0.854

Table 5.  The average hydrogen bond number with AD/A/D indicates acceptor and donor hydrogen bonds 
from the TC molecule to water. First value: trajectory starting from the small rcom/rgyr ratio; Second value: 
trajectory starting from the large rcom/rgyr ratio.
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Considering the rcom/rgyr ratios, it is visible that the shrinking of the particles and the radial movement of the 
TC results in an overall rearrangement of the TC@NP complex. For most plastics, this mobility is more intensive 
in the first quarter of the simulation. The movement of the TC can be shown by overlaying its position through 
the 50 ns run (Fig. 7). It is clearly visible that the TC molecule rearranges and drifts notably. In case of PP, this 
movement is especially striking, in accordance with the aforementioned dynamics of the TC@NP complex.

The dynamics of the system can also be observed by the development of the number of hydrogen bonding 
interactions between the TC and the neighboring water molecules over time (see Table 5 and Supplementary 
Fig. S18). In case of the simulations with the TC at the surface—i.e., with large rcom/rgyr ratio—the number 
of hydrogen bonds is high, many of the hydrogen bond donor and acceptor sites are occupied with a water 
molecule. In case of the PS particle, the re-adsorption of TC can be followed through the number of hydrogen 
bonds, gradually as the plastic prevents access of the water molecules to the drug. This suggests that via the 
alignment of the TC at the surface of the plastic, the polymer chains rearrange so that the drug is covered more 
and more as the simulation progresses further.

For the simulations, starting from the antibiotic within the plastic particle—i.e., having a low rcom/rgyr 
ratio—significant differences can be observed. N66 and PS keep the TC inside the particle, and therefore, water 
molecules cannot approach the hydrogen bonding sites of the drug (see Supplementary Fig. S18). Furthermore, 
the hydrogen bonding sites of N66 can form interactions with TC, as discussed above; hence, they effectively 
compete with water for the antibiotics. In the case of PE and PP, as the polymer chains make way for the water 
molecules already during the equilibration phase, the number of hydrogen bonding interactions between the 
solvent and the drug is similarly high to that in the simulations starting from structures with the TC on the 
surface of the plastic (see Supplementary Fig. S18).

Experimental proof for the relevance of tetracycline-plastic interactions in biological media
Earlier experiments showed that dissolved organic matter decreases the ability of MNPs to adsorb TC45,49. 
However, in a more complex matrix that is present in biological systems, the intricate network of intermolecular 
interactions can cancel such effects, and despite the presence of organic substances, a significant amount of TC 
is adsorbed by the MNP. Thus, to test changes induced by microplastics in the cellular effect of tetracycline, we 
used two cell line models in which tetracycline-induced gene expression can be measured via the induction of 
a fluorescent reporter. We found that incubation of cells with all three types of microplastics tested (PS, PE and 
PET) caused a significant reduction of the tetracycline-induced expression (40–50%) of the reporter protein in 
both human and mouse cell lines after 45 h (Fig. 8).

Summary and conclusion
In this work, the interaction of nanoplastics with biologically active compounds was investigated, on the example 
of the antibiotic drug tetracycline, through theoretical chemical methods and in vitro experiments. We chose 
two alternative strategies to generate thermodynamically relevant conformations, both relying on simulated 
annealing molecular dynamics. In the first approach (SA), the plastic was folded through simulated annealing in 
the presence of the tetracycline. Since the folding, due to the limited simulation time of the annealing, may result 
in high energy structures, we performed this process 50 times for each plastic-tetracycline system from different 

Fig. 8.  Effects of polystyrene (PS, 250 nm or 1.1 µm mean particle size), polyethylene (PE, size range 
0.2–9.9 µm) or polyethylene terephthalate (PET, 1.9 µm mean particle size) microplastic particles at given 
concentrations on tetracycline-induced expression of a dsRed or IRFP670 fluorescent reporter in mouse 
or human cells, respectively. The percentage of dsRed or IRFP670 induction was normalized to the effects 
of tetracycline only [16 µg/ml] (n = 3). Statistical significance *p < 0.05, ***p < 0.001, ****p < 0.0001 was 
assessed by a two-tailed t-test. ns not significant.
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starting geometries. In the other strategy (FP), we first folded the neat plastic, and then placed the tetracycline 
in several orientations onto the surface of the best structure found, followed by a short molecular dynamics run. 
The 104 obtained structures from the two methods underwent a semiempirical quantum chemical geometry 
optimization with an implicit solvent model, which gave the accessible most accurate relative energies for the 
different geometries.

The difference between the two approaches becomes apparent when analyzing the structure and energy of 
the aggregates obtained. While folding the plastic in the presence of the tetracycline can result in high energy 
structures, it allows the reorientation and adjustment of the polymer chains to the drug. It is, therefore, not bound 
by the starting geometry of the plastic particle. For all plastics, the SA method produced the most stable plastic-
tetracycline complexes. Even more interestingly, in many low energy structures the drug was situated inside 
the plastic particle, suggesting that such compounds can be bound not only onto the surface of nanoplastics 
but can diffuse in between the chains. Such a process should be similar to the swelling of plastic surfaces and 
polymer network in solvents. The experimentally observed morphological changes of MNPs upon adsorption 
of TC, reported recently, appear to support this finding48. These results clearly suggest the superiority of the SA 
approach over the FP. Therefore, in computational studies, we recommend using this method to create the most 
stable starting structures.

The resulting adsorption energies show a clear trend, indicating an affinity to the drug decreasing in the 
order of N66> PS> PP > PE, in very good qualitative agreement with earlier experimental observations45. The 
values themselves are between ∆Eads = −4.3 and −19.1 kJ mol−1. These values suggest that the adsorption can 
be in the range that is exothermic enough to make a physical difference in a suspension having both micro- and 
nanoplastics and this particular drug, but not too exothermic, hence the drug can be delivered from an external 
source and released in the human body. Verifying the computational results above, experiments with cell line 
models were conducted, based on tetracycline-induced gene expression. The experiments showed that the effect 
of tetracycline on the cells decreased significantly in the presence of the plastics.

We performed equilibrium molecular dynamics on selected low-energy structures to observe if the complexes 
produced in the methods above are stable in terms of temperature and water solvation. These simulations 
confirmed the affinity of the plastics to the antibiotic, and showed that the chains rearrange already within 50 ns. 
Furthermore, the tetracycline molecule also appears to drift on the nanoplastic particle’s surface. These findings 
suggest that the mobility of both the plastic and the drug is high enough to allow the radial diffusion of the 
adsorbed molecule into the inner domain of the particle.

The results above from the simulated annealing, quantum chemistry, and experimental data clearly indicate 
that the interaction of micro- and nanoplastics with drugs can significantly impact on the environment and 
human health through multiple mechanisms. First, as shown by the experiments, the absorption of the drug 
into the human body can be altered if they are ingested together with plastics. Second, the adsorption energies 
indicate that the adsorption to the plastic is reversible, and the drug may be carried and delivered at a different 
location later, perhaps even in a different organism. Third, due to the adsorption’s thermodynamically favourable 
nature, the local concentration of antibiotics can be increased at the surface of the particles, which may induce 
the development of antibiotic-resistant bacterial strains. This is especially the case for those plastics that exhibit 
more affinity to the given drug, collecting it more efficiently from the given matrix, even at lower concentrations. 
All these effects are enhanced by the hereby observed effect that the adsorbed molecule—through swelling 
its polymeric network—can penetrate the plastic particle, making thereby much of its volume available to 
accommodate the adsorbed molecule than just the immediate surface area. In summary, the results above show 
that MNPs can pose a variety of direct health risks, as they can carry unwanted drugs into the body, may interfere 
with medical therapy, and can contribute to the development of antibiotic resistant strains of bacteria.

Data availability
All generated geometry-optimized NP and TC@NP structures are publicly available. The molecular dynamics 
trajectories analyzed for this study are available on request from O.H. or B.K. due to their size. All data sets 
resulting from the analyses of the geometrically optimized structures and the MD trajectories are also publicly 
available and stored on zenodo (https://doi.org/10.5281/zenodo.12167648).
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:ARSQ:BS9 Hm dwoknqhmf sgd snwhbhsx ne lhbqn, Zmc mZmnokZrshbr)
lnkdbtkZq rhltkZshnmr ne okZrshb mZmnoZqshbkdr gZud addm fZhmhmf
sqZbshnm qdbdmskx- Lncdkhmf ne mZmnokZrshbr hmunkudr sgd enkchmf ne
ltkshokd onkxldqhb bgZhmr hmsn Zm dmsZmfkdc oZqshbkd) vghbg hr Z
bgZkkdmfhmf oqnbdrr) mdbdrrhsZshmf sgnqntfg noshlhyZshnm ne sgd
enkchmf oqnbdctqd- Hm sghr bnmsqhatshnm) vd trd sgd rhltkZsdc
ZmmdZkhmf oqnbdctqd hm Z rxrsdlZshb vnqjfinv enq oqdoZqhmf rsZakd
mZmnokZrshb rsqtbstqdr enq sgd fiqrs shld) aZrdc nm sgd BG@QLL25
enqbd fidkc- Nm sgd rsqtbstqdr oqdoZqdc vhsg sgd fimd,stmdc oqnsnbnk)
vd bZqqx nts ptZmstl bgdlhbZk fdnldsqx noshlhyZshnmr vhsg sgd
FEM1,wSA ldsgnc) enkknvdc ax admbglZqjhmf rhmfkd,onhms
bZkbtkZshnmr vhsg FF@ Zmc gxaqhc CES etmbshnmZkr- Vd etqsgdq
cdlnmrsqZsd sgd ZookhbZahkhsx ne sghr ZooqnZbg sgqntfg entq okZrshb
rxrsdlr) hmbktchmf onkxdsgxkdmd) onkxoqnoxkdmd) onkxrsxqdmd) Zmc mxknm,55- QdlZqjZakx) sgd fdnldsqx ne sgd qdrtkshmf lnrs rsZakd
Zrrdlakhdr rgnv rhlhkZqhshdr sn edZstqdr nardqudc dZqkhdq sgdnqdshbZkkx Zmc dwodqhldmsZkkx enq rtbg rxrsdlr- Enq onkxdsgxkdmd) Z ghfgkx
nqcdqdc) bqxrsZkkhmd rsqtbstqd hr nasZhmdc) hm vghbg sgd onkxldq bgZhmr onrrdrr knmf rdbshnmr vhsg Zkk B·B·B·B tmhsr hm spWmr
bnmfiftqZshnm- Enq onkxoqnoxkdmd Zmc onkxrsxqdmd) gdkhbZk rsqtbstqdr Zqd nardqudc) enqldc ax ZksdqmZshmf fWtbgd Zmc spWmr
bnmfiftqZshnmr Zknmf sgd aZbjanmd- Enq mxknm,55) sgd rsqtbstqd,chqdbshmf dódbs ne sgd gxcqnfdm anmcr adsvddm Zlhcd lnhdshdr
bnlokhbZsdr sgd enkchmf) qdrtkshmf hm oZqZkkdkkx ZqqZmfdc gxcqnfdm anmchmf bgZhmr sgqntfgnts sgd oZqshbkd- DrodbhZkkx) vd lZjd sgd
vgnkd rds ne noshlhydc rsqtbstqdr ZuZhkZakd enq sgd bnlltmhsx hm Zm nmkhmd qdonrhsnqx) vhsg gnodr ne ZcuZmbhmf rhltkZshnm rstchdr hm
sgd fidkc) dudm lZjhmf dmrdlakd rhltkZshnmr Zbbdrrhakd-

■ HMSQNCTBSHNM
Sgd ldbgZmhbZk) bgdlhbZk) Zmc ahnknfhbZk eqZfldmsZshnm ne
okZrshb vZrsd oqnctbdr lhbqn, Zmc mZmnokZrshbr ’LMOr( ne
uZqhntr bnlonrhshnmr) rhydr) Zmc rgZodr- Sgdrd oZqshbkdr Zqd
tahpthsntr hm lZmx jhmcr ne mZstqZk Zmc ZqshfibhZk dmuhqnm,
ldmsr)0·8 Zmc dudm lnqd ZkZqlhmfkx) hm ZmhlZk Zmc gtlZm
shrrtdr-0/·03 Sgd oqdrdmbd ne LMOr hm sgd ancx gZr addm
rtffdrsdc sn ad bnmmdbsdc sn sgd hmbqdZrhmf hmbhcdmbdr ne d-f-)
Ztsnhlltmd Zmc mdtqncdfdmdqZshud chrdZrdr) Zr vdkk Zr uZqhntr
enqlr ne bZmbdq-04

Hm dónqsr sn tmudhk sgd Zcudqrd dódbsr ne LMOr) lnkdbtkZq
rhltkZshnmr gZud addm okZxhmf Zm hmbqdZrhmfkx hlonqsZms qnkd
ctd sn rdudqZk qdZrnmr-05·22 Sgd chudqrhsx ne LMOr Zmc sgd
bnlokdwhsx ne sgdhq hmsdqZbshnmr gZlodq sgd bgZqZbsdqhyZshnm ne
sgdhq hmsdqokZx vhsg ahnlnkdbtkZq rxrsdlr- Dwodqhldmsr
sgdlrdkudr Zqd bnlokhbZsdc ax chffibtkshdr hm cdsdbshmf nqfZmhb
oZqshbkdr hm ahnknfhbZk ldchZ) vghbg Zqd hmgdqdmskx bnlokdw
bnkknhcZk rxrsdlr- Sgdrd oqnakdlr Zqd dudm lnqd qdrsqZhmhmf
vgdm ZooqnZbghmf sgd knvdq rhyd qZmfd ne LMOr) h-d-)
mZmnokZrshbr ’MOr) c ; 0// ml(- Nm sgd nsgdq gZmc) sgdrd

lhmtsd oZqshbkdr Zqd oqnaZakx sgd lnrs qdkduZms hm sdqlr ne
snwhbhsx) Zr sgdhq rgddq rhyd�adhmf Zs kdZrs 1 nqcdqr ne
lZfmhstcd rlZkkdq sgZm Z dtjZqxnsd bdkk�rtffdrsr sgZs sgdx
Zqd bZoZakd ne lnchexhmf sgd cdkhbZsd ahnbgdlhbZk aZkZmbd ne
khuhmf nqfZmhrlr Zs sgd lnkdbtkZq kdudk- EnqstmZsdkx) sgdnqdshbZk
bgdlhrsqx ldsgncr rtódq eqnl sgd udqx noonrhsd oqnakdl�Zr
kZqfdq rxrsdlr trtZkkx qdpthqd hmbqdZrhmfkx kZqfdq bnlotsZshnmZk
qdrntqbdr sn gZmckd) mZmnokZrshbr adbnld Zm hcdZk sZqfds enq
sgdrd ldsgncr- Sgdqdenqd) sgd rsqtbstqZk hmrhfgsr oqnuhcdc ax
Zmx ldZmr ne sgdnqdshbZk bgdlhrsqx) hmbktchmf rhltkZshnmr) nódq
rhfmhfibZms gdko hm sghr dmcdZunq) cdfimhmf rxrsdlZshb chqdbshnmr

Qdbdhudc9 Rdosdladq 07) 1/14
Qduhrdc9 Cdbdladq 1) 1/14
:bbdosdc9 Cdbdladq 06) 1/14
Ntakhrgdc9 IZmtZqx 4) 1/15
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enq sgd bnqqdronmchmf dwodqhldmsZk qdrdZqbg Zmc Z bkdZqdq vZx
ne hmsdqoqdshmf sgd qdrtksr-
QdrdZqbg hm sghr fidkc sgqntfg sgdnqdshbZk bZkbtkZshnmr hr

ghfgkx cdodmcdms nm sgd mZmnokZrshb lncdk sgZs hr trdc- @
eZtksx rsqtbstqd) vhsg dmdqfx gnsronsr eqnl Zm tmogxrhbZk
nqhdmsZshnm ne sgd onkxldq bgZhmr vhsg qdrodbs sn dZbg nsgdq)
bZm kdZc sn rdudqd ZqsheZbsr) Zmc sgtr sn dqqnmdntr bnmbktrhnmr-
TmenqstmZsdkx) mn qdZrnmZakd rsqtbstqdr eqnl dwodqhldmsr Zqd
ZuZhkZakd hm rtbg Z qdrnktshnm sgZs hs bntkc oqnuhcd Z aZrhr enq
uZkhcZshnm) nvhmf sn sgd ghfg uZqhdsx ne sgd oZqshbkdr)
dwodqhldmsZk chffibtkshdr) Zmc sn rnld dwsdms Zkrn sgd cxmZlhb
adgZuhnq ’h-d-) sgd ghfg lnahkhsx( ne sgd onkxldq bgZhmr
bnmrshstshmf sgd fhudm oZqshbkd- Hm lncdkhmf oqZbshbd) sgdrd
rsqtbstqdr Zqd bqdZsdc eqnl nmd nq lnqd onkxldq bgZhmr) ax
enkchmf sgdl hmsn Z fknatkZq Zrrdlakx oqhnq sn sgd rhltkZshnmr
ne hmsdqdrs) vghbg�enq sgd Zenqdldmshnmdc qdZrnmr�rgntkc
ad Z knv,dmdqfx bnmenqlZshnm ne sgdrd oZqshbkdr hm sgd fZr nq
Zptdntr ogZrd-
@ksgntfg MOr Zqd rlZkk eqnl sgd dwodqhldmsZk odqrodbshud)

sgdx Zqd rshkk snn kZqfd ’bnmsZhmhmf Zsnlr adsvddm 0/2 ; M ;
0/6( sn dloknx rxrsdlZshb bnmenqlZshnm rdZqbg Zkfnqhsglr sn
fimc sgd adrs onrrhakd rsqtbstqdr hm sgd enkchmf oqnbdctqd-
Oqnlhrhmf onrrhahkhshdr Zqd nódqdc ax) enq hmrsZmbd) sgd ATON
ldsgnc23 nq sgd FN@S ZooqnZbg24 h-d-) Z mdv fknaZk
noshlhyZshnm Zkfnqhsgl sgZs hr Zakd sn noshlhyd rtbg kZqfd
rsqtbstqdr- Etqsgdqlnqd) lncdqm dmgZmbdc rZlokhmf sdbgmh,
ptdr khjd qdokhbZ dwbgZmfd lnkdbtkZq cxmZlhbr ’QDLC( nq
dudm AnksylZmm,vdhfgsdc qdrdqunhq nq mnm,AnksylZmm,

vdhfgsdc qdrdqunhq QDLC) Zr vdkk Zr ldsZcxmZlhbr)
ZbbdkdqZsdc LC) Zmc gnlnknfx lncdkhmf) bZmmns ad dZrhkx
Zookhdc sn sgd btqqdms rxrsdlr- HmrsdZc) rhltkZsdc ZmmdZkhmf
’R@(25·27 ldsgncr qdlZhm sgd oqdedqqdc bgnhbd) Zr sgdrd Zqd
dZrhdq sn Zookx rhlokx enq bnlotsZshnmZk qdZrnmr-
Hm R@) sgd rxrsdl hr rhltkZsdc hm Z Lnmsd BZqkn nq

lnkdbtkZq cxmZlhbr ’LC( dmuhqnmldms Zs Z ghfg ’nesdm dudm
tmogxrhbZk( sdlodqZstqd) vghbg Zkknvr sgd rhltkZshnm sn
dwoknqd Z kZqfd onqshnm ne bnmenqlZshnmZk roZbd- Sgdm Z
fqZctZk bnnkhmf hr odqenqldc) vghbg cdonotkZsdr ghfg,dmdqfx
bnmenqlZshnmr Zmc hcdZkkx bnmudqfdr sn sgd fknaZk lhmhltl ne
sgd onsdmshZk dmdqfx rtqeZbd- Hm sgd bZrd ne Zm hmfimhsdkx rknv
bnnkhmf oqnsnbnk) sgd fknaZk lhmhltl vhkk ad nasZhmdc) ats hm
qdZkhrshb rdstor sgd qdrtkshmf fdnldsqx hr nesdm Z ghfgdq dmdqfx
rsqtbstqd- Sgtr) hs gZr addm rgnvm sgZs odqenqlhmf rdudqZk R@
rhltkZshnmr hmbqdZrdr sgd bgZmbd ne fimchmf sgd knv,kxhmf
lhmhlZ-28 Gnvdudq) sn lhmhlhyd sgd mtladq ne hqqdkduZms
bnmenqlZshnmr) hs hr mdbdrrZqx sn fimd,stmd sgd ZooqnZbg Zmc
Zcitrs hs sn sgd oqnakdl Zs gZmc-10 Sghr noshlhyZshnm Zmc sgd
rtardptdms ZookhbZshnm hm Z ltkshstcd ne R@ qtmr sn fdmdqZsd
sgd adrs rsqtbstqdr bnmrtld rhfmhfibZms bnlotsdq shld- Sgtr)
sgd hcdmshfidc noshlZk rdsshmfr enq sgd R@ oqnbdctqd rgntkc ad
lZcd ZuZhkZakd enq sgd bnlltmhsx) Zr vdkk Zr Zmx ghfg,ptZkhsx
rsqtbstqdr entmc) hm nqcdq sn hmbqdZrd ZbbtqZbx Zmc
qdoqnctbhahkhsx) vghkd eZbhkhsZshmf sgd trd ne qdkhZakd rsqtbstqdr
enq etqsgdq LMO qdrdZqbg-3/)30

Hm sgd oqdrdms bnmsqhatshnm) vd athkc lncdkr enq entq jhmcr
ne okZrshbr9 onkxdsgxkdmd ’OD() onkxoqnoxkdmd ’OO() onkxrsxq,

Ehftpd 0� Kdes9 EknvbgZqs ne sgd vnqjfinv Zookhdc hm sghr vnqj- Qhfgs9 AZkk,Zmc,rshbj qdoqdrdmsZshnm ne sgd lnrs rsZakd FEM1,wSA rsqtbstqdr) Zmc
Kdvhr rsqtbstqZk enqltkZr ne sgd gdZqax hmudrshfZsdc onkxldq bgZhmr- Bnknq bncd9 xdkknv9 bZqanm Zmc gxcqnfdm Zsnlr) fqddm9 ogdmxk fqntor: qdc9
onkZq lnhdshdr hm M55- Sgd udqx bqxrsZkkhmd rsqtbstqd ne OD udqrtr sgd lnqd tmnqcdqdc rsqtbstqdr ne sgd nsgdq jhmcr ne okZrshbr rsZmcr nts-

Sgd IntpmWi ne OgvrhbWi Bgdlhrspv A otar�Wbr�npf.IOBA :pshbjd
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dmd ’OR() Zmc mxknm,55 ’M55( trhmf R@- Vd noshlhyd Zmc
duZktZsd sgd enkchmf oqnbdctqd) Zmc chrbtrr sgd dmdqfdshbr Zmc
rsqtbstqZk bgZqZbsdqhrshbr ne sgd qdrtkshmf oZqshbkdr- Sgqntfg
sqZbjhmf Zmc bgZqZbsdqhyhmf sgd enkchmf oqnbdrr) vd hcdmshex sgd
edZstqdr sgZs lZjd sgd knvdrs dmdqfx bnmenqlZshnmr rn rsZakd-
Etqsgdqlnqd) enq sgd Zenqdldmshnmdc qdZrnmr) vd gZud rds to
Zm nmkhmd khaqZqx bnmsZhmhmf noshlhydc) knv,dmdqfx lncdkr ne
sgdrd rsqtbstqdr) vghbg vhkk ad tocZsdc vhsg mdvdq rsqtbstqdr
oqnctbdc dudm Zesdq sgd otakhbZshnm ne sgd oqdrdms qdrtksr-
Sgdrd hmotsr vhkk ad eqddkx ZuZhkZakd Zmc bZm ad trdc hm rhmfkd
nq dmrdlakd rhltkZshnmr-

■ LDSGNCR

LnidbtiWp CvmWlhbr RhltiWshnmr

Enq sgd rhltkZsdc ZmmdZkhmf Zmc rsZmcZqc lnkdbtkZq cxmZlhbr
rhltkZshnmr) sgd FqnlZbr 1/1/-2 oqnfqZl vZr trdc)31)32 Zknmf
vhsg sgd BG@QLL25 enqbd fidkc33�vghbg vd vhkk qdedq sn Zr
BG@QLL hm sgd enkknvhmf he aqduhsx hr mddcdc�sn drshlZsd
sgd hmsdqZbshnmr adsvddm sgd Zsnlr vhsghm sgd rxrsdl- Enq sgd
onkxldqr) enqbd fidkc oZqZldsdqr vdqd nasZhmdc eqnl sgd
BFdmEE vda hmsdqeZbd-34·36 Sgd kdZoeqnf Zkfnqhsgl vhsg Z 0 er
shld rsdo vZr trdc enq hmsdfqZshmf sgd dptZshnmr ne lnshnm-
Sgd sdlodqZstqd vZr bnmsqnkkdc sgqntfg Z lnchfidc Adqdmcrdm
sgdqlnrsZs) vhsg Z shld bnmrsZms ne 0// er- Sgd anmcr
hmunkuhmf gxcqnfdm Zsnlr vdqd bnmrsqZhmdc sgqntfg sgd
rhltkZshnmr- Sgd oZqshbtkZq vnqjfinv Zmc etqsgdq rdsshmfr ne
sgd rhltkZshnmr vdqd rtaidbs sn sgd oqdrdms cdudknoldms
’Ehftqd 0() Zmc sgdqdenqd) vhkk ad chrbtrrdc hm sgd lZhm oZqs ne
sgd oZodq-
PtWmstl BgdlhbWi BWibtiWshnmr

Sgd kZrs fdnldsqhdr ne Zkk oqnctbshnm rhltkZsdc ZmmdZkhmf qtmr
tmcdqvdms Zm dmdqfx lhmhlhyZshnm vhsg sgd BG@QLL25
enqbd fidkc- Sgd qdrtkshmf fdnldsqhdr vdqd sgdm rtaidbsdc sn Z
etkk fdnldsqx noshlhyZshnm vhsg sgd rdlhdlohqhbZk ptZmstl
bgdlhbZk ldsgnc FEM1,wSA) trhmf sgd wsa oqnfqZl-37)38 Rtbg
noshlhyZshnmr qdpthqd rhfmhfibZmskx ghfgdq BOTg Zmc ldlnqx
cdlZmcr vhsg rsZmcZqc dkdbsqnmhb rsqtbstqd ldsgncr ’enq
shlhmfr) rdd SZakd R2() vghbg vntkc mns ad edZrhakd sn odqenql
enq sgd btqqdms kZqfd mtladq ne rsqtbstqdr- PtZmstl bgdlhbZk
rhmfkd,onhms bZkbtkZshnmr ne sgd rsqtbstqdr noshlhydc vhsg
FEM1,wSA vdqd bnmctbsdc vhsg sgd AO754/)40 etmbshnmZk- Enq
rdkdbsdc BG@QLL25 Zmc FEM1,wSA rsqtbstqdr) rhmfkd,onhms
bZkbtkZshnmr vdqd Zkrn odqenqldc trhmf sgd A2KXO)41

AO75)4/)40 OAD)42 OAD/)43 Zmc ωA86W,C244 etmbshnmZkr
’Ehftqd 0(- Sgd cde1,RU’O(45 aZrhr hm bnlahmZshnm vhsg sgd
cde1,LSYUO.I ZtwhkhZqx aZrhr enq sgd Bntknla,fisshmf Zmc sgd
C2 chrodqrhnm bnqqdbshnm vhsg Adbjd·Ingmrnm cZlohmf46 vdqd
dloknxdc enq Zkk sgdrd CES bZkbtkZshnmr- @kk nsgdq oZqZldsdqr
vdqd rds sn cdeZtks uZktdr- Hm Zcchshnm) bZkbtkZshnmr vhsg sgd
knmf,qZmfd bnqqdbsdc gxaqhc etmbshnmZk ωA86W,C247 Zmc knv,
bnrs CES ldsgncr) rtbg Zr Q1,RB@M,2b48)5/ Zmc OADg,2b50

vdqd odqenqldc- @kk rhmfkd,onhms bZkbtkZshnmr vdqd bZqqhdc nts
vhsg sgd NqbZ oqnfqZl51 udqrhnm 5-/-0-
RsptbstpWi :mWivrhr ne MWmnoiWrshbr

Sn ZmZkxyd sgd rsqtbstqZk edZstqdr ne sgd okZrshbr qdrtkshmf eqnl
sgd R@ oqnbdctqd) vd trdc ntq qdbdmskx cdudknodc bncd)
LZjqnKxydq-52 Cdrhfmdc enq sgd bgZqZbsdqhyZshnm ne lZbqn,
lnkdbtkZq rxrsdlr) LZjqnKxydq kdudqZfdr fqZog sgdnqx sn
hcdmshex lnmnldqhb tmhsr Zmc sn cdfimd sgd aZbjanmd ne sgd
okZrshb bgZhm- @uZhkZakd etmbshnmr hmbktcd bZkbtkZshmf sgd qZchtr
ne fxqZshnm ’Qf() dmc,sn,dmc chrsZmbd ne khmdZq onkxldq bgZhmr

� ��� (R ) Zmhrnsqnox eZbsnq ’�1() Zrogdqhbhsx oZqZldsdq ’a() Zmc
duZktZshmf knbZk bnmenqlZshnmr ne B·B·B·B ptZcqtokdsr
Zknmf sgd aZbjanmd- Etqsgdqlnqd) Z oZqZldsdq sn ptZmshex
nqhdmsZshnmZk nqcdq hr ZuZhkZakd hm sgd oqnfqZl) aZrdc nm sgd
rdbnmc Kdfdmcqd onkxmnlhZk ’N1(- Mtladq ne gxcqnfdm anmcr
enq M55 vdqd Zkrn bZkbtkZsdc vhsg LZjqnKxydq) vhsg Zm N·M
chrsZmbd btsnó ne 2-4 Å) Zm N·G chrsZmbd btsnó ne 1-4 Å) Zmc Z
G·M°°°N Zmfkd btsnó ne 2/*- Etqsgdq cdsZhkr bZm ad entmc hm
qde 52-

■ QDRTKSR :MC CHRBTRRHNM

FdmdpWshmf MWmnoiWrshb Lncdir
@r chrbtrrdc Zanud) nmd ne sgd lZhm chffibtkshdr qdfZqchmf sgd
chrbtrrhnm ne sgd snwhbhsx ne lhbqn, Zmc mZmnokZrshb oZqshbkdr hr
sgd dwsqdldkx ghfg uZqhZshnm ne sgdrd lZsdqhZkr) hm sdqlr ne
bnlonrhshnm) lnkdbtkZq rsqtbstqd) rhyd) Zmc rgZod- BkdZqkx) hs hr
hlonrrhakd sn rhltkZsd hmfimhsd jhmcr ne oZqshbkdr sgZs lhfgs ad
oqdrdms hm sgd dmuhqnmldms Zr onkktsZmsr- Sgtr) sgd Zhl ne Zmx
rstcx hm sghr bnlokdw fidkc bZm nmkx ad sn hmudrshfZsd Z kZqfd
dmntfg dmrdlakd) h-d-) Z edv rdkdbsdc oZqshbkd sxodr) Zmc sgdm
bZqdetkkx fdmdqZkhyd sgd bnmbktrhnmr aZrdc nm sgd Zrrtloshnm
sgZs nsgdq oZqshbkdr vntkc adgZud rhlhkZqkx hm sgd rZld knbZk
dmuhqnmldms- @bbnqchmfkx) ntq fnZk hm sghr oZodq hr mns sn
fdmdqZsd Zkk bnmbdhuZakd jhmcr ne mZmnokZrshb lncdkr) ats sn
drsZakhrg Z rsZmcZqc vnqjfinv sn bqdZsd sgdrd rsqtbstqdr Zmc
hcdmshex Zkk onsdmshZk hrrtdr sgZs bZm bnlokhbZsd sgdhq
oqnctbshnm- Etqsgdqlnqd) vd Zkrn Zhl sn fdmdqZsd rdudqZk
qdZrnmZakd rsqtbstqdr) vghbg vhkk ad nodmkx ZuZhkZakd Zmc
qdZchkx trZakd Zr rsZqshmf onhmsr hm lnkdbtkZq rhltkZshnmr nq
nsgdq sgdnqdshbZk bZkbtkZshnmr- Sgd ltkshokd rsqtbstqdr ’h-d-) Z
bnmenqlZshnmZk dmrdlakd( sgZs vhkk ad lZcd Zbbdrrhakd vhkk Zkrn
dmZakd dmrdlakd rhltkZshnmr53)54 sn ad bZqqhdc nts) rn sgZs Z
adssdq rZlokhmf ne ogZrd roZbd Zmc Z cddodq tmcdqrsZmchmf ne
sgd ogxrhbnbgdlhbZk adgZuhnq ne sgd bnqqdronmchmf oZqshbkdr
bZm ad Zbghdudc-
Hm sghr Zqshbkd) vd bgnrd udqx rhlokhrshb lncdk onkxldqr)

vhsgnts Zmx aqZmbghmf nq bqnrr,khmjr) ats sgd oqnsnbnkr
cdudknodc gdqd bZm ad dwsdmcdc sn sgdrd lnqd bnlokdw
lZbqnlnkdbtkdr hm Z enkknv,to vnqj- Enq bgnnrhmf sgd kdmfsg
ne sgd onkxldq bgZhm) sgd khlhshmf eZbsnq vZr sgd enqbd fidkc
fisshmf ax sgd BFdmEE hmsdqeZbd)34·36 Zkknvhmf Z lZwhltl ne
273 Zsnlr enq Z rhmfkd lnkdbtkd- @ksgntfg hs vntkc ad onrrhakd
sn fdmdqZsd Z enqbd fidkc ax nsgdq ldZmr enq Z knmfdq onkxldq
bgZhm ’d-f-) fisshmf sgdl Zmdv() sgZs vZr mns sgd fnZk ne sgd
oqdrdms rstcx- Etqsgdqlnqd) vhsghm sgdrd khlhsr) vd bntkc
cdfimd lZbqnlnkdbtkdr sgZs rgntkc�Zr ltbg Zr Zsnlhrshb
rhltkZshnmr Zkknv hm sdqlr ne rhyd Zmc rhltkZshnm shld55�
dwghahs onkxldq,khjd edZstqdr) Zmc rgntkc fdmdqZsd Z bnqd Zmc
rtqeZbd rsqtbstqd sgZs Zqd qdZkhrshb enq mZmnokZrshbr- Hm sgd bZrd
ne uhmxk,sxod onkxldqr ’OO) OR() sgd sZbshbhsx ne sgd rsqtbstqd�
h-d-) sgd qdkZshud rsdqdnbgdlhbZk ZqqZmfdldms ne ZciZbdms
lnmnldq tmhsr�vZr bnmrhcdqdc bZqdetkkx- Rhmbd bnlldqbhZkkx
ZuZhkZakd OO gZr Z ghfg hrnsZbshb hmcdw) vd Zkrn athks Zm hrnsZbshb
rsqtbstqd enq sghr okZrshb- OR) nm sgd nsgdq gZmc) hr lnrskx
ZsZbshb) Zmc sgdqdenqd) vd bgnrd sn fdmdqZsd sghr jhmc ne
rsqtbstqdr hm ntq rhltkZshnmr- Sgd snsZk rhyd ne sgd rxrsdlr vZr
bgnrdm sn Zcc to sn mZmnoZqshbkdr ne bZ- 2·4 ml hm chZldsdq-
Sgd bnlonrhshnm ne sgd onkxldq lnkdbtkdr Zmc sgd mtladq ne
bgZhmr Zqd oqdrdmsdc hm SZakd 0-
Sn oqdudms sgd enqlZshnm ne rnkudms hmbktrhnmr hmrhcd sgd

okZrshb) vd odqenqldc Zkk R@ qtmr hm sgd fZr ogZrd- @s ghfgdq
sdlodqZstqdr) sgd chótrhnm ne uZonqhydc onkxldq bgZhmr
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sgqntfg hmfimhsd roZbd bntkc narsqtbs ZffqdfZshnm: sgdqdenqd)
odqhnchb antmcZqx bnmchshnmr vdqd dloknxdc) vhsg Z kZqfdq anw
rhyd sgZm sgd kdmfsg ne Z rhmfkd bgZhm hm sgd fhudm rxrsdl ’SZakd
0(- Sgd onkxldq bgZhmr vdqd okZbdc qZmcnlkx hm sgd
rhltkZshnm anw trhmf sgd oZbjlnk rnesvZqd-56 Hm nqcdq sn
hmbqdZrd sgd dffibhdmbx ne hmchuhctZk R@ qtmr) vd Zhldc sn jddo
sgd bnnkhmf qZsd Zr rknv Zr onrrhakd- Sn cn rn) nmd bZm hmbqdZrd
sgd rhltkZshnm shld) vghbg bZm adbnld bnrskx vgdm odqenql,
hmf ltkshokd R@ qtm qdokhbZr- Sgd nsgdq onrrhahkhsx hr sn Zunhc
rhltkZshmf Zs sdlodqZstqdr sgZs Zqd hmdódbshud enq rdoZqZshmf
rsZakd Zmc tmrsZakd bnmenqlZshnmr Zmc enbtr sgd bnlotsZshnmZk
dónqsr nm bnnkhmf sgqntfg sgZs sdlodqZstqd qZmfd sgZs oqnctbd
sgd adrs onrrhakd ntsbnld- Sgtr) sgd R@ rgntkc ad qdrsqhbsdc sn
Zm hmsdquZk sgZs hr knv dmntfg sn jddo sgd hmchuhctZk bgZhmr
ZrrnbhZsdc xds ghfg dmntfg sn Zkknv dmntfg lnahkhsx enq
oqnctbhmf qdkduZms bnmenqlZshnmZk bgZmfdr- Hm nsgdq vnqcr) vd
chqdbs R@ hm Z lZmmdq sgZs sgd fZr Zmc rnkhc ogZrdr Zqd
Zunhcdc) Zmc qtmr qntfgkx eqnl sgd anhkhmf sn sgd eqddyhmf
onhms ne Z khpthc cqnokds-
Ctd sn sgd uZqxhmf lnkdbtkZq vdhfgs) qhfhchsx) Zmc sgd mZstqd

ne hmsqZ, Zmc hmsdqbgZhm hmsdqZbshnmr) sgd okZrshb lncdkr sZjdm
gdqd gZud chódqdms anhkhmf Zmc eqddyhmf onhmsr) Zmc sgdqdenqd)
rgntkc gZud chódqdms R@ rdstor- Sgtr) enq dZbg okZrshb) Zm
hmhshZk sdrs R@ qtm vZr odqenqldc) bnnkhmf eqnl 01// sn 1// J
nudq 1/ mr) hm vghbg sgd hcdZk sdlodqZstqd qZmfd vZr drshlZsdc
’Ehftqd 0(- RhlhkZqkx sn ntq oqduhntr oqdkhlhmZqx rstcx)10 sgd
bnmcdmrZshnm ne lnkdbtkdr hmsn Z oZqshbkd Zmc bgZmfdr hm
lnahkhsx vdqd lnmhsnqdc ax sqZbjhmf sgd qZchtr ne fxqZshnm Qf
Zmc qnns,ldZm,rptZqd chrokZbdldms ’QLRC( ne sgd rxrsdl
vhsg sgd sdlodqZstqd- Ctqhmf bnnkhmf) Z chrshmbs cqno hm sgd
qZchtr ne fxqZshnm lZqjdc sgd rsZqshmf ’SrsZqs( sdlodqZstqd)
vgdqdZr sgd sdlodqZstqd adknv vghbg sgd QLRC uZktdr
rgnvdc mn lnqd bgZmfdr vZr sZjdm Zr sgd dmc onhms ’Sdmc( enq
sgd bnnkhmf oqnfqZl hm sgd oqnctbshnm R@ qtmr- Sgd qdrtkshmf
noshlZk rdsshmfr Zqd khrsdc hm SZakd 0) vghkd sgd sdlonqZk
cdudknoldms ne Qf Zmc QLRC hm sghr sdrs R@ qtm hr rgnvm hm
sgd Rtoonqshmf HmenqlZshnm-
Sgd nasZhmdc hcdZk SrsZqs Zmc Sdmc cZsZ rgnv rnld mnsZakd

sqdmcr- Rnld dódbs ne sgd lnkdbtkZq vdhfgs ne sgd bgZhmr hr
nardquZakd- Sgd gdqdhm hmudrshfZsdc OD bgZhm bnmcdmrdr hmsn Z

rhmfkd oZqshbkd Zs ZooqnwhlZsdkx 51/ J) vgdqdZr sgd rlZkkdq OO
bgZhmr mddc Z knvdq SrsZqs) Zmc sgd kZqfdrs OR rsqZhmr Z ghfgdq
nmd- Sgdrd sgqdd jhmcr ne lZbqnlnkdbtkdr Zqd gdkc snfdsgdq ax
vdZj uZm cdq VZZkr enqbdr- Gnvdudq) M55 gZr onkZq fqntor
vghbg oqnuhcd ZcchshnmZk chonkd·chonkd bngdrhnm adsvddm sgd
rsqZmcr Zmc fqdZsdq qhfhchsx- @bbnqchmfkx) M55 gZr ghfg noshlZk
SrsZqs Zmc Sdmc uZktdr-
Hm Zbghduhmf Z rtffibhdms rZlokhmf ne ogZrd roZbd) hs gZr addm

cdlnmrsqZsdc qdodZsdckx53)54 sgZs bnmctbshmf ltkshokd qdokhbZ
rhltkZshnmr gZr Z qdlZqjZakd ZcuZmsZfd nudq Z rhmfkd nmd- Sghr
hr dudm lnqd rn enq R@) hm vghbg bZrd sgd ntsots hr drrdmshZkkx Z
rhmfkd rsqtbstqd eqnl dZbg qtm) dudm he oqnctbdc ax Z ltkshstcd
ne rghesr ne cdkhbZsd bnmenqlZshnmZk dpthkhaqhZ tonm sgd rknv
bnnkhmf ne sgd rxrsdl- Rhmbd ctqhmf sgd bnnkhmf sgd rxrsdl bZm
ad sqZoodc hm rkhfgskx nq dudm rdudqdkx chrZcuZmsZfdntr
bnmenqlZshnmr) odqenqlhmf ltkshokd R@ rhltkZshnmr adbnldr
drrdmshZk-28 Sgtr) Zesdq cdsdqlhmhmf sgd sdlodqZstqd hmsdquZkr)
vd bqdZsdc Z rdqhdr ne rsZqshmf fdnldsqhdr sgqntfg Z 4/ mr
dpthkhaqhtl LC qtm Zs Z bnmrsZms 01// J sdlodqZstqd ’Ehftqd
0() gZqudrshmf bnnqchmZsdr dudqx 0 mr) xhdkchmf 40 hmots
fdnldsqhdr) vghbg vdqd trdc hm sgd rtardptdms oqnctbshnm R@
qtmr-
Hm dZbg ne sgd 40 hmots rsqtbstqdr) mdv udknbhshdr gZud addm

Zrrhfmdc) Zmc dZbg rsqtbstqd tmcdqvdms Zm R@ qtm) qdZbghmf
Sdmc eqnl SrsZqs nudq 4/ mr- Sn sdrs sgd dódbs ne sgd bnnkhmf qZsd)
sgd oqnbdctqd vZr qdodZsdc nm sgd rZld rds ne rsZqshmf
fdnldsqhdr vhsg Zm hcdmshbZk sdlodqZstqd hmsdquZk rdsshmf) ats
bnnkhmf nudq 1/ mr- SgdqdZesdq) dZbg ne sgd 0/1 rsqtbstqdr
tmcdqvdms Zm dmdqfx lhmhlhyZshnm oqnbdctqd vhsg sgd enqbd
fidkc) sn qdlnud Zmx qdlZhmhmf dmdqfx gnsronsr eqnl sgd
rxrsdl ’Ehftqd 0(-
Hm nqcdq sn nasZhm lnqd qdkhZakd qdkZshud dmdqfhdr enq sgd

uZkhcZshnm ne sgd enqbd fidkc qdrtksr) Zr vdkk Zr qdedqdmbd hmots
rsqtbstqdr enq kZsdq ptZmstl bgdlhbZk ’PB( bZkbtkZshnmr) vd
odqenqldc etkk fdnldsqx noshlhyZshnmr vhsg rdlhdlohqhbZk
FEM1,wSA Zmc rtardptdms AO75.cde,RU’O( rhmfkd onhms
bZkbtkZshnmr nm sgd rsqtbstqdr Zesdq dmdqfx lhmhlhyZshnm-
Etqsgdqlnqd) eqnl dZbg rds ne fdnldsqhdr�entq jhmcr ne
okZrshbr dZbg dmdqfx lhmhlhydc vhsg sgd BG@QLL25 enqbd
fidkc nq fdnldsqx noshlhydc vhsg FEM1,wSA�vd rdkdbsdc sgd
knvdrs dmdqfx rsqtbstqd ’gdmbdenqsg bZkkdc qZmj /( Zmc sgd
1/sg knvdrs dmdqfx fdnldsqx ’gdmbdenqsg qdedqqdc sn Zr qZmj
08() Zmc bZkbtkZsdc rhmfkd onhms dmdqfhdr nm sgdl vhsg uZqhntr
CES ldsgncr ’Ehftqd 0) SZakd 1(- Sgd rhyd ne sgdrd rxrsdlr
qdmcdqr rtbg Zm dmcdZunq eZq eqnl sqhuhZk ctd sn sgd kZqfd
ldlnqx Zmc bnlotsdq shld cdlZmc ’SZakd R2(- Sgdrd
fdnldsqx noshlhyZshnmr Zmc rhmfkd onhms dmdqfx bZkbtkZshnmr nm
sgd 0/1 rsqtbstqdr ne dZbg okZrshb fZud Z vhcd uZqhdsx ne
fdnldsqhdr Zmc snsZk dmdqfhdr- Sghr ZqqZx ne cZsZ Zkknvr sdrshmf
gnv vdkk sgd bgnrdm enqbd fidkc cdrbqhadr sgd hmsdqZbshnmr
vhsghm sgd mZmnokZrshbr) h-d-) he sgdrd hmsdqZbshnmr Zcc to sn sgd
mdZq bnqqdbs cqhuhmf enqbdr snvZqc sgd qhfgs bnmenqlZshnmr) Zmc
sgtr gnv vdkk hs bZm ad dloknxdc enq sgd R@ oqnbdctqd-
BnqqdkZshmf sgd BG@QLL25 Zmc sgd bnqqdronmchmf FEM1,

wSA qdkZshud dmdqfhdr ’Ehftqd 1( rgnvr Z fnnc bnllnm sqdmc
enq OD) OO) Zmc OR) hmchbZshmf sgZs sgd bnmenqlZshnmZk edZstqdr
oqdedqqdc ax sgd enqbd fidkc Zqd bnmrhrsdms vhsg sgnrd ax sgd
ptZmstl bgdlhbZk bZkbtkZshnmr- Sgtr) hs bZm ad Zrrtldc sgZs Z
fnnc R@ ZooqnZbg aZrdc nm sgd BG@QLL25 enqbd fidkc hr
cqhudm snvZqc qdZrnmZakd) knv,kxhmf lhmhlZ nm sgd onsdmshZk
dmdqfx rtqeZbd hm sgd bZrd ne sgdrd okZrshbr- Sn lZjd
bnqqdkZshnmr bnloZqZakd enq sgd chódqdms okZrshbr) sgd dódbs
ne rxrsdl rhyd gZc sn ad ad dkhlhmZsdc: gdmbd) vd oqdrdms sgd

STakd 0� BgTpTbsdphrshbr ne sgd MTmnokTrshb MN Incdkr Tmc
Bnppdronmchmf Rdsshmfr enp sgd RhltkTsdc :mmdTkhmf�

MO bgZhm MbgZhm Mlnm MZsnlr MgZ.MbgZhm

OD B01/G131 8 5/ 2147 01/
OO B8/G071 02 2/ 2425 8/
OR B05/G051 01 1/ 2753 05/
M55 B0/7G1//M07N08 00 8 2684 034
MO LbgZhm.f lnk·0 Mae SrsZqs.J Sdmc.J @AB.Å

OD 0574-1/ 08365 51/ 10/ 11/
OO 0153-3/ 10001 43/ 10/ 00/
OR 1/73-88 2/657 6// 16/ 0//
M55 1/43-73 1562/ 6// 20/ 12/

WBgZhm9 bgdlhbZk bnlonrhshnm ne dZbg hmchuhctZk bgZhm: MbgZhm9
mtladq ne onkxldq bgZhmr hm dZbg MO: Mlnm9 mtladq ne lnmnldq
tmhsr hm dZbg bgZhm: MZsnlr9 snsZk mtladq ne Zsnlr hm sgd mZmnokZrshb
oZqshbkd: MgZ.MbgZhm9 mtladq ne gdZux Zsnlr odq bgZhm: LbgZhm9
lnkdbtkZq vdhfgs ne Zm hmchuhctZk bgZhm Mae9 mtladq ne aZrhr etmbshnmr
enq vgnkd mZmnokZrshb oZqshbkd vhsg sgd cde,RU’O( aZrhr rds: SrsZqs9
rsZqshmf sdlodqZstqd ne sgd bnnkhmf ax rhltkZsdc ZmmdZkhmf: Sdmc9 dmc
sdlodqZstqd ne sgd bnnkhmf ax rhltkZsdc ZmmdZkhmf: @AB9 bdkk udbsnq
ne sgd btahb odqhnchb anw trdc enq sgd rhltkZshnmr-
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dmdqfhdr rbZkdc sn sgd mtladq ne gdZux ’mnm,gxcqnfdm( Zsnlr-
Hm sghr ldZrtqd) sgd qdkZshud dmdqfhdr ne sgd nasZhmdc rsqtbstqdr
Zqd nmkx to sn Zants Z jI lnk·0 enq OD Zmc Z edv sdmsgr ne Z jI
lnk·0 enq OO) OR) Zmc M55) vgdqdZr sgd chódqdmbd hm qdkZshud
dmdqfhdr bZkbtkZsdc vhsg sgd enqbd fidkc Zmc FEM1,wSA Zkrn
nmkx Zlntmsr to sn Zants /-0·/-1 jI lnk·0- Sgdrd
bhqbtlrsZmbdr kdZc sn qdkZshudkx knv bnqqdkZshnm bndffibhdmsr)
dwbdos enq OD) vgdqd sgd qdkZshud dmdqfhdr odq mtladq ne gdZux
Zsnlr Zqd sgd lnrs chudqrd- QdZrrtqhmfkx) hm sgd bZrd ne sgd
gxcqnbZqanm lnkdbtkdr) sgd svn ldsgncr Zfqddc nm vghbg

rsqtbstqd gZr sgd lnrs rsZakd fdnldsqx) vghkd enq M55) Z rkhfgs
chrbqdoZmbx vZr nardqudc hm sghr lZssdq) rdd Ehftqd 1 knvdq
qhfgs oZmdk xdkknv dmsqhdr Zanud sgd khmd- Gnvdudq) vgdm
bnloZqhmf sgd BG@QLL25) CES) Zmc rdlhdlohqhbZk qdkZshud
dmdqfhdr ΔDqdk/·08 ne sgd 1/sg knvdrs dmdqfx bnmenqldq vhsg
qdrodbs sn sgd knvdrs knbZsdc lhmhltl ’SZakd 1() sgd enqbd
fidkc cZsZ cn mns cduhZsd rhfmhfibZmskx eqnl sgd ghfgdq,kdudk PB
qdrtksr- Sgtr) sgd knv cdfqdd ne bnqqdkZshnm hm Ehftqd 1 bZmmns
ad bnmrhcdqdc Z aZrhr enq bqhshbhyhmf sgd ptZkhsx ne sgd enqbd
fidkc- FF@ Zmc gxaqhc etmbshnmZkr dwghahs knv uZqhZshnm hm
ΔDpdk

/·08) oZqshbtkZqkx vgdm odqenqldc nm sgd fdnldsqhdr
nasZhmdc eqnl sgd noshlhyZshnm eqnl sgd FEM1,wSA cZsZ-
@lnmf sgd CES qdrtksr) Q1,RB@M,2b Zmc OADg,2b
bZkbtkZshnmr oqnctbdc sgd rlZkkdrs ΔDqdk/·08 uZktdr) lnrs
ZooZqdmskx hm sgd bZrd ne OR- Sghr lZx ad ctd sn sgd ARRD
bnqqdbshnm hmbktcdc hm sgdrd bZkbtkZshnmr) rhmbd ARRD rgntkc ad
rnldvgZs kZqfdq hm sgd lnqd bknrdkx oZbjdc qZmj / rsqtbstqdr-
Ctd sn sgd rgddq rhyd ne sgd rxrsdlr) sgdrd rlZkk chódqdmbdr

Zcc to sn kZqfd qdkZshud snsZk dmdqfhdr) dudm 01// jI lnk·0 hm
bZrd ne OD ’Ehftqd 2(- Sghr vhcd chrsqhatshnm ne dmdqfhdr
hmchbZsdr sgd chudqrhsx ne rsqtbstqdr sgZs qdrtksdc eqnl ntq
oqnbdctqd ’Ehftqd R3(- Hm eZbs) hm rnld ne sgd kdZrs rsZakd
bnmenqlZshnmr) sgd bgZhmr ZffqdfZsdc mns hmsn nmd) ats svn
oZqshbkdr- Sgd enqlZshnm ne rtbg tmcdrhqdc rsqtbstqdr bntkc ad
Zunhcdc ax bgnnrhmf Z rlZkkdq odqhnchb anw sgZs vntkc enqbd
sgd bgZhmr bknrd dmntfg sn dZbg nsgdq- Gnvdudq) sghr bntkc
fhud qhrd sn nsgdq hrrtdr ctd sn sgd kdmfsg ne dZbg bgZhm) enq
hmrsZmbd) sgd enqlZshnm ne Z knnrd) hmfimhsd mdsvnqj ne
lZbqnlnkdbtkdr sgZs qdZbgdr Zbqnrr sgd odqhnchb anw-
Etqsgdqlnqd) sgdrd rokhs rsqtbstqdr cn mns bqdZsd Z rsqhjhmfkx
rdoZqZsd bktrsdq ne cZsZ hm sgd dmdqfx chrsqhatshnmr ’Ehftqdr R2
Zmc R3() mnq hm sgd bnqqdkZshnm adsvddm sgd enqbd fidkc Zmc
ptZmstl bgdlhbZk dmdqfhdr: hmrsdZc) sgd bgZmfdr hm sgd
bnmenqlZshnmr Zqd qZsgdq bnmshmtntr adsvddm sgd lnrs Zmc
kdZrs rsZakd fdnldsqhdr- Sgtr) vd cdbhcdc mns sn uZqx sgd anw
rhyd) Zmc kdZud sgd cZsZ Zr hr-
Sgd vhcd chrsqhatshnm ne qdkZshud dmdqfhdr hr) nm nmd gZmc)

qdZrrtqhmf) Zr hs rgnvr sgZs sgd bgnrdm oqnbdctqd rZlokdr sgd
bnmenqlZshnmZk roZbd sgnqntfgkx) vghkd oqnctbhmf chódqdms
hmots rsqtbstqdr hr Zkrn cdrhqZakd enq dmrdlakd rhltkZshnmr-53)54

STakd 1� BnloTphrnm ne Chwdpdms Idsgncr enp Svn Rdkdbsdc
Bnmenpldpr enp DTbg NkTrshb�

ldsgnc
OD

’jI.lnk(
OO

’jI.lnk(
M55

’jI.lnk(
OR

’jI.lnk(

FEM1,wSA fdnldsqhdr
BG@QLL25 434-2 15-8 187-0 002-0
FEM1,wSA 25/-2 31-3 022-7 8/-2
AO75,C2AI 4/8-7 45-6 236-3 058-3
OAD,C2AI 341-7 58-7 227-3 020-4
OAD/,C2AI 363-6 52-1 223-5 020-7
A2KXO,C2AI 4/8-5 5/-3 236-3 045-3
ωA86W,C2 425-0 38-1 250-3 034-2
Q1,RB@M,2b 403-8 23-0 224-6 78-/
OADg,2b 316-/ 40-1 176-0 53-7
BG@QLL25 fdnldsqhdr
BG@QLL25 5//-2 0/3-5 030-4 014-5
FEM1,wSA 156-7 68-2 81-8 71-7
AO75,C2AI 426-/ 031-6 044-7 128-5
OAD,C2AI 264-5 012-0 034-0 076-3
OAD/,C2AI 302-1 026-2 06/-4 07/-8
A2KXO,C2AI 4/0-3 028-5 041-0 1/3-/
ωA86W,C2 404-3 044-2 080-2 10/-/
Q1,RB@M,2b 315-2 038-2 072-3 021-6
OADg,2b 244-5 018-2 087-8 015-4

WFhudm hr sgd dmdqfx chódqdmbd hm jI.lnk adsvddm sgd lnrs rsZakd
bnmenqldq ’qZmj /( Zmc sgd bnmenqldq sgZs hr qZmjdc Zr 08
bnmrhcdqhmf sgd bnqqdronmchmf dmdqfhdr ne sgd BG@QLL25 Zmc
sgd FEM1,wSA noshlhydc rsqtbstqdr- Sgd aZrhr rds enq sgd AO75) OAD)
OAD/) A2KXO) Zmc ωA86W,C2 bZkbtkZshnmr hr hm Zkk bZrdr cde,RU’O(-

Ehftpd 1� BnqqdkZshnm adsvddm qdkZshud FEM1,wSA ’w,Zwhr( Zmc BG@QLL25 ’x,Zwhr( dmdqfhdr) fhudm hm jI lnk·0 enq Zkk MOr- OkdZrd mnsd sgd
chódqdms rbZkdr ne sgd Zwdr- Sgd khmdZq qdfqdrrhnm hmbktcdr Zkk nasZhmdc rsqtbstqdr ne 1/ mr ’nodm rxlankr( Zmc 4/ mr ’fikkdc rxlankr( ne Z fhudm
okZrshb- Sgd qdkZshud dmdqfhdr Zqd rbZkdc sn sgd mtladq ne gdZux Zsnlr ’gZ() rdd SZakd 0-
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Gnvdudq) nm sgd nsgdq gZmc) hs hr Zkrn ZooZqdms gnv khjdkx hs hr
enq sgd hmchuhctZk R@ qtmr sn bnmudqfd hmsn Z ghfg,dmdqfx) dudm
tmrsZakd rsqtbstqd- Hm nsgdq vnqcr) sgd bgZmbd ne rtbbdrretkkx
fimchmf sgd lnrs rsZakd bnmenqlZshnm�sgtr) sgd fknaZk
lhmhltl ne sgd onsdmshZk dmdqfx rtqeZbd�hr pthsd knv- Sghr
hr drodbhZkkx ZooZqdms vgdm qZmjhmf sgd fdnldsqhdr aZrdc nm
sgdhq dmdqfhdr Zmc oknsshmf sgd qdkZshud dmdqfx ne sgd rsqtbstqdr
ZfZhmrs sgdhq qZmj ’Ehftqd 2(- Dudm Zlnmf sgd knvdrs dmdqfx
rsqtbstqdr ’vhsg knv qZmj) nm sgd kdes rhcd() sgd lnrs rsZakd
bnmenqldq ’qZmj /( rddlr sn gZud Z chrshmfthrgdc onrhshnm) Zr
Zkk sgd bnmenqlZshnmr sgZs enkknv dwghahs Zm ZkqdZcx ghfg
qdkZshud dmdqfx) qdrtkshmf hm Z rsddo Zrbdms ne sgd btqud-
Rhmbd vd bgnrd sgd rsZqshmf onhmsr qZmcnlkx vhsg qZmcnl

udknbhshdr) hs hr qdZrnmZakd sn bnmrhcdq sgd nasZhmdc ZqqZx ne
qdkZshud dmdqfhdr sn ad rsZshrshbZkkx chrsqhatsdc- He sgd R@
ZooqnZbg vdqd qnatrs) lnrs ne sgd rsqtbstqdr sgZs hs oqnctbdr
vntkc gZud sgd rZld) knvdrs dmdqfx) Zr lnrs qdokhbZ qtmr
vntkc bnmudqfd sn sgd fknaZk lhmhltl- He tmbdqsZhmshdr qhrd)
rnld ne sgd rhltkZshnmr rgntkc qdrtks hm ghfgdq dmdqfx
rsqtbstqdr) Zmc dudmstZkkx vntkc oqnctbd Z lZwhltl
oqnaZahkhsx�h-d-) Zm dwodbsdc uZktd�Zs Z qdkZshud dmdqfx
chódqdms eqnl /- Sghr kZssdq adgZuhnq bZm ad rddm hm Ehftqd 3
enq Zkk entq okZrshb lncdkr) cdohbshmf sgZs sgd lZinqhsx ne sgd
rsqtbstqdr nasZhmdc Zqd ghfg hm dmdqfx) Zmc nmkx Z edv rhlhkZqkx
fnnc bnmenqlZshnmr Zqd nasZhmdc nts ne sgd 0/1- Hm eZbs) sgd
knvdrs dmdqfx rsqtbstqdr Zqd hm Zkk bZrdr eZq ntsrhcd sgd rgnvm
84� bnmficdmbd hmsdquZk ’Ehftqdr 3 Zmc R3·R5(- Sgtr)
snfdsgdq vhsg sgd chrbtrrhnm Zanud) sghr cZsZ rds bkdZqkx
cdlnmrsqZsdr sgZs fimchmf knv,dmdqfx rsqtbstqdr hr Z qZqd dudms:
gdmbd) ltkshokd qdokhbZ R@ qtmr Zqd mdbdrrZqx he rtbg rsqtbstqdr
Zqd sn ad nasZhmdc-

Sgd oqnaZahkhsx chrsqhatshnmr oqnuhcd etqsgdq hmenqlZshnm
qdfZqchmf sgd hcdZk rdsto enq sgd R@ qtmr- Rokhsshmf sgdrd
etmbshnmr aZrdc nm vgdsgdq sgd bnqqdronmchmf rsqtbstqdr
nqhfhmZsd eqnl Z 1/ mr nq Z 4/ mr qtm cdlnmrsqZsdr sgd
chódqdmbd hm ptZkhsx adsvddm sgd svn bnnkhmf qZsdr hm sdqlr ne
ntsbnld ’Ehftqdr 2 Zmc R3·R5(- Hm Zkk bZrdr) sgd 4/ mr qtmr
oqnctbdc rhfmhfibZmskx knvdq dmdqfx rsqtbstqdr) tmcdqrbnqhmf
sgd hlonqsZmbd ne rknv bnnkhmf) sgZs hr) Z knmf rhltkZshnm shld-
Sgd hmsdqlnkdbtkZq hmsdqZbshnmr adsvddm sgd bgZhmr vhsghm

sgd OD) OO) Zmc OR oZqshbkdr Zqd cnlhmZsdc ax vdZj chrodqrhnm
enqbdr- Gnvdudq) sgd svn cnlZhmr ne M55) mZldkx sgd Zlhcd
fqntor Zmc sgd gxcqnbZqanm lnhdshdr sgZs bnmmdbs sgdl) gZud
udqx chódqdms rdsr ne hmsdqlnkdbtkZq adgZuhnq hm sdqlr ne
chqdbshnmZkhsx Zmc rsqdmfsg- Vghkd sgd onkZq Zlhcd tmhsr enql
rsqnmf Zmc chqdbshnmZk gxcqnfdm anmcr vhsg dZbg nsgdq) sgd
gxcqnbZqanm tmhsr Zqd fnudqmdc ax sgd Zenqdldmshnmdc vdZj
chrodqrhnm enqbdr- Sghr ctZk adgZuhnq lZx onrd rhfmhfibZms
oqnakdlr vgdm enkchmf sgd M55 bgZhmr sgqntfg R@- Sgd rgddq
rsqdmfsg ne sgdrd gxcqnfdm anmcr lZjdr M55 rknvkx ZrrnbhZsd)
dudm sgqntfg sgd 01// J rhltkZshnm sgZs oqnctbdr sgd 40 hmots
rsqtbstqdr- Sgtr) Zants gZke ne sgd R@ qtmr rsZqsdc eqnl Z
oqdZffqdfZsdc rsZsd ’Ehftqdr R6 Zmc R7(- Nmd bntkc Zqftd sgZs
sgd enqlZshnm ne Z cqnokds qdctbdr sgd lnahkhsx ne sgd bgZhmr
Zmc) bnmrdptdmskx) sgd rsZqshmf rsqtbstqdr cn mns chódq eqnl
dZbg nsgdq dmntfg: sgdqdenqd) sgdx rgntkc bnmudqfd hmsn sgd
rZld nq Zs kdZrs udqx rhlhkZq bnmenqlZshnmr- Gnvdudq) sgd cZsZ
rgnvr nsgdqvhrd9 sgd dwodbsdc snsZk qdkZshud dmdqfx ne sgd 4/ mr
knmf R@ qtmr sgZs rsZqsdc eqnl sgd oqdZffqdfZsdc rsqtbstqdr
vZr rkhfgskx knvdq ’Ehftqd R6 anssnl(- Hm Zfqddldms) Zksgntfg
sgd lnrs rsZakd bnmenqlZshnm entmc bZld eqnl Zm R@ qtm vhsg
Z chrrnbhZsdc rsZqshmf rsqtbstqd) sgd rdbnmc,adrs vZr cdqhudc
eqnl Z oqdZffqdfZsdc rsqtbstqd ’Ehftqd R6 anssnl(- Enq sgd 1/
mr R@ qtmr) sgd chódqdmbd hr dudm bkdZqdq) Zr sgd ZrrnbhZsdc
rsZqshmf rsqtbstqdr fZud lZqjdckx adssdq qdrtksr) hmbktchmf sgd
dwodbsdc uZktd Zmc sgd lnrs rsZakd rsqtbstqdr ’Ehftqd R6 sno(-
Sghr hmsdqdrshmf sqdmc bZm ad qZshnmZkhydc ax sgd chrrnbhZsdc
rsZsdr trhmf rnld ne sgd rhltkZshnm shld hm sgd oqnctbshnm R@
qtm enq sgd ZffqdfZshnm) kdZuhmf nmkx Z oZqs ne sgd 1/ mr sn
nardqud sgd qdZqqZmfdldmsr vhsghm sgd cqnokds- Lnqdnudq)
vgdm sgd ZrrnbhZshnm fimZkkx nbbtqr) sgd sdlodqZstqd hr ZkqdZcx
rhfmhfibZmskx bnnkdq sgZm sgd rds SrsWps) onsdmshZkkx ghmcdqhmf
rnld ne sgd kZqfdq bnmenqlZshnmZk bgZmfdr- Nm sgd nsgdq gZmc)

Ehftpd 2� QdkZshud dmdqfhdr ne chódqdms ldsgncr ’BG@QLL25) hm
nkhud) FEM1,wSA) cZqj aktd) Zmc AO75) akZbj( oknssdc ZfZhmrs sgdhq
qZmj hm qdkZshud dmdqfhdr ΔDqdk) h-d-) sgd knvdrs qdkZshud dmdqfx hr ydqn
Zmc gZr sgd qZmj ydqn) sgd mdws knvdrs qdkZshud dmdqfx gZr qZmj 0 Zmc
rn nm- Etkk rxlankr qdedq sn 4/ mr) Zmc khfgsdq nodm rxlankr qdedq sn
1/ mr rsqtbstqdr- OkdZrd mnsd sgZs dZbg ldsgnc btqud hr rnqsdc
hmchuhctZkkx Zmc sgdqdenqd sgd rZld qZmj lZx qdkZsd sn chódqdms
bnmenqldqr ’hmchbdr(-

Ehftpd 3� Ahm oqnaZahkhshdr enq sgd qdkZshud FEM1,wSA dmdqfhdr enq Zkk
okZrshbr rbZkdc sn sgd mtladq ne gdZux Zsnlr ne sgd qdrodbshud MO- @kk
qdkZshud dmdqfx cZsZ onhmsr Zqd fqntodc hmsn rdudm ahmr- Sgd ahm
oqnaZahkhshdr Zqd cdfimdc rtbg sgZs sgd rtl ne Zkk x,uZktdr ne sgd ahmr hr
0- Sgd FZtrrhZm etmbshnmr Zqd fissdc nudq Zkk qdkZshud dmdqfx uZktdr Zmc
rbZkdc rtbg sgZs sgd lZwhltl x,uZktd bnqqdronmcr sn sgd lZwhltl x,
uZktd ne sgd kZqfdrs ahm oqnaZahkhsx- Sgd rgZcdc ZqdZ hmchbZsdr sgd 84�
bnmficdmbd kdudk ne sgd FZtrrhZm-
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sgd 4/ mr rhltkZshnmr Zqd ZooZqdmskx knmf dmntfg sn nudqbnld
sgd shld Zmc sdlodqZstqd hmsdquZk knrs sn sgd ZffqdfZshnm
oqnbdrr- Sghr fimchmf hmchbZsdr sgZs sgd kZssdq bnnkhmf qZsd hr
rtffibhdmskx rknv dudm enq sghr lnrs chffibtks okZrshb lncdk-
Fdnldsphb EdWstpdr ne MWmnoiWrshb OWpshbidr

Fdnldsphb LdWrtpdr Winmf sgd Enichmf� Sgd hcdZk
fdnldsqhdr ne onkxldq oZqshbkdr rgntkc ad fnudqmdc ax Z
cdkhbZsd aZkZmbd adsvddm ltkshokd dódbsr- Hm atkj okZrshbr) sgd
hmsqZ, Zmc hmsdqlnkdbtkZq hmsdqZbshnmr nesdm kdZc sn vdkk,cdfimdc
bqxrsZk rsqtbstqdr) Zr cdrbqhadc hm lZmx sdwsannjr-57 Gnvdudq)
sgd oqdrdms rxrsdlr Zqd mZmnoZqshbkdr) vghbg bZm dudm ad
bnmrhcdqdc Z bktrsdq ne Z edv onkxldq bgZhmr- Sghr khlhsdc rhyd
qdrtksr hm Z rhfmhfibZms qdkZshud rtqeZbd ZqdZ) hm vghbg sgd
lnkdbtkdr Zmc etmbshnmZk fqntor Zs sgd rtqeZbd gZud Zm
hlodqedbs dladcchmf hm sgd bqxrsZk rsqtbstqd) lhrrhmf
rsZahkhyhmf hmsdqZbshnmr- Sgtr) sgd udqx hmsdqokZx adsvddm sgd
bgZhmr sgZs fdmdqZsdr Z bdqsZhm rsqtbstqd hm sgd atkj ne
Zlnqogntr nq bqxrsZkkhmd okZrshbr lZx hmctbd Z chrsnqshnm hm
sghr bgZqZbsdqhrshb nqcdq hm sgd oZqshbkdr) hm nqcdq sn Zbghdud Z
rogdqhbZk rgZod Zmc sgdqdax lhmhlhyd sgd oqnonqshnm ne
hmsdqeZbhZk onkxldq rdfldmsr- Sgtr) cdodmchmf nm sgd onkxldq
hm ptdrshnm Zmc sgd rhyd ne sgd oZqshbkd) sgd nasZhmdc
fdnldsqhdr gdqd lZx rgnv rhfmhfibZms chódqdmbdr bnloZqdc
sn sgnrd nardqudc hm sgd atkj rnkhc ogZrd-
Sgd 2C fdnldsqx ne sgd knvdrs dmdqfx rsqtbstqdr dwghahsr

rnld nqcdq ’Ehftqd 0 qhfgs() lnrs rsqhjhmfkx hm sgd bZrd ne OD-
Gdqd) sgd onkxldq bgZhmr Zqd nqcdqdc hm Z lZmmdq sgZs sgdx
qtm oZqZkkdk sn dZbg nsgdq) rsqdsbgdc nts hm Zm Zklnrs Zkk,spWmr
bnmenqlZshnm Zknmf sgdhq kdmfsg- Sghr oZqZkkdk nqhdmsZshnm ne
sgd bgZhmr bZm ad bnmrhcdqdc Zm ZcchshnmZk cqhuhmf enqbd sgZs
Zkknvr sgdhq bknrd oZbjhmf vhsgnts Zmx unhcr hm adsvddm) Zmc
sgdqdax rsqnmfdq hmsdq, Zmc hmsqZlnkdbtkZq hmsdqZbshnmr- Sghr
Zkhfmldms) hm eZbs) bknrdkx qdrdlakdr sgZs hm sgd bqxrsZk rsqtbstqd
ne ghfg,cdmrhsx OD-58 Sgd sdmcdmbx sn dwghahs sghr adgZuhnq hr
drodbhZkkx qdbnfmhyZakd hm sgd cdudknoldms ne sgd knbZk
bnmenqlZshnmr Zmc nqcdq ctqhmf sgd enkchmf ne sghr knvdrs
dmdqfx rsqtbstqd ’Ehftqdr 4 Zmc 5(- Sgd oqnonqshnm ne B·B·

B·B ptZcqtokdsr hm sgd aZbjanmd sgZs Zqd hm fWtbgd
bnmenqlZshnm rtccdmkx cdbqdZrdr) vgdqdZr sgd nqcdq rtccdmkx
hmbqdZrdr eqnl Zants 24 mr hm sgd bnqqdronmchmf sqZidbsnqhdr-
Sgd rsqtbstqZk bgZmfdr hm sgd okZrshb oZqshbkd Zs sghr onhms hm

sgd enkchmf oqnbdctqd Zqd etqsgdq tmcdqrbnqdc ax sgd qZchtr ne
fxqZshnm cZsZ ’Qf) Ehftqd 6() vghbg Zkrn dwodqhdmbdr Z rkhfgs
hmbqdZrd ’rdd hmkds(- Sgtr) sgd cdonotkZshnm ne ghfg,dmdqfx

rsqtbstqdr kdZcr sn sgd enqlZshnm ne atmckd,khjd rsqtbstqdr vhsg
knmf) Zkk,spWmr bgZhmr) Zmc gdmbd) sghr edZstqd rgntkc ad
bgZqZbsdqhrshb ne rsZakd OD fdnldsqhdr- Sn sdrs sghr gxonsgdrhr)
hs hr vnqsg bnmrhcdqhmf gnv sgd nqcdq oZqZldsdq Zmc sgd
odqbdmsZfd ne fWtbgd bnmenqlZshnmr cdudkno hm sgd R@ qtm sgZs
oqnctbdr Z kdrr rsZakd oZqshbkd ’rdd dmsqhdr hm rZklnm hm Ehftqdr
5 Zmc 6 enq sgd rsqtbstqd vhsg qZmj 08 hm dmdqfx(- Sgd
chrbtrrhnm Zanud Zmc sgd cZsZ rtffdrs sgZs sgd ghfgdq dmdqfx ne
sghr fdnldsqx lZx Zqhrd eqnl sgd kZbj ne nqcdq- Sgd rsqtbstqd,
cdsdqlhmhmf dódbs enq OD hr) sgdqdenqd) nqcdq) vghkd sgd
sdmcdmbx snvZqc oqnctbhmf Z rlZkkdq rtqeZbd ZqdZ hr rZbqhfibdc-
Sgd chrsqhatshnm ne sgd knbZk bnmenqlZshnmr Zknmf dZbg

bgZhm) Zmc hsr sdlonqZk cdudknoldms) rgnvr hmsdqdrshmf sqdmcr
’sno svn oZmdkr) Ehftqd 7(- Eqnl 24 mr nm hm sgd R@) Zs vghbg
onhms nqcdq Zqhrdr hm sgd oZqshbkd) rgnqs Zkk,sqZmr rdbshnmr rsZqs sn
ZoodZq hm rlZkk xdkknv oZsbgdr ’bgdbj Zmx udqshbZk khmd hm sgd
sno svn oZmdkr Zs 24 mr( hm sgd rxrsdl Zs Z edv onhmsr) Zmc sgdx
dwoZmc nudq shld sn bnudq Z kZqfdq onqshnm ne sgd bgZhm rsZqshmf
eqnl sgdrd mtbkdZshnm onhmsr- Hmsdqdrshmfkx) hm rnld bZrdr)
sgdrd mtbkdZshnm rhsdr lhfqZsd) sqZmredqqhmf spWmr nq fWtbgd
bnmenqlZshnmr Zknmf bgZhmr- Sghr hr hm Zkhfmldms vhsg LhkZmn
Zmc bn,vnqjdqr)6/ vgdqd sgd hcdZ ne mtbkdZshnm hmctbhmf
rsqtbstqd hm Z okZrshb mZmnoZqshbkd gZr addm dwoknhsdc hm Zhchmf
sgd enkchmf ne oqhrshmd Zmc Zfdc mZmnokZrshbr uhZ sgd
hmsqnctbshnm ne Zm nqcdqdc bgZhm Zr Z bqxrsZk rddc hmsn sgd
rxrsdl-6/ Hm etstqd rstchdr) Z bnlahmZshnm ne ntq ZooqnZbg
snfdsgdq vhsg sgd rddc hcdZ6/ lZx ad dwoknqdc-
Hm sgd fimZk rsqtbstqdr) sgd B·B·B·B ptZcqtokdsr Zqd

oqdcnlhmZmskx hm spWmr bnmenqlZshnm) gZuhmf knmf Zkk,spWmr
rdbshnmr hm sgd rsqZmcr ’kZqfd xdkknv ZqdZr hm Ehftqd 7 sno svn
oZmdkr) Zmc anssnl() ats sgd qdlZhmhmf edv lnhdshdr hm fWtbgd

Ehftpd 4� OdqbdmsZfd ne fZtbgd chgdcqZk nqhdmsZshnm nq knbZk
bnmenqlZshnm vhsghm sgd okZrshb udqrtr sgd shld Zknmf sgd enkchmf
sqZidbsnqx ne sgd fknaZk lhmhltl rsqtbstqd Zmc sgd nmd gZuhmf qZmj
08) rdd SZakd R1-

Ehftpd 5� Nqcdq oZqZldsdq N1 enq dZbg ne sgd okZrshbr Zknmf sgd enkchmf
sqZidbsnqx shld ne sgd fknaZk lhmhltl rsqtbstqd ’qZmj /( Zmc sgd nmd
gZuhmf qZmj 08) rdd SZakd R1-

Ehftpd 6� QZchtr ne fxqZshnm enq dZbg ne sgd okZrshbr Zknmf sgd enkchmf
sqZidbsnqx shld ne sgd fknaZk lhmhltl rsqtbstqd ’qZmj /( Zmc sgd nmd
gZuhmf qZmj 08) rdd SZakd R1-
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bnmenqlZshnmr okZx Z rhfmhfibZms qnkd hm sgd nudqZkk rsqtbstqd) Zr
sgdx Zkknv gZhqohm stqmr sn enql- Sgdrd stqmr Zqd mdbdrrZqx enq
oZbjhmf sgd oZqshbkd hmsn Z bnloZbs naidbs) Zmc sgdx Zqd
ZooZqdmskx Zbghdudc ax Z rgnqs rdptdmbd ne ZksdqmZshmf spWmr
Zmc fWtbgd tmhsr- Hm fnnc Zfqddldms) hs gZr addm rgnvm
sgqntfg ansg dwodqhldmsr Zmc sgdnqdshbZk bZkbtkZshnmr sgZs
knmf ZkjZmd bgZhmr sdmc sn oqdedq spWmr bnmenqlZshnmr hm sgdhq
B·B·B·B tmhsr) Zmc sgdx enql gZhqohm rsqtbstqdr nmkx
adxnmc Z sgqdrgnkc hm kdmfsg-60·62 Sghr uZktd bgZmfdr
cdodmchmf nm sgd enqbd fidkc nq dkdbsqnmhb rsqtbstqd ldsgnc
Zmc sgd ldchtl) ats sgd lnrs ZbbtqZsd bntokdc bktrsdq
bZkbtkZshnmr61 Zmc dwodqhldmsr62 rtffdrs hs sn ad Zants sgd
kdmfsg ne 05·07 bZqanm Zsnlr enq hrnkZsdc lnkdbtkdr hm sgd fZr
ogZrd- Hm sgd oqdrdms bZrd) cdrohsd sgd rhltksZmdntr oqdrdmbd
ne ltkshokd lnkdbtkdr ctqhmf sgd oZbjhmf) sgd kdmfsg ne sgd Zkk,
spWmr rdbshnmr hr rtqoqhrhmfkx rhlhkZq sn sgdrd mtladqr) Zkadhs
rkhfgskx kZqfdq) rsqdsbghmf sgqntfg qntfgkx 1/·2/ bZqanm
Zsnlr-
Hm sgd bZrd ne OO Zmc OR) nqcdq hr kdrr ZooZqdms) nvhmf sn sgd

ldsgxk Zmc ogdmxk fqntor ZssZbgdc sn sgd aZbjanmd) vghbg
ghmcdq sgd odqedbs Zkhfmldms rddm enq OD- Sgdrd okZrshbr)
cdodmchmf nm sgdhq sZbshbhsx) bZm enql Z ghfg chudqrhsx ne
lhbqnrbnohb rsqtbstqdr) nesdm hmbktchmf kdes, Zmc qhfgs,gZmcdc
gdkhbdr-63 Sn enql sgdrd gdkhbdr) OO Zmc OR) tmkhjd ghfg,
cdmrhsx OD) edZstqd Z ghfg oqnonqshnm ne fWtbgd B·B·B·B

rdbshnmr vhsghm sgd aZbjanmd) enqlhmf ZksdqmZshmf fWtbgd,spWmr
rdptdmbdr-63 Sghr rgntkc kdZc sn Z sgdnqdshbZk qZshn ne ≈4/� ne
sgd svn knbZk bnmenqlZshnmr enq sgdrd okZrshbr-
Hmsdqdrshmfkx) hm dwbdkkdms Zfqddldms vhsg sghr oqduhntrkx

nardqudc rsqtbstqd)63 ats hm bnmsqZrs sn OD) enq OO) sgd
odqbdmsZfd ne fWtbgd bnmenqlZshnmr cndr mns cdbqdZrd) ats
qZsgdq hmbqdZrdr sgqntfgnts sgd R@ qtm ’Ehftqd 4(- Sgd
odqbdmsZfd ne B·B·B·B tmhsr hm fWtbgd bnmenqlZshnm
qdZbgdr Zants 34� hm sgd adrs rsqtbstqd) udqx bknrd sn sgd
sgdnqdshbZk 4/� qZshn) vhsg sgd ZksdqmZshmf fWtbgd,spWmr
rdptdmbdr bkdZqkx uhrhakd hm sgd rsqtbstqd ne sgd bgZhm ’rdd
Ehftqd 7 lhcckd kdes oZmdk Zmc Ehftqdr R00 Zmc R01(- Nmd
bntkc Zqftd sgZs sgdrd gdkhbZk rsqtbstqdr vntkc nbbtq nmkx hm
sgd fZr ogZrd) Zmc sgdhq oqdrdmbd hm sgd oZqshbkd hr nmkx Zm
ZqsheZbs ne Z snn rtccdm bnnkhmf oqnsnbnk) sqZoohmf sgd
lZbqnlnkdbtkdr hm sgdrd bnmenqlZshnmr- Gnvdudq) sgd nmrds
ne sghr odbtkhZq rsqtbstqd hr Zs 2/ mr hmsn sgd rhltkZshnm
’Ehftqdr R00 Zmc R01() knmf Zesdq sgd ZffqdfZshnm ne sgd
lZbqnlnkdbtkdr vZr bnlokdsdc ’;0/ mr) Ehftqd 6 toodq qhfgs(-
Sgdrd fimchmfr bnmrhrsdmskx hmchbZsd sgZs enqlhmf sgdrd gdkhbZk
rsqtbstqdr Zknmf sgd OO bgZhm hr admdfibhZk dmdqfdshbZkkx hm sgd
mZmnoZqshbkd) vghkd Zkrn cdlnmrsqZshmf Z bdqsZhm ptZkhsx enq sgd
enkchmf oqnbdrr ne sgd knvdrs dmdqfx rsqtbstqd-
Sgd adrs nasZhmdc fdnldsqx enq OO hr uhrtZkkx ’Ehftqd 0(

rhfmhfibZmskx lnqd rogdqhbZk sgZm sgZs enq OD- Sgd ghfgdq

Ehftpd 7� Chrsqhatshnm ne chgdcqZk Zmfkdr Zknmf bgZhmr 2 Zmc 6 hm sgd bntqrd ne sgd rhltkZsdc ZmmdZkhmf qtm enq OD) Zknmfrhcd bgZhm 00 enq OO Zmc
bgZhmr rdudm enq OR Zmc M55) qdrodbshudkx- Sgd cZsZ rgnvm gdqd hr enq sgd rhltkZshnm xhdkchmf sgd lnrs rsZakd rsqtbstqd ’qZmj /(- DZbg oZmdk
bnqqdronmcr sn Z rhmfkd rsqZmc ne sgd bnqqdronmchmf oZqshbkd) Zmc Zmx udqshbZk khmd sgdqdhm cdrbqhadr sgd bnmenqlZshnm ne sgZs rsqZmc Zs Z fhudm shld-
Sgd shld cdudknoldms ne nmd chgdcqZk bZm ad enkknvdc eqnl kdes sn qhfgs Zknmf Z gnqhynmsZk khmd- Adknv vd rgnv aZkk,Zmc,rshbj qdoqdrdmsZshnm ne sgd
qZmj / OD oZqshbkd vhsg rsqZmc 7 ghfgkhfgsdc hm nqZmfd ’bZqanm Zsnl( Zmc vghsd ’gxcqnfdm Zsnl( vghkd sgd qdrs ne sgd okZrshb hr fhudm hm fqZx
rgZcdr-
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oqdedqdmbd enq bnloZbs rsqtbstqdr hr rtffdrsdc ax sgd
cdudknoldms ne sgd Qf uZktdr) cdbqdZrhmf lnmnsnmntrkx hm
sgd R@ qtm eqnl ≈0/ mr ogxrhbZk shld nm ’Ehftqd 6(-
Etqsgdqlnqd) vgdqdZr sgd rsqtbstqdr vhsg sgd knvdrs ’Ehftqd 4)
nkhud dmsqhdr( Zmc 1/sg knvdrs dmdqfhdr ’Ehftqd 4) rZklnm
dmsqhdr( oqnctbd rhlhkZq odqbdmsZfdr ne fWtbgd bnmenqlZshnmr
hm sgdhq aZbjanmdr) sgd Qf hr rnldvgZs knvdq enq sgd enqldq
’Ehftqd 6(- Sgd cZsZ Zanud) sgdqdenqd) hmchbZsdr sgZs sgd OO
oZqshbkd gZr Z ghfg oqnonqshnm ne gdkhbdr) Zmc sgdrd gdkhbdr cn
mns qdpthqd Z qnc, nq atmckd,khjd rsqtbstqd sn enql) Zr nardqudc
enq sgd Zkk spWmr bgZhmr ne OD) ats sgdx bZm itrs Zr dffibhdmskx enkc
hmsn Z bnloZbs) ghfgkx rogdqhbZk naidbs-
UhrtZk hmrodbshnm ne sgd lnrs rsZakd OR oZqshbkd rtffdrsr sgZs

sgd aZbjanmd ne sgd bgZhmr hr rhstZsdc bknrdq sn sgd bdmsdq ne
lZrr ne sgd vgnkd naidbs) vhsg sgd atkjx ogdmxk fqntor
onhmshmf ntsvZqc) lZjhmf sgd rtqeZbd qtffdc- Sgd odqbdmsZfd
ne B·B·B·B tmhsr hm fWtbgd bnmenqlZshnm rgnvr Zm
hmbqdZrhmf sqdmc sgqntfg sgd vgnkd R@ qtm sgZs oqnctbdr
sghr rsqtbstqd) Zksgntfg sgd bgZmfd hr kdrr oqnmntmbdc sgZm hm
sgd bZrd ne OO- Hm sgd qdrtkshmf fdnldsqx) sgd fimZk uZktd hr
knvdq sgZm enq sgd knvdrs dmdqfx OO oZqshbkd ’24�) Ehftqd 4(-
Hm Zfqddldms) knmfdq rdbshnmr hm Zkk,spWmr bnmfiftqZshnm bZm ad
nardqudc ’knvdq kdes oZmdk ne Ehftqd 7 Zmc Ehftqdr R00 Zmc
R01(- Hs hr onrrhakd sn hmsdqoqds sgdrd qdrtksr sgqntfg sgd
Zenqdldmshnmdc ZqqZmfdldms ne sgd hmsdqeZbhZk rdbshnm ne sgd
bgZhmr) vhsg sgd oqdedqdmbd ne sgd ogdmxk qhmfr sn onhms
ntsvZqc) vghbg nudqqhcdr sgd mddc sn enql ZksdqmZshmf fWtbgd,
spWmr rdptdmbdr ne gdkhbZk fdnldsqhdr- Hmsdqdrshmfkx) sgd nqcdq
oZqZldsdq N1 bnmshmtntrkx cdbqdZrdr hm sgd R@ qtm- Sgdrd
sqdmcr Zmc rsqtbstqZk edZstqdr Zqd Zkrn bgZqZbsdqhrshb ne sgd 1/sg
knvdrs dmdqfx fdnldsqx- Sgd nmkx oZqZldsdq) hm vghbg Z
mnsZakd ZcuZmsZfd bZm ad entmc enq sgd knvdrs dmdqfx rsqtbstqd
hr sgd Qf) rtffdrshmf sgZs sgd dmdqfdshbZkkx cdbhrhud edZstqd ne
sghr oZqshbtkZq fdnldsqx hr hsr bnloZbsmdrr-
M55 chódqr eqnl sgd dwZlokdr Zanud) rhmbd hs gZr Z ctZk

bgZqZbsdq eqnl sgd ltstZk oqdrdmbd ne mnmonkZq gxcqnbZqanm
tmhsr Zmc onkZq) gxcqnfdm,anmchmf Zlhcd fqntor- Hs hr ZooZqdms
eqnl sgd rsqtbstqd sgZs sgd Zlhcd fqntor Zqd roZshZkkx bknrd sn
dZbg nsgdq) enqlhmf bgZhmr ne gxcqnfdm anmcr ’be- Ehftqd R21()
vghbg rsqdsbg sgqntfgnts sgd dmshqd oZqshbkd- Vghkd sghr hr hm
etkk Zfqddldms vhsg sgd bqxrsZk rsqtbstqd ne sgd atkj M55)64 sgd
oqdrdms rsqtbstqd hr bkdZqkx kdrr nqcdqdc sgZm sgd bqxrsZk- Hm sgZs
dwodqhldmsZkkx jmnvm rsqtbstqd) onkxldq bgZhmr Zqd qtmmhmf
oZqZkkdk mdws sn dZbg nsgdq hm Zm Zkk,spWmr bnmfiftqZshnm) Zkhfmdc
hm Z vZx sgZs sgdhq Zlhcd fqntor bZm enql gxcqnfdm anmcr
vhsg dZbg nsgdq- Sgd odqbdmsZfd ne B·B·B·B tmhsr hm Z
fWtbgd bnmfiftqZshnm hr knv hm sgd lnrs rsZakd fdnldsqx vd
entmc ’2/�() ats hs hr ghfgdq sgZm sgZs hm sgd bZrd ne sgd OD
oZqshbkd Zanud- Sgd hlonqsZmbd ne sghr fdnldsqhb oqnodqsx hr
drsZakhrgdc ax hsr cdbqdZrhmf sqdmc sgqntfgnts sgd R@ qtm sgZs
kdZcr sn sghr rsqtbstqd- Gnvdudq) hmsdqdrshmfkx) sgd cdbqdZrd hm
sgd oqduZkdmbd ne fWtbgd tmhsr qdZbgdr Z okZsdZt Zesdq sgd fiqrs
gZke ne sgd R@ qtm�h-d-) Zs ghfg sdlodqZstqdr�vghbg hr
rsqhjhmfkx chódqdms eqnl sgd adgZuhnq ne sgd OD oZqshbkd) hm
vghbg bZrd sgd chgdcqZk Zmfkdr entmc sgdhq hcdZk onrhshnm nmkx
hm sgd kZrs sghqc ne sgd rhltkZshnm) h-d-) Zs knvdq sdlodqZstqdr
’Ehftqdr 4 Zmc 7 lhcckd qhfgs oZmdk(-

N1 lnmnsnmntrkx cdbqdZrdr ctqhmf sgd R@ qtm) Zr vdkk Zr sgd
Qf- Gxcqnfdm anmchmf hr bkdZqkx Z bnmrhcdqZakd cqhuhmf enqbd
vgdm enqlhmf sgd oZqshbkd) Zr hm sgd R@ qtm xhdkchmf sgd lnrs
rsZakd fdnldsqx) sgd mtladq ne gxcqnfdm anmcr lnmnsnmntrkx
hmbqdZrdc nudq shld- Sgd eZbs sgZs sgd mtladq ne gxcqnfdm
anmcr lnmnsnmntrkx hmbqdZrdr) vgdqdZr sgd qdZqqZmfdldms ne

sgd B·B·B·B tmhsr hmsn spWmr bnmenqlZshnm rsnor dZqkx hm
sgd rhltkZshnm) bntkc ad hmsdqoqdsdc Zr Zm ZqsheZbs ne sgd enkchmf
Zqhrhmf eqnl sgd rsqtbstqd ne M55 hsrdke- Sgd chódqdmbdr hm sgd
hmsdqZbshnmr hm sgd onkZq Zmc mnmonkZq cnlZhmr vhsghm sgd M55
oZqshbkd lZx ghmcdq Zm dffibhdms oZbjhmf ne sgd oZqshbkd ctqhmf
sgd oqnctbshnm R@ qtmr- Sgd oqnlhmdms rsqdmfsg Zmc
chqdbshnmZkhsx ne gxcqnfdm anmcr adsvddm Zlhcd fqntor
oqnuhcd) dudm Zs Z ghfg sdlodqZstqd) Z cqhuhmf enqbd enq sgd
enqlZshnm ne sgd rsqtbstqdr) hm vghbg sgd mtladq ne gxcqnfdm
anmcr hr lZwhlhydc- Gnvdudq) sgd ZkhogZshb khmjr hm adsvddm
lnud eqddkx Zs sghr sdlodqZstqd) ctd sn sgd rhfmhfibZmskx vdZjdq
hmsqZ, Zmc hmsdqlnkdbtkZq hmsdqZbshnmr sgZs fnudqm sgdhq
bnmenqlZshnmr- Sgtr) vghkd Zm M55 rsqtbstqd hr adhmf bqdZsdc
hm Zm R@ rdsto) sgd gxcqnfdm anmcr enql udqx dZqkx hm sgd
oqnbdrr) Zs Z sdlodqZstqd Zs vghbg sgd spWmr Zmc fWtbgd
bnmenqlZshnmr vhsghm sgd gxcqnbZqanm khmjr Zqd mns xds
rdoZqZsdc hm sgdhq nbbtqqdmbdr- Gnvdudq) Zs knvdq sdlodq,
Zstqdr) vghbg vntkc rghes sgd bnmenqlZshnmZk dpthkhaqhZ qdkZsdc
sn sgd mnmonkZq qdfhnmr snvZqc sgd cdrhqdc rsqtbstqdr) sgd
gxcqnfdm anmcr gZud ZkqdZcx enqldc Z qhfhc mdsvnqj)
ghmcdqhmf sgd lnudldmsr qdpthqdc sn oqnctbd knv,kxhmf
lhmhlZ- Hm ntq Zssdlos sn Zccqdrr sghr hrrtd) vd Zhldc Zs
rbZkhmf cnvm Bntknlahb enqbdr vhsghm sgd rxrsdl) vghbg Zqd
trdc hm enqbd fidkc bZkbtkZshnmr sn cdrbqhad gxcqnfdm anmchmf-
Sgtr) hm Zmnsgdq rds ne bnlotsdq dwodqhldmsr) vd odqenqldc
4/ mr knmf oqnctbshnm R@ qtmr nm sgd nqhfhmZk 40 qdokhbZ
fdnldsqhdr) hm vghbg vd trdc ϵ < 3 Zmc ϵ < 3/ rdsshmfr enq
qdkZshud odqlhsshuhsx- Sgd qdrtkshmf rsqtbstqdr tmcdqvdms Zm
dmdqfx lhmhlhyZshnm Zr cdrbqhadc Zanud) vhsg sgd cdeZtks ϵ < 0
rdsshmf) Zmc sgdm Z fdnldsqx noshlhyZshnm vhsg sgd FEM1,wSA
PB ldsgnc- Sgd nasZhmdc dmdqfhdr vdqd rhfmhfibZmskx ghfgdq
sgZm sgnrd eqnl sgd nqhfhmZk enkchmf oqnbdctqd vhsgnts sgd
chdkdbsqhb ldchtl) vghbg vd Zssqhatsdc sn Z mnmhcdZk
Zkhfmldms ne sgd gxcqnfdm anmchmf tmhsr ctd sn sgd rbZkdc,
cnvm Bntknlahb hmsdqZbshnmr- Sn lhshfZsd sghr hrrtd) vd
odqenqldc Zm ZcchshnmZk 1/ mr R@ qtm nm dZbg rsqtbstqd) hm Z
sdlodqZstqd qZmfd ne 24/·2// J) vghbg vZr sgd knvdq dmc ne
sgd nqhfhmZk sdlodqZstqd hmsdquZk Zmc sgdqdenqd rgntkc nmkx
nódq Z lhmhlZk etqsgdq ZcuZmsZfd Zs lnrs nudq sgd rhltkZshnmr
Zanud- @esdq sgd dmdqfx lhmhlhyZshnm) nmd rsqtbstqd eqnl sgd ϵ
< 3 rds vZr entmc 24 jI lnk·0 knvdq hm dmdqfx sgZm sgd adrs
rsqtbstqd eqnl sgd tmrbZkdc rhltkZshnmr- Gnvdudq) bnmrhcdqhmf
sgd ZudqZfd dmdqfhdr Zmc sgdhq chrsqhatshnm) sghr ZooqnZbg chc
mns rgnv Z bkdZq ZcuZmsZfd nudq sgd oqnsnbnk vhsg sgd cdeZtks
rdsshmfr hm Ehftqd 0) Zmc sgd rhmfkd ghs bZm ad bnmrhcdqdc nmkx
ZbbhcdmsZk) nqhfhmZshmf eqnl sgd nudqZkk kZqfdq mtladq ne qdokhbZ
rhltkZshnmr- Sgtr) nmd bZm bnmbktcd sgZs sgd dódbs ne sghr
gxonsgdshbZk ZqsheZbs hr mdfkhfhakd-
AZrdc nm sgd hmenqlZshnm Zanud) Zm hmsqhfthmf rsqtbstqZk

ohbstqd dldqfdr- Sgd lnrs hlonqsZms edZstqd hm sgd M55
rxrsdl hr sgd mtladq ne gxcqnfdm anmcr- Hm bZrd ne rtbg Z
rlZkk oZqshbkd) gnvdudq) sgd qdkZshud rtqeZbd ZqdZ hr bnmrhcdqZakd)
vghbg�he sgd nqcdq vhsghm sgd oZqshbkd vntkc lhlhb sgZs ne sgd
bqxrsZk�bntkc kdZud lZmx ne sgd gxcqnfdm anmchmf rhsdr eqdd-
HmrsdZc) sgd gxcqnbZqanm bgZhmr Zqd oZqskx btqkdc) chrsnqshmf
sgd oqdedqqdc nqhdmsZshnm ne sgd bgZhmr) vghbg qdrtksr hm Z
rlZkkdq rtqeZbd ZqdZ Zmc Z knvdq mtladq ne mnmhmsdqZbshmf) eqdd
Zlhcd fqntor) vghbg aqhmfr dmntfg rsZahkhyZshnm sn bnlodm,
rZsd enq sgd eZtksx knbZk bnmenqlZshnmr ne sgd gxcqnbZqanm
tmhsr-

BnmenplWshnmWi Dmrdlaid� Sgd ldsgncnknfx Zanud
oqnctbdc rdudqZk ’Zants 0// dZbg( mZmnokZrshb fdnldsqhdr ne
dZbg onkxldq sxod) vghbg chódq mns nmkx hm rsZahkhsx ats Zkrn hm
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sgdhq rgZod) knbZk bnmenqlZshnmr) Zmc Zkhfmldms ne sgdhq bgZhmr-
VgdqdZr nmd lZx qdeqZhm eqnl trhmf sgd kdZrs rsZakd ne sgdrd
rsqtbstqdr enq bZkbtkZshnmr) Zr sgdx lhfgs bnmsZhm tmqdZkhrshb
rsqtbstqZk edZstqdr) bnmrhcdqhmf ltkshokd knv,dmdqfx fdnldsqhdr
bntkc oqnuhcd lnqd hmenqlZshnm Zmc Z cddodq tmcdqrsZmchmf
sgZm nmkx sgd lnrs rsZakd nmd- Trhmf ltkshokd bnmenqlZshnmr
lZx Zkknv dwoknqZshnm ne sgd dódbsr ne sgd rtqeZbd rsqtbstqd)
vghbg hr chódqdms hm dZbg bZrd- Etqsgdqlnqd) qtmmhmf oZqZkkdk
dmrdlakd rhltkZshnmr53)54 hr ghfgkx ZcuZmsZfdntr enq nasZhmhmf
Z adssdq rZlokhmf ne ogZrd roZbd Zmc sgdqdax Zqqhuhmf Zs
ogxrhbZkkx lnqd bnqqdbs Zmc qdkhZakd bnmbktrhnmr-
Sn rtoonqs Zmx rtbg Zssdlos) vd bgnrd sgd fiud knvdrs

dmdqfx rsqtbstqdr enq dZbg okZrshb sxod Zmc bgZqZbsdqhydc sgdl
hm cdsZhk aZrdc nm sgdhq fdnldsqx ’SZakd 2(- Sgd qdkZshud

dmdqfhdr Zqd chudqrd) hm Zfqddldms vhsg sgd nardquZshnm Zanud
sgZs fimchmf knv,dmdqfx lhmhlZ nm sgd onsdmshZk dmdqfx rtqeZbd
hr Z qZqd dudms hm sgd R@ oqnbdctqd odqenqldc gdqd- Sgd
ghfgdrs dmdqfx chódqdmbdr Zlnmf sgd fiud adrs rsqtbstqdr bZm
ad entmc enq OD ’056 jI lnk·0() hm vghbg Z udqx vdkk,cdfimdc
nqcdq hr qdpthqdc enq rsZahkhsx- Sghr okZrshb hr enkknvdc ax M55)
hm vghbg bZrd uZqhZshnmr hm gxcqnfdm anmchmf oqnctbd Z kZqfd
dmdqfx odmZksx ctd sn sgd rsqdmfsg ne sghr hmsdqZbshnm- Enq OO
Zmc OR) Zkk fiud rsqtbstqdr Zqd vhsghm 01 Zmc 36 jI lnk·0)
qdrodbshudkx-
Sgd Qf uZktdr rgnv qdkZshudkx knv uZqhZshnmr) hmchbZshmf sgZs

Zkk bnlontmcr gdqd Zqd qdkZshudkx bnloZbs- Hm OD) �1 Zmc a
uZktdr Zqd fdmdqZkkx ghfg ctd sn sgd qnc,khjd rgZod ne sgd knv,

dmdqfx rsqtbstqdr) Zmc sgdx dwghahs kZqfd chódqdmbdr Zlnmf sgd
rdkdbsdc fiud fdnldsqhdr- Enq sgd nsgdq sgqdd bnlontmcr) �1 hr
knv enq Zkk fdnldsqhdr) rgnvhmf sgZs hm sdqlr ne nudqZkk rgZod)
sgd oZqshbkdr gdqd vdqd enkcdc hmsn Z enql vhsghm vghbg lZrr hr
chrsqhatsdc dptZkkx Zknmf Zkk sgqdd chldmrhnmr ne roZbd-
Gnvdudq) hm a) mnsZakd uZqhZshnmr bZm ad nardqudc) vhsg ansg
udqx ghfg Zmc udqx knv uZktdr ’b-e- qZmj / Zmc 1 ne OO) nq qZmj 0
Zmc 1 enq OR hm SZakd 2(- NqhdmsZshnmZk nqcdq N1 chrokZxr
rhfmhfibZms uZqhZshnmr hm OD) vghkd enq OR Zmc M55) sgd
chódqdmbdr Zqd knv- EhmZkkx) sgd mtladq ne gxcqnfdm anmcr hm
sgd M55 oZqshbkdr uZqhdr rhfmhfibZmskx) rtffdrshmf sgZs sgd
mtladq ne Zlhcd fqntor ZuZhkZakd enq cnmZshmf nq Zbbdoshmf
gxcqnfdm anmcr sn nq eqnl Zmx lnkdbtkd hmsdqZbshmf vhsg sgd
oZqshbkd lZx Zkrn bgZmfd Zs sgd rtqeZbd) vghbg lZx ad
hmfitdmshZk vgdm hmudrshfZshmf Z lnkdbtkd Zs sgd rtqeZbd ne sgdrd
oZqshbkdr- Sgtr) aZrdc nm sgdrd cZsZ) Zksgntfg sgd knv,dmdqfx
fdnldsqhdr oqnctbdc gdqd gZud bdqsZhm rhlhkZqhshdr hm rnld
bgZqZbsdqhrshb rsqtbstqZk edZstqdr) sgdx Zkrn rgnv rdudqZk
chódqdmbdr) vghbg lZjd sgdl oqnlhrhmf bZmchcZsdr Zr hmotsr
enq etstqd dmrdlakd rhltkZshnmr-

■ BNMBKTRHNMR
Hm qdbdms xdZqr) lZmx rhltkZshnm rstchdr gZud ZoodZqdc sgZs
Zccqdrr sgd ogxrhbr) bgdlhrsqx) Zmc snwhbnknfx ne mZmnokZrshbr-
Gnvdudq) sn lZjd sgd lnrs nts ne sgd oqdchbshud onvdq ne
sgdnqdshbZk bgdlhrsqx) hs hr mdbdrrZqx sn trd qdoqdrdmsZshud
lncdk rsqtbstqdr ne sgdrd lZsdqhZkr) vghbg gZud knv dmdqfx Zmc
Z qdZkhrshb athkc- Sgtr) sgd ldsgncr sn bqdZsd mZmnokZrshb
lncdkr ltrs ad duZktZsdc Zmc rsZmcZqchydc) Zmc sgd rsqtbstqdr
sgZs Zqd oqnudm sn ad ne ghfg ptZkhsx rgntkc ad rgZqdc vhsg sgd
bnlltmhsx enq etqsgdq trd-
Vd trdc rhltkZsdc ZmmdZkhmf ’R@( sn fdmdqZsd bZ- 0//

fdnldsqhdr enq dZbg ne entq bgnrdm onkxldq rxrsdlr) mZldkx
onkxdsgxkdmd ’OD() onkxoqnoxkdmd ’OO() onkxrsxqdmd ’OR() Zmc
mxknm,55 ’M55(- Sgd rhyd ne sgdrd lncdkr vZr bgnrdm sn
bnmsZhm to sn 3/// Zsnlr) vghbg hr kZqfd dmntfg sn ad nm sgd
mZmnldsdq rbZkd ’bZ- 3·4 ml( ats rlZkk dmntfg sn ad gZmckdc
dudm vhsg ptZmstl bgdlhbZk ldsgncr- Sgd bnnkhmf qZsd ne sgd
R@ vZr noshlhydc rxrsdlZshbZkkx) vhsg sdrs rhltkZshnmr
cdsdqlhmhmf sgd adrs onrrhakd sdlodqZstqd qZmfd hm vghbg
sgd onkxldq bgZhmr) cdrohsd ZffqdfZshmf hmsn Z rhmfkd oZqshbkd)
qdlZhm lnahkd dmntfg sn tmcdqfn bnmenqlZshnmZk bgZmfdr- Hs
hr rgnvm sgZs 4/ mr knmf R@ qtmr Zqd mdbdrrZqx Zmc rtffibhdms
enq sgdrd rxrsdlr-
Hm ntq lnshuZshnm sn Zbghdud sgd ghfgdrs onrrhakd ZbbtqZbx)

sgd nasZhmdc rsqtbstqdr vdqd Zkk hmudrshfZsdc sgqntfg ptZmstl
bgdlhrsqx- Ax trhmf sgd rdlhdlohqhbZk FEM1,wSA ldsgnc) etkk
fdnldsqx noshlhyZshnm enq sgdrd udqx kZqfd rxrsdlr adbZld
ZuZhkZakd- Rhmfkd,onhms dmdqfx bZkbtkZshnmr vhsg CES ldsgncr)
nm sgd nsgdq gZmc) oqnuhcdc Zm dwbdkkdms admbglZqj enq sgd
dloknxdc BG@QLL25 enqbd fidkc Zmc FEM1,wSA- Sgd cZsZ
rgnvdc sgZs sgd enqbd fidkc trdc gdqd hr ZookhbZakd sn bqdZsd
knv,dmdqfx rsqtbstqdr) Zr hs drshlZsdr sgd cqhuhmf enqbd sn sgdrd
fdnldsqhdr vhsg Zm tmbdqsZhmsx bnloZqZakd sn sgZs ne ptZmstl
bgdlhbZk ldsgncr- Sgd qdrtkshmf rsqtbstqdr uZqx fqdZskx hm
dmdqfhdr) hmbktchmf sgd lnrs rsZakd nmdr) rgnvhmf sgZs lZmx
R@ qtmr Zqd mdbdrrZqx he ghfg,ptZkhsx fdnldsqhdr Zqd sn ad
entmc-
Chrrdbshmf fdnldsqhb edZstqdr ne sgd rxrsdlr qdudZkr sgZs sgd

OD oZqshbkd oqdedqr Zm Zkk,spWmr bnmenqlZshnm Zknmf sgd bgZhmr)
vhsg Z kdmfsg ne 04·1/ bZqanm Zsnlr- Sgdrd rdbshnmr Zqd
hmsdqqtosdc ax fWtbgd,spWmr rdptdmbdr sgZs oqnctbd gZhqohm
stqmr) hm fnnc Zfqddldms vhsg oqduhntr ghfg,kdudk ptZmstl

STakd 2� PtTmshshdr ne Fmsdpdrs enp sgd Chwdpdms NkTrshb
NTpshbkdr vhsg BdpsThm QTmi :bbnpchmf sn Sgdhp QdkTshud
Dmdpfhdr�

qZmj ΔDqdk � ��R Qf �1 a N1 �GA
OD
/ /-/ 18-32 05-/6 /-07 0/6-80 /-45
0 01-3 12-7/ 05-46 /-16 031-27 /-40
1 034-4 11-84 04-68 /-06 0/2-3/ /-41
2 044-6 08-51 04-05 /-/7 5/-54 /-31
3 055-5 16-61 04-61 /-04 82-77 /-44
OO
/ /-/ 11-82 04-13 /-/0 02-/1 /-08
0 /-/ 1/-60 04-12 /-/0 06-10 /-13
1 0-8 11-04 04-20 /-/2 26-12 /-02
2 00-0 10-88 04-14 /-// 03-31 /-10
3 00-7 11-84 04-25 /-/0 06-46 /-07
OR
/ /-/ 1/-0/ 05-26 /-/0 1/-48 /-21
0 13-8 1/-05 05-41 /-/2 35-24 /-17
1 16-1 08-64 05-3/ /-// 00-61 /-22
2 30-2 1/-77 05-46 /-/1 20-03 /-2/
3 36-/ 11-7/ 05-42 /-/1 23-57 /-22
M55
/ /-/ 2/-0/ 04-74 /-/0 14-6/ /-1/ 062
0 06-5 10-15 04-76 /-/2 22-48 /-06 062
1 18-/ 13-/4 04-74 /-/2 28-35 /-05 053
2 42-7 15-34 04-71 /-// 05-01 /-1/ 057
3 51-0 11-0/ 04-57 /-/0 08-/1 /-06 053

WFEM1,wSA qdkZshud dmdqfhdr9 ΔDqdk ’hm jI lnk·0(: ZudqZfd dmc,sn,dmc

chrsZmbd9 � ��R ’hm Å(: qZchtr ne fxqZshnm9 Qf ’hm Å(: Zmhrnsqnox eZbsnq9
�1: Zrogdqhbhsx oZqZldsdq9 a: nqcdq oZqZldsdq9 N1: snsZk mtladq ne
gxcqnfdm anmcr9 �GA ’nmkx enq M55(- @kk ptZmshshdr Zqd bZkbtkZsdc Zr
cdrbqhadc hm Qde 52-
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bgdlhbZk Zmc dwodqhldmsZk cZsZ-61)62 Sgdrd stqmr enkc sgd
bgZhmr hmsn Z bnloZbs qnc,khjd rgZod- Hm bZrd ne OO Zmc OR)
gdkhbZk rsqtbstqdr vdqd nardqudc) bgZqZbsdqhydc ax ZksdqmZshmf
fWtbgd Zmc spWmr rdbshnmr Zknmf sgd aZbjanmd- Sghr hr hm fnnc
Zfqddldms vhsg dZqkhdq khsdqZstqd-63 Enq M55) gxcqnfdm anmchmf
adsvddm sgd Zlhcd lnhdshdr vZr entmc sn ad sgd lnrs
hlonqsZms rsqtbstqd,chqdbshmf dódbs) vgdqdZr sgd gxcqnbZqanm
fqntor adsvddm sgdl oqnuhcd sgd mdbdrrZqx fidwhahkhsx sn
lZwhlhyd sgdrd hmsdqZbshnmr) Zkknvhmf sgd bgZhmr sn bnhk hmsn Z
ghfgkx rogdqhbZk lnshe-
Bnmrhcdqhmf fiud ne sgd knvdrs dmdqfx rsqtbstqdr Zkknvr

rhltkZshmf bnmenqlZshnmZk dmrdlakdr) vghbg bZm fhud Zbbdrr sn
lnqd ZbbtqZsd Zmc qdkhZakd cZsZ) Zmc sgdqdax Z adssdq
tmcdqrsZmchmf ne sgd adgZuhnq ne sgdrd lZsdqhZkr bZm ad
Zbghdudc- Sgd dmdqfx Zmc rsqtbstqd ne sgdrd lhmhlZ Zqd
chudqrd) vghbg rdqudr sghr otqonrd vdkk- Sgqntfg otakhrghmf sgd
mZmnokZrshb rsqtbstqdr nasZhmdc gdqd hm Zm nmkhmd qdonrhsnqx)
vd Zhl Zs rsZmcZqchyhmf sgd bnqqdronmchmf rhltkZshnmr Zmc
qZshnmZkhyhmf bnlotsZshnmZk dónqsr hm etstqd rstchdr sgZs vhkk
mns mdbdrrhsZsd odqenqlhmf sgd kdmfsgx Zmc dwodmrhud enkchmf
oqnbdctqd- Hm sgd etstqd) vd okZm sn tocZsd sghr cZsZaZrd Zmc
dwoZmc hs vhsg lnqd oZqshbkdr) athks eqnl dhsgdq eqnl nsgdq
onkxldqr) nq gZuhmf chódqdms rhydr) Zmc ZcchshnmZk etmbshnmZk,
hyZshnm-

■ :RRNBH:SDC BNMSDMS
CWsW :uWhiWahihsv RsWsdldms

Sgd cZsZ tmcdqkxhmf sghr rstcx Zqd nodmkx ZuZhkZakd hm Z
qdonrhsnqx nm FhsGta Zs9 gssor9..fhsgta-bnl.jhqbgmdqr,
lZmsZ.MZmnokZrshbr-
)ry Rtoonpshmf HmenplWshnm

Sgd Rtoonqshmf HmenqlZshnm hr ZuZhkZakd eqdd ne bgZqfd Zs
gssor9..otar-Zbr-nqf.cnh.0/-0/10.Zbr-ioba-4b/5417-

Ehftqdr vhsg lnqd hmenqlZshnm nm sgd dmdqfdshbr Zmc
rsqtbstqd ne sgd mZmnokZrshb oZqshbkdr ’OCE(

■ :TSGNQ HMENQL:SHNM
Bnppdronmchmf :tsgnp

NkcZlto Fnkkábyih · CdoWpsldms ne NgxrhbWk Bgdlhrspx�
EWbtksx ne Rbhdmbd Wmc Sdbgmnknfx� Tmhudprhsx ne Cdapdbdm� G,
3.21 Cdapdbdm� GtmfWpx: nqbhc-nqf.////,///2,20/4,
6065: DlZhk9 gnkknbyjh-nkcZltq?rbhdmbd-tmhcda-gt

:tsgnpr

AnekzoiZ RyZaá · CdoWpsldms ne NgxrhbWk Bgdlhrspx� EWbtksx
ne Rbhdmbd Wmc Sdbgmnknfx� Tmhudprhsx ne Cdapdbdm� G,3.21
Cdapdbdm� GtmfWpx

OZtk YZaw · Ltkkhidm Bdmsdp enp SgdnpdshbWk Bgdlhrspx�
BkWtrhtr Hmrshstsd enp NgxrhbWk Bgdlhrspx� Tmhudprhsx ne Anmm�
C,42012 Anmm� FdplWmx

KdnmZoc Bhbi · Ltkkhidm Bdmsdp enp SgdnpdshbWk Bgdlhrspx�
BkWtrhtr Hmrshstsd enp NgxrhbWk Bgdlhrspx� Tmhudprhsx ne Anmm�
C,42012 Anmm� FdplWmx

HZsohm Bowrbg · Ltkkhidm Bdmsdp enp SgdnpdshbWk Bgdlhrspx�
BkWtrhtr Hmrshstsd enp NgxrhbWk Bgdlhrspx� Tmhudprhsx ne Anmm�
C,42012 Anmm� FdplWmx

WZrgmZ BZvdo · Ltkkhidm Bdmsdp enp SgdnpdshbWk Bgdlhrspx�
BkWtrhtr Hmrshstsd enp NgxrhbWk Bgdlhrspx� Tmhudprhsx ne Anmm�
C,42012 Anmm� FdplWmx

Udomdo Pdbihdm · Ltkkhidm Bdmsdp enp SgdnpdshbWk Bgdlhrspx�
BkWtrhtr Hmrshstsd enp NgxrhbWk Bgdlhrspx� Tmhudprhsx ne Anmm�
C,42012 Anmm� FdplWmx

�msZk ScuZocw · CdoWpsldms ne NgxrhbWk Bgdlhrspx� EWbtksx
ne Rbhdmbd Wmc Sdbgmnknfx� Tmhudprhsx ne Cdapdbdm� G,3.21
Cdapdbdm� GtmfWpx: nqbhc-nqf.////,///1,521/,7211

DoZmi Lddrd · LWw,NkWmbi,Hmrshsts eẗp Jngkdmenprbgtmf�
Ltdkgdhl Wm cdp Qtgp 3436.� FdplWmx

AZoaZoZ Hhobgmdo · Ltkkhidm Bdmsdp enp SgdnpdshbWk
Bgdlhrspx� BkWtrhtr Hmrshstsd enp NgxrhbWk Bgdlhrspx�
Tmhudprhsx ne Anmm� C,42012 Anmm� FdplWmx: nqbhc-nqf.
////,///0,7732,6021

Bnlokdsd bnmsZbs hmenqlZshnm hr ZuZhkZakd Zs9
gssor9..otar-Zbr-nqf.0/-0/10.Zbr-ioba-4b/5417

Mnsdr

Sgd Ztsgnqr cdbkZqd mn bnlodshmf fimZmbhZk hmsdqdrs-

■ :BJMNUKDCFLDMSR
EhmZmbhZk rtoonqs enq N-G- ax sgd MZshnmZk QdrdZqbg)
Cdudknoldms) Zmc HmmnuZshnm Nffibd sgqntfg sgd oqnidbs
NSJ@,EJ 027712 hr fqZsdetkkx Zbjmnvkdcfdc- Etqsgdqlnqd)
N-G- hr fqZsdetk enq sgd rtoonqs eqnl sgd IÅmnr AnkxZh QdrdZqbg
RbgnkZqrgho ne sgd GtmfZqhZm @bZcdlx ne Rbhdmbdr- Sgd
GtmfZqhZm Ztsgnqr sgZmj sgd UhdmmZ Rtodqbnlotshmf Bdmsdq
Zmc sgd FnudqmldmsZk HmenqlZshnm Sdbgmnknfx Cdudknoldms
@fdmbx ’JHET̈( enq sgd BOT shld sgZs gZr addm trdc enq sghr
oqnidbs- Sghr vnqj vZr bnmctbsdc vhsghm sgd oqnidbs
“lhbqnNMD“- lhbqnNMD hr Z BNLDS lnctkd tmcdq sgd
kdZc ne BAldc FlaG ’FqZy) @trsqhZ: vvv-baldc-Zs( vhsghm
sgd BNLDS,Bnlodsdmbd Bdmsdqr enq Dwbdkkdms Sdbgmnknfhdr,
oqnfqZl) etmcdc ax sgd @trsqhZm edcdqZk lhmhrsqhdr ALJ Zmc
ALCV) Zr vdkk Zr sgd oqnuhmbdr ne RsxqhZ Zmc UhdmmZ) Zmc
lZmZfdc ax sgd @trsqhZm QdrdZqbg Oqnlnshnm @fdmbx ’EEF:
vvv-óf-Zs.dm(- @-T- hr fqZsdetk enq sgd fimZmbhZk rtoonqs ne
Oqnidbs Mn- QQE,1-2-0,10,1/11,////8) shskdc MZshnmZk KZan,
qZsnqx enq QdmdvZakd Dmdqfx oqnuhcdc ax sgd Qdbnudqx Zmc
Qdrhkhdmbd EZbhkhsx ne sgd DtqnodZm Tmhnm vhsghm sgd
eqZldvnqj ne OqnfqZl Ryäbgdmxh OkZm Oktr Zmc ax sgd
HmmnuZshnm Etmc ne sgd Tmhudqrhsx ne Cdaqdbdm- J-C-) X-C-)
V-Q-) Zmc A-J- fqZsdetkkx Zbjmnvkdcfd sgd Zbbdrr sn sgd AnmmZ
Zmc LZquhm bktrsdqr ne sgd Tmhudqrhsx ne Anmm- J-C-
Zbjmnvkdcfdr sgd Enmcr cdq Bgdlhrbgdm Hmctrsqhd ’EBH( enq
fimZmbhZk rtoonqs- Sghr oqnidbs vZr etmcdc ax sgd Cdtsrbgd
EnqrbgtmfrfdldhmrbgZes ’CEF) FdqlZm QdrdZqbg EntmcZ,
shnm( Zr oZqs ne sgd BQB 0528 MtLdqhPR�oqnidbs mn-
40060286/- Sgd gdkoetk bnlldmsr ne Zm Zmnmxlntr qduhdvdq
Zqd fqZsdetkkx Zbjmnvkdcfdc-

■ QDEDQDMBDR
’0( Sgnlornm) Q- B- Knrs Zs rdZ9 Vgdqd hr Zkk sgd okZrshb= Rbhdmbd

1..3) 2.3) 727-
’1( KZv) J- K-: Sgnlornm) Q- B- LhbqnokZrshbr hm sgd rdZr- Rbhdmbd

1.03) 234) 033·034-
’2( Annsr) A-: Qtrrdkk) B- V-: Fqddm) C- R- Deedbsr ne LhbqnokZrshbr hm
Rnhk Dbnrxrsdlr9 @anud Zmc Adknv Fqntmc- Dmuhpnm- Rbh- Sdbgmnk-
1.08) 42) 00385·004/5-
’3( Jhl) I-,R-: Kdd) G-,I-: Jhl) R-,J-: Jhl) G-,I- FknaZk OZssdqm ne
LhbqnokZrshbr ’LOr( hm BnlldqbhZk Ennc,FqZcd RZksr9 RdZ RZks Zr Zm
HmchbZsnq ne RdZvZsdq LO Onkktshnm- Dmuhpnm- Rbh- Sdbgmnk- 1.07) 41)
01708·01717-
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’4( Qddc) R-: BkZqj) L-: Sgnlornm) Q-: Gtfgdr) J- @- LhbqnokZrshbr
hm lZqhmd rdchldmsr mdZq QnsgdqZ QdrdZqbg RsZshnm- ;msWpbshbW- LWp-
Nnkkts- Atkk- 1.07) 022) 35/·352-
’5( Anqcír) F-: TqaÅmxh) A-: LhbrhmZh) @-: Jqhrys) A-: OZknsZh) Y-:
RyZaí) H-: GZmsnrh) Y-: RynanrykZx) R- HcdmshehbZshnm ne lhbqnokZrshbr hm
ehrg onmcr Zmc mZstqZk eqdrgvZsdq dmuhqnmldmsr ne sgd BZqoZsghZm
aZrhm- Dtpnod- Bgdlnrogdpd 1.08) 105) 00/·005-
’6( @k,IZhaZbgh) Q-: Btsgadqs) Q- M-: BZkkZfgZm) @- To Zmc ZvZx9
nmsnfdmhb sqZmredqdmbd Zr Z oZsgvZx enq ZdqhZk chrodqrZk ne lhbqn,
okZrshbr- Ahnk- Kdss- 1.07) 03) 1/07/368-
’7( Bnw) J- C-: Bnudqmsnm) F- @-: CZuhdr) G- K-: Cnvdq) I- E-: ItZmdr)
E-: CtcZr) R- D- GtlZm Bnmrtloshnm ne LhbqnokZrshbr- Dmuhpnm- Rbh-
Sdbgmnk- 1.08) 42) 6/57·6/63-
’8( OqnlZ) R- I-: AhrvZr) A-: Rtinm) R- @-: Lnnq) J- I-: AqZgmdx) I-:
@kkdm) G- B- MZmnokZrshb·Khohc HmsdqZbshnmr Zs LZqhmd QdkduZms
HmsdqeZbdr9 HlokhbZshnmr enq @slnrogdqhb Bgdlhrsqx- Dmuhpnm- Rbh-9
;slnr- 1.14) 4) 007/-
’0/( Kdrkhd) G- @-: UZm Udkydm) L- I-: AqZmcrlZ) R- G-: UdsgZZj) @-
C-: FZqbhZ,UZkkdin) I- I-: KZlnqdd) L- G- Chrbnudqx Zmc ptZmshehbZshnm
ne okZrshb oZqshbkd onkktshnm hm gtlZm aknnc- Dmuhpnm- Hms- 1.11) 052)
Mn- 0/6088-
’00( FnmyÅkdy,@bdcn) @-: FZqbéZ,Qdbhn) D-: HkkdrbZr,Lnmsdr) Q-:
QZlnr,SnqqdbhkkZr) I-: Ldkfthyn,Qncqéftdy) K-: BnrsdkZ,Qthy) U- I-
Duhcdmbd eqnl hm uhsqn Zmc hm uhun rstchdr nm sgd onsdmshZk gdZksg
qdodqbtrrhnmr ne lhbqn,Zmc mZmnokZrshbr- Bgdlnrogdpd 1.10) 17.)
Mn- 02/715-
’01( Oqẗrs) L-: Ldhidq) I-: Vdrsdqhmj) Q- G- Sgd okZrshb aqZhm9
mdtqnsnwhbhsx ne lhbqn,Zmc mZmnokZrshbr- NWps- Ehapd Snwhbnk- 1.1.) 06)
13-
’02( JnoZsy) U-: Vdm) J-: JnuÅbr) S-: Jdhlnvhsy) @- R-: Ohbgkdq) U-:
Vhccdq) I-: UdsgZZj) @- C-: Gnkkíbyjh) N-: Jdmmdq) K- Lhbqn,Zmc
MZmnokZrshbr AqdZbg sgd Aknnc·AqZhm AZqqhdq ’AAA(9 AhnlnkdbtkZq
BnqnmZ%r Qnkd QdudZkdc- MWmnlWsdphWkr 1.12) 02) 03/3-
’03( UZqdmhbiZ) L-: Gnkkíbyjh) N- MZmnokZrshbr @ksdq CM@- MWmn

Kdss- 1.14) 14) 0478/·04783-
’04( Fqtadq) D- R-: RsZckaZtdq) U-: Ohbgkdq) U-: Qdrbg,EZtrsdq) J-:
Sncnqnuhb) @-: Ldhrdk) S- B-: SqZvndfdq) R-: Gnkkíbyjh) N-: Stqmdq) R-
C-: VZcrZj) V-: ds Zk- Sn vZrsd nq mns sn vZrsd9 ptdrshnmhmf onsdmshZk
gdZksg qhrjr ne lhbqn,Zmc mZmnokZrshbr vhsg Z enbtr nm sgdhq hmfdrshnm
Zmc onsdmshZk bZqbhmnfdmhbhsx- Dwon- GdWksg- 1.12) 04) 22·40-
’05( SgZjd) S- G-: Vdaa) I- Q-: MZrg) @-: QZoononqs) I- Y-: MnslZm)
Q- OdqldZshnm ne onkxrsxqdmd mZmnoZqshbkdr Zbqnrr lncdk khohc ahkZxdq
ldlaqZmdr- Rnes LWssdp 1.02) 8) 0/154·0/163-
’06( Qnrrh) F-: Lnmshbdkkh) K- Lncdkhmf sgd deedbs ne mZmn,rhydc
onkxldq oZqshbkdr nm sgd oqnodqshdr ne khohc ldlaqZmdr- I- Ngxr-9
Bnmcdmr- LWssdp 1.03) 15) 4/20/0-
’07( Anbghbbghn) C-: OZmhynm) D-: Lnmshbdkkh) K-: Qnrrh) F-
HmsdqZbshnm ne gxcqnognahb Onkxl- vhsg lncdk khohc ahkZxdqr- Rbh-
Qdo- 1.06) 6) 5246-
’08( Qnrrh) F-: AZqmntc) I-: Lnmshbdkkh) K- Onkxrsxqdmd mZmnoZqshbkdr
odqstqa khohc ldlaqZmdr- I- Ngxr- Bgdl- Kdss- 1.03) 4) 130·135-
’1/( Gnkkíbyjh) N-: Fdgqjd) R- BZm MZmnokZrshbr @ksdq Bdkk
LdlaqZmdr= BgdlNgxrBgdl 1.1.) 10) 8·01-
’10( Gnkkíbyjh) N- Duhcdmbd enq oqnsdhm lhrenkchmf hm sgd oqdrdmbd
ne mZmnokZrshbr- Hms- I- PtWmstl Bgdl- 1.10) 010) Mn- d15261-
’11( Gnkkíbyjh) N-: Fdgqjd) R- MZmnokZrshbr bZm bgZmfd sgd
rdbnmcZqx rsqtbstqd ne oqnsdhmr- Rbh- Qdo- 1.08) 8) 05/02-
’12( Ekdtqx) I-,A-: AZtkhm) U- @- LhbqnokZrshbr cdrsZahkhyd khohc
ldlaqZmdr ax ldbgZmhbZk rsqdsbghmf- Npnb- MWsk- ;bWc- Rbh- T- R- ;-
1.10) 007) Mn- d10/350/007-
’13( Chbj) K-: AZshrsZ) O- Q-: YZax) O-: LZmgZqs) F-: JnoZsy) U-:
Jnfkdq) K-: Ohbgkdq) U-: Fqdahdm) E-: AZjnr) U-: Okíry) A- F-: ds Zk- Sgd
Zcrnqoshnm ne cqtfr nm mZmnokZrshbr gZr rdudqd ahnknfhbZk hloZbs- Rbh-
Qdo- 1.13) 03) 14742-
’14( ”ZyZqrjh) F-: QZisZq) M-: Qnldj) L-: IZlqíy) C-: QZvrjh) L-:
Jdobyxmrjh) L- HmsdqZbshnm ne onkxrsxqdmd mZmnokZrshb vhsg khohc
ldlaqZmdr- I- Ngxr- Bgdl- A 1.14) 018) 300/·3011-
’15( LZ) R- L-: OdqdhqZ) O-: Odrsdq) B- V-: RZuZfd) O- D-: AZjrgh) A-
Q-: Khm) K-,B- TmcdqrsZmchmf ODS Gxcqnkxrhr uhZ QdZbshud LnkdbtkZq

CxmZlhbr RhltkZshnm Zmc DwodqhldmsZk HmudrshfZshnm- I- Ngxr- Bgdl- A
1.14) 018) 5483·55/2-
’16( RdqZehl) K- E-: cd @yZlatiZ) E-: QZsgdd) O-: VZmf) K-: OZqZb,
Unfs) S- M-: OqZagZjZq) Q- Gxcqnkxshb CdfqZcZshnm ne Jdx OkZrshb
OnkktsZms Lncdk Rxrsdlr ax Z Chrbqdsd LdsZk·Nwn Bktrsdq9 @
Bnlahmdc SgdnqdshbZk Zmc DwodqhldmsZk Rstcx- I- Ngxr- Bgdl- A
1.14) 018) 4157·4172-
’17( Ohrjtkhbg) Y- @-: Qnrdmyvdhf) Y-: Bth) P- Onkxrsxqdmd,Hmctbdc
CdgxcqZshnm ne Khohc LdlaqZmdr9 Hmrhfgsr eqnl @snlhrshb Rhlt,
kZshnmr- I- Ngxr- Bgdl- A 1.14) 018) 7613·7620-
’18( CtqZdr) @- C-: IhZn) D- K-: YgZmf) V- Deedbsr ne MZmnokZrshbr nm
Khohc LdlaqZmdr Zmc Uhbd UdqrZ9 Hmrhfgsr eqnl @kk,@snl LnkdbtkZq
CxmZlhbr RhltkZshnmr- I- Ngxr- Bgdl- A 1.14) 018) 2274·2284-
’2/( Adqd) J-: Sísg TfxnmjZ) G-: LhmneZq) A-: AZjj) A-: JnuÅbr) S-:
Ryn̋qh) L-: RyhkÅfxh) H-: Idcknuryjx) O- @crnqoshnm LdbgZmhrl ne Z
OdqektnqhmZsdc BZqanwxkhb @bhc nm BgZqfdc Onkxrsxqdmd RtqeZbdr hm
@ptZshb Dmuhqnmldms9 @ Bnlahmdc DwodqhldmsZk Zmc Bnlotsdq
RhltkZshnm HmudrshfZshnm- I- Ngxr- Bgdl- A 1.14) 018) 7133·7142-
’20( OZmbyxj) S-: Vnkrjh) O-: Mhdryonqdj) J- Rhyd,Cdodmcdms
HmsdqZbshnmr ne CdfqZcdc ODS MZmnoZqshbkdr vhsg GtlZm Rdqtl
@katlhm9 SgdqlncxmZlhb Zmc LnkdbtkZq Hmrhfgsr- I- Ngxr- Bgdl- A
1.14) 018) 3470·3483-
’21( NkhudhqZ) X- L-: Udqmhm) M- R-: YgZmf) X-: LZfhmm) D-: SZuZqdr)
E- V- HmsdqZbshnm Adsvddm Dmcnbqhmd Chrqtosnqr Zmc Onkxdsgxkdmd
MZmnokZrshb ax LnkdbtkZq CxmZlhbr RhltkZshnmr- I- Ngxr- Bgdl- A
1.13) 017) 1/34·1/41-
’22( CdsslZmm) K- E-: Jẗgm) N-: @gldc) @- @- BnZqrd,fqZhmdc
lnkdbtkZq cxmZlhbr rhltkZshnmr ne mZmnokZrshbr hmsdqZbshmf vhsg Z
gxcqnognahb dmuhqnmldms hm Zptdntr rnktshnm- QRB ;cu- 1.10) 00)
16623·16633-
’23( Mddrd) E-: Bnkhmds) O-: CdRntyZ) A-: Gdklhbg,OZqhr) A-:
Vdmmlngr) E-: Adbjdq) T- Sgd zAtaakdonkd“’ATON( Ldsgnc enq
KhmdZq,RbZkhmf Bntknla LZsqhw Bnmrsqtbshnm vhsg nq vhsgnts Cdmrhsx
Ehsshmf- I- Ngxr- Bgdl- ; 1.14) 018) 1507·1526-
’24( cd RntyZ) A- FN@S9 @ FknaZk NoshlhyZshnm @kfnqhsgl enq
Lnkdbtkdr Zmc @snlhb Bktrsdqr- ;mfdv- Bgdl-� Hms- Dc- 1.14) 53)
Mn- d1/14//282-
’25( Vhkrnm) R- Q-: Bth) V- @ookhbZshnmr ne rhltkZsdc ZmmdZkhmf sn
odoshcdr- AhnNnkxl- 088.) 18) 114·124-
’26( Vhkkd) K- Lhmhltl,dmdqfx bnmehftqZshnmr ne Zsnlhb bktrsdqr9
mdv qdrtksr nasZhmdc ax rhltkZsdc ZmmdZkhmf- Bgdl- Ngxr- Kdss- 0876)
022) 3/4·30/-
’27( Vhkrnm) R- Q-: Bth) V-: Lnrjnvhsy) I- V-: Rbglhcs) J- D-
BnmenqlZshnmZk @mZkxrhr ne Ekdwhakd Lnkdbtkdr9 KnbZshnm ne sgd
FknaZk Lhmhltl Dmdqfx BnmenqlZshnm ax sgd RhltkZsdc @mmdZkhmf
Ldsgnc- SdspWgdcpnm Kdss- 0877) 18) 3262·3265-
’28( GZn) F-,E-: Wt) V-,E-: XZmf) R-,F-: XZmf) F-,E- Ltkshokd
rhltkZsdc ZmmdZkhmf,lnkdbtkZq cxmZlhbr ’LR@,LC( enq bnmenqlZ,
shnmZk roZbd rdZqbg ne odoshcd Zmc lhmhoqnsdhm- Rbh- Qdo- 1.04) 4)
04457-
’3/( @lZqn) Q- D-: Åpuhrs) I-: AZgZq) H-: AZsshrshmh) E-: AdkkZhbgd) @-:
AdksqZm) C-: Ahffhm) O- B-: Anmnlh) L-: AnvlZm) F- Q-: Aqxbd) Q- @-:
ds Zk- Sgd mddc sn hlokdldms E@HQ oqhmbhokdr hm ahnlnkdbtkZq
rhltkZshnmr- MWs- Ldsgncr 1.14) 11) 530·534-
’30( Fghqhmfgdkkh) K- L-: AZkcZte) B-: AdqdZt) S-: AqnbjgZtrdq) R-:
BZqanfmn) B-: BgZlZmZqZ) I-: Bnyyhmh) R-: BtqsZqnkn) R-: CqZwk) B-:
CvZqZjmZsg) R-: ds Zk- RgZqdc ldsZcZsZ enq cZsZ,bdmsqhb lZsdqhZkr
rbhdmbd- Rbh- CWsW 1.12) 0.) 515-
’31( Adqdmcrdm) G- I-: uZm cdq Rondk) C-: uZm Cqtmdm) Q-
FQNL@BR9 @ ldrrZfd,oZrrhmf oZqZkkdk lnkdbtkZq cxmZlhbr
hlokdldmsZshnm- Bnlots- Ngxr- Bnlltm- 0884) 80) 32·45-
’32( UZm Cdq Rondk) C-: KhmcZgk) D-: Gdrr) A-: Fqndmgne) F-: LZqj)
@- D-: Adqdmcrdm) G- I- FQNL@BR9 eZrs) ekdwhakd) Zmc eqdd- I- Bnlots-
Bgdl- 1..4) 15) 06/0·0607-
’33( GtZmf) I-: LZbJdqdkk) @- C-) Iq- BG@QLL25 Zkk,Zsnl Zcchshud
oqnsdhm enqbd ehdkc9 UZkhcZshnm aZrdc nm bnloZqhrnm sn MLQ cZsZ- I-
Bnlots- Bgdl- 1.02) 23) 1024·1034-
’34( UZmnlldrkZdfgd) J-: GZsbgdq) D-: @bgZqxZ) B-: Jtmct) R-:
Ygnmf) R-: Rghl) I-: CZqhZm) D-: Ftudmbg) N-: Knodr) O-: Unqnaxnu) H-:
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ds Zk- BG@QLL fdmdqZk enqbd ehdkc9 @ enqbd ehdkc enq cqtf,khjd
lnkdbtkdr bnloZshakd vhsg sgd BG@QLL Zkk,Zsnl Zcchshud ahnknfhbZk
enqbd ehdkcr- I- Bnlots- Bgdl- 1.0.) 20) 560·58/-
’35( UZmnlldrkZdfgd) J-: QZlZm) D- O-: LZbJdqdkk) @- C-) Iq-
@tsnlZshnm ne sgd BG@QLL FdmdqZk Enqbd Ehdkc ’BFdmEE( HH9
Zrrhfmldms ne anmcdc oZqZldsdqr Zmc oZqshZk Zsnlhb bgZqfdr- I- Bgdl-
Hme- Lncdk- 1.01) 41) 2044·2057-
’36( UZmnlldrkZdfgd) J-: LZbJdqdkk) @- C-) Iq- @tsnlZshnm ne sgd
BG@QLL FdmdqZk Enqbd Ehdkc ’BFdmEE( H9 anmc odqbdoshnm Zmc
Zsnl sxohmf- I- Bgdl- Hme- Lncdk- 1.01) 41) 2033·2043-
’37( Fqhlld) R-: AZmmvZqsg) B-: Rgtrgjnu) O- @ Qnatrs Zmc
@bbtqZsd Shfgs,Ahmchmf PtZmstl BgdlhbZk Ldsgnc enq Rsqtbstqdr)
UhaqZshnmZk Eqdptdmbhdr) Zmc MnmbnuZkdms HmsdqZbshnmr ne KZqfd
LnkdbtkZq Rxrsdlr OZqZldsqhydc enq @kk roc,Aknbj Dkdldmsr ’Y < 0·
75(- I- Bgdl- Sgdnpx Bnlots- 1.06) 02) 0878·1//8-
’38( AZmmvZqsg) B-: Dgkdqs) R-: Fqhlld) R- FEM1,wSA�@m
@bbtqZsd Zmc AqnZckx OZqZldsqhydc Rdke,Bnmrhrsdms Shfgs,Ahmchmf
PtZmstl BgdlhbZk Ldsgnc vhsg Ltkshonkd DkdbsqnrsZshbr Zmc
Cdmrhsx,Cdodmcdms Chrodqrhnm Bnmsqhatshnmr- I- Bgdl- Sgdnpx
Bnlots- 1.08) 04) 0541·0560-
’4/( Adbjd) @- C- Cdmrhsx,etmbshnmZk dwbgZmfd,dmdqfx ZooqnwhlZ,
shnm vhsg bnqqdbs Zrxlosnshb adgZuhnq- Ngxr- Qdu- ; 0877) 27) 2/87·
20//-
’40( Odqcdv) I- O- Cdmrhsx,etmbshnmZk ZooqnwhlZshnm enq sgd
bnqqdkZshnm dmdqfx ne sgd hmgnlnfdmdntr dkdbsqnm fZr- Ngxr- Qdu- A
0875) 22) 7711·7713-
’41( Adbjd) @- C- Cdmrhsx,etmbshnmZk sgdqlnbgdlhrsqx- HHH- Sgd qnkd
ne dwZbs dwbgZmfd- I- Bgdl- Ngxr- 0882) 87) 4537·4541-
’42( Odqcdv) I- O-: Atqjd) J-: Dqmydqgne) L- FdmdqZkhydc FqZchdms
@ooqnwhlZshnm LZcd Rhlokd- Ngxr- Qdu- Kdss- 0885) 66) 2754·2757-
’43( @cZln) B-: AZqnmd) U- SnvZqc qdkhZakd cdmrhsx etmbshnmZk
ldsgncr vhsgnts ZcitrsZakd oZqZldsdqr9 Sgd OAD/ lncdk- I- Bgdl-
Ngxr- 0888) 00.) 5047·506/-
’44( BgZh) I-,C-: GdZc,Fnqcnm) L- Knmf,qZmfd bnqqdbsdc gxaqhc
cdmrhsx etmbshnmZkr vhsg cZlodc Zsnl·Zsnl chrodqrhnm bnqqdbshnmr-
Ngxr- Bgdl- Bgdl- Ngxr- 1..7) 0.) 5504·551/-
’45( Vdhfdmc) E-: @gkqhbgr) Q- AZkZmbdc aZrhr rdsr ne rokhs uZkdmbd)
sqhokd ydsZ uZkdmbd Zmc ptZcqtokd ydsZ uZkdmbd ptZkhsx enq G sn Qm9
Cdrhfm Zmc Zrrdrrldms ne ZbbtqZbx- Ngxr- Bgdl- Bgdl- Ngxr- 1..4) 6)
2186·22/4-
’46( Fqhlld) R-: Dgqkhbg) R-: Fndqhfj) K- Deedbs ne sgd cZlohmf
etmbshnm hm chrodqrhnm bnqqdbsdc cdmrhsx etmbshnmZk sgdnqx- I- Bnlots-
Bgdl- 1.00) 21) 0345·0354-
’47( Khm) X-,R-: Kh) F-,C-: LZn) R-,O-: BgZh) I-,C- Knmf,QZmfd
Bnqqdbsdc Gxaqhc Cdmrhsx EtmbshnmZkr vhsg Hloqnudc Chrodqrhnm
Bnqqdbshnmr- I- Bgdl- Sgdnpx Bnlots- 1.02) 8) 152·161-
’48( Fqhlld) R-: GZmrdm) @-: Dgkdqs) R-: Ldvdr) I-,L- q1RB@M,2b9
@ ̀̀Rvhrr Zqlx jmhed%% bnlonrhsd dkdbsqnmhb,rsqtbstqd ldsgnc- I- Bgdl-
Ngxr- 1.10) 043) Mn- /530/2-
’5/( Fnqfdr) I-: Aácnqe) A-: Fqhlld) R-: GZmrdm) @- Deehbhdms
bnlotsZshnm ne sgd hmsdqZbshnm dmdqfhdr ne udqx kZqfd mnm,bnuZkdmskx
antmc bnlokdwdr- Rxmkdss 1.12) 23) 0024·0035-
’50( Fqhlld) R-: AqZmcdmatqf) I- F-: AZmmvZqsg) B-: GZmrdm) @-
Bnmrhrsdms rsqtbstqdr Zmc hmsdqZbshnmr ax cdmrhsx etmbshnmZk sgdnqx
vhsg rlZkk Zsnlhb nqahsZk aZrhr rdsr- I- Bgdl- Ngxr- 1.04) 032)
Mn- /430/6-
’51( Mddrd) E- RnesvZqd TocZsd9 Sgd NQB@ OqnfqZl Rxrsdl�
Udqrhnm 5-/- Uhkdx Hmsdpchrbho- Qdu- Bnlots- Lnk- Rbh- 1.14) 04)
Mn- d6//08-
’52( Cqxrbg) J-: CZvdq) X-: YZax) O-: Atbglẗkkdq) J-: Chbj) K-:
Ltsydk) O-: Gnkkíbyjh) N-: Jhqbgmdq) A- LZjqnKxydq9 @ fqZog,aZrdc
rnesvZqd sn bnla sgqntfg lnkdbtkZq gZhqaZkkr Zs sgd dwZlokd ne
mZmnokZrshbr- I- Ngxr- Bgdl- A 1.14) 018) 01886·02//7-
’53( UZrrZtw) L-: VZm) R-: Dcdkhmf) V-: Bnudmdx) O- U- Dmrdlakdr
Zqd qdpthqdc sn gZmckd ZkdZsnqhb Zmc oZqZldsqhb tmbdqsZhmsx hm
lnkdbtkZq cxmZlhbr rhltkZshnm- I- Bgdl- Sgdnpx Bnlots-g 1.10) 06)
4076·4086-
’54( AgZsh) @- O-: VZm) R-: Vqhfgs) C- V-: Bnudmdx) O- U- QZohc)
ZbbtqZsd) oqdbhrd) Zmc qdkhZakd qdkZshud eqdd dmdqfx oqdchbshnm trhmf

dmrdlakd aZrdc sgdqlncxmZlhb hmsdfqZshnm- I- Bgdl- Sgdnpx
Bnlots-g 1.06) 02) 10/·111-
’55( Rbglhc) E- TmcdqrsZmchmf Zmc lncdkhmf onkxldqr9 Sgd
bgZkkdmfd ne ltkshokd rbZkdr- ;BR Nnkxldpr ;t 1.12) 2) 17·47-
’56( LZqsémdy) K-: @mcqZcd) Q-: Ahqfhm) D- F-: LZqsémdy) I- L-
O@BJLNK9 Z oZbjZfd enq athkchmf hmhshZk bnmehftqZshnmr enq
lnkdbtkZq cxmZlhbr rhltkZshnmr- I- Bnlots- Bgdl- 1..8) 2.) 1046·
1053-
’57( Dgqdmrsdhm) F- Nnkxldp,Udpirsnyd9 Rsptistp,DhfdmrbgWesdm,

;mvdmctmf) 1mc Dc-: GZmrdq9 Ltmhbg) FdqlZmx) 0888-
’58( @ffZqvZk) R- K-: Rvddshmf) N- I- Onkxdsgxkdmd9 oqdoZqZshnm)
rsqtbstqd) Zmc oqnodqshdr- Bgdl- Qdu- 0846) 46) 554·631-
’6/( UdmdyhZ) D-: BnqqdZ) @-: Dronrhsn) Q-: LtmZn)̀ F-: MhbnkZ) @- C-:
LhkZmn) F- LnkdbtkZq Lncdkr ne MZmnokZrshbr eqnl Rdlh,BqxrsZkkhmd
Onkxdsgxkdmd- LWbpnlnkdbtkdr 1.14) 47) 2008·2023-
’60( FnnclZm) I- L- VgZs hr sgd knmfdrs tmaqZmbgdc ZkjZmd vhsg Z
khmdZq fknaZk lhmhltl bnmenqlZshnm= I- Bgdl- Hme- Bnlots- Rbh- 0886)
26) 765·767-
’61( Axqc) I- M-: AZqskdss) Q- I-: Lnmsfnldqx) I- @-) Iq @s vgZs bgZhm
kdmfsg cn tmaqZmbgdc ZkjZmdr oqdedq enkcdc bnmenqlZshnmr= I- Ngxr-
Bgdl- ; 1.03) 007) 06/5·0601-
’62( KẗssrbgvZfdq) M- N-: Rtgl) L- @- Rsqdsbghmf Zmc enkchmf ne 1,
mZmnldsdq gxcqnbZqanm qncr- Rnes LWssdp 1.03) 0.) 3774·38/0-
’63( Aqẗbjmdq) R-: @kkdfqZ) F-: BnqqZchmh) O- Gdkhw hmudqrhnmr hm
onkxoqnoxkdmd Zmc onkxrsxqdmd- LWbpnlnkdbtkdr 1..1) 24) 2817·2825-
’64( Vdmcnknrjh) I-: FZqcmdq) J-: Ghqrbghmfdq) I-: LhtqZ) G-: Dmfkhrg)
@- LnkdbtkZq cxmZlhbr hm nqcdqdc rsqtbstqdr9 bnlotsdq rhltkZshnm
Zmc dwodqhldmsZk qdrtksr enq mxknm 55 bqxrsZkr- Rbhdmbd 088.) 136)
320·325-
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ABSTRACT: To understand nanoplastics through modeling, e.g.,
to assess their toxicity and environmental impact, reliable starting
structures are required. In this study, we present a new approach to
generate nanoplastic particles from classical molecular dynamics
simulations. Starting with the initial aggregation of monomer units
and allowing for their subsequent growth into polymer strands
yields stable aggregates with polymers of diverse length, avoiding
the need to define the number of polymer units with a set length a
priori. The generated particles are compared to existing model
nanoplastics and show agreement in terms of structural character-
istics and energetics. The novel approach is computationally
efficient and allows for a greater diversity of structures than
approaches with predefined chain lengths.

Nanoplastics (NPs) are widespread across the environ-
ment, and can be found in soil, water, and the

atmosphere, both in urban and remote areas,1−6 originating
from, e.g., the abrasion of car tires, mechanical wear of clothing
or originating from biological, chemical, or physical degrada-
tion of plastic waste.7−9 An increasing number of studies show
that NPs are found across the food chain10,11 as they have been
detected in plants, animals, and also humans.5,8,12 These
nanoparticles can cross biological barriers,13,14 allowing them
to enter many tissues, making research on their toxicity
essential.1,5,15−17 Previous theoretical and experimental studies
have shown that nanoplastics exhibit bioactivity toward
proteins,18−21 interact with antibiotics other drugs,22,23 and
potentially alter the structure of DNA.24,25 Besides the
bioactivity, NPs also interact with other materials, forming
an eco-corona through heteroaggregation.26,27

In revealing the effects above, theoretical calculations and
molecular modeling played an important role, in many cases
leading the way to experiments, or provided a molecular
insight into reveal the origin of toxicity of NPs. Thus, theory
and simulations became an indispensable tools in uncovering
and mitigating the environmental and health effects of these
pollutants. However, the diversity and complexity of the
physical, chemical, and biological processes that yield NPs
leads to an immense variety among NPs, hence if their effects
are to be understood, this diversity needs to be taken into
account.28 Thus, similarly to experiments, theoretical calcu-
lations aiming at modeling the underlying physicochemical
effects must also consider various NP structures.29

In generating plastic nanoparticle models� often relying on
atomistic or coarse-grained force fields30−33 � one possibility
is using simulated annealing.30,34,35 In this setup, polymer

strands with predefined length are heated up to a high
temperature, ensuring sufficient movement and rearrangement
of the polymer strands to explore their conformational space.
Subsequently, a cooling protocol is started to decrease the
population of high-energy conformations. In principle, the
global minimum on the potential energy surface (PES), i.e., the
most stable NP conformer, can be found with an infinitely slow
cooling. To compensate for the limits in simulation time,
multiple runs should be performed to ensure finding low-
energy NP structures.22,35 Programs such as Polymer Builder,36

or pyPolyBuilder,37 which enable users to create complex
polymer systems, are also possible choices for producing NPs.
Other studies define semicrystalline fragments using a “crystal
seed”, around which further polymer chains can aggregate.38

A shared conceptual limitation of all previous studies,
however, is that the degree of polymerization (i.e., the number
of monomer units per macromolecule) and the total number of
polymer molecules that comprise a NP are defined beforehand,
which � albeit can produce useful molecular level information
� fails to represent the aforementioned diversity of NPs. This
constraint limits the accessible set of possible NP config-
urations in three ways. First, the degree of polymerization
directly determines the number of its rotatable bonds.
Compared to short polymer strands, longer polymers have a
much larger conformational space and tend to form more
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entangled arrangements with neighboring strands. This results
in a more complex PES, substantially increasing the sampling
effort required to obtain a set of energetically stable NPs.
Second, with a given length, the ratio of end-groups to
monomer units is defined. For polymers such as nylon-66
(N66), these end-groups are functional groups and engage in
hydrogen bonding and proton transfer reactions, which may
directly influence the local polymer packing and arrangement,
as well as the surface charge. When only short chains are
considered for aggregation, the density of terminal groups in an
NP is particularly high, impacting the particle’s internal
crystallinity. Third, in most approaches, in which the user
has to define the macromolecule that is used to generate the
particle, ring structures are often ignored, which could
otherwise have an impact on the structure through packing
effects or the lack of end groups.
A possible way to mitigate the shortcomings above is to start

creating the NP from monomers and polymerize them in the
process, which would allow the development of varying chain
lengths. Approaches for simulating reactions in comparatively
large systems already exist, such as reactive force fields like
ReaxFF39 and template-based methodologies, like REAC-
TER,40 implemented in LAMMPS. Since reactive force fields
encode the reactivity directly into the potential, enabling bonds
to “naturally” break and form, they are computationally
demanding and require specialized parametrizations. REAC-
TER,40 by contrast, operates on conventional, nonreactive
force fields and can in principle be used to simulate
polymerization processes and generate polymers without
prescribing chain lengths. However, this method requires the
construction of explicit reaction templates for each reaction
pathway.
Here, we introduce a novel approach for generating NP

models, where number and lengths of the polymer strands that
form the particle are not predefined. Demonstrated for N66,
the created NPs are solely determined by the total number of
monomers (Nmono), with the number of macromolecules as
well as the degree of polymerization being allowed to vary, as
determined by the simulation. N66 is composed of two
components, hexamethylenediamine (H2N(CH2)6NH2) and
adipic acid (HOOC(CH2)4COOH). For simplicity, in this
work we will refer to monomers, defined as the repeating unit

resulting from the condensation of one hexamethylenediamine
unit and one adipic acid unit, i.e., HOOC(CH2)4CONH-
(CH2)6NH2 (Figure 1). The generated NP structures are in
the size range of Nmono = 70−130.
Generating the NPs follows a three-step procedure. Initially,

individual monomer units are randomly placed within a
simulation box, see Figure 1A1. A preliminary aggregation of
the individual units into a single particle is driven by van der
Waals interactions and the formation of a hydrogen bond
network through a 0.5 ns simulation run at 400 K. The
elevated temperature allows for sufficient movement and
orientational freedom of the monomers. To achieve an
arrangement of the monomers resembling that in a polymer,
terminal groups (carboxyl − OH group and one of the amino
hydrogen atoms) are treated as “naked atoms” (Figure 1A2,
yellow), i.e., selectively switching off the LJ interactions
between the −OH and the terminal −(CH2)3NH2 group
(Figure 1A2, blue). This allows the terminal carbon and
nitrogen atoms to come into close proximity, while the
emerging structure within the particle is governed solely by
partial intermolecular monomer−monomer interactions, ex-
cluding terminal groups.
After the initial run, a polymerization procedure is

performed, in which the monomers are allowed to connect
to form macromolecules: through a simulation at 400 K over 5
ns, LJ interactions between spatially close carboxyl carbon and
nitrogen atoms are reset in a manner that they can mimic
covalent N−C bonds (Figure 1B1/2) with an equilibrium
bond length of 1.31 Å (Figure 1B1). The newly formed amide
bond should assume a trans conformation, as seen in
experiments. To achieve this goal without needing to redo
the topology of the molecule, we also adjusted the N···O, C···
H and H···O Lennard-Jones parameters within the amide unit
to mimic reasonable conformation distances (N···O = 2.27 Å,
C···H = 2.08 Å, and H···O = 4.27 Å), as shown in Figure 1-B1.
Subsequently, using MakroLyzer,41 “naked atoms” are
discarded wherever a new bond is formed (N−C distance
below or equal to a cutoff value of 1.69 Å), resulting in an NP
consisting of polymer strands of varying length. The cutoff
value was obtained by multiplying the sum of the covalent radii
of N and C by a factor of 1.15, making sure bond vibrations are
considered. For the final simulation run, the bonding and

Figure 1. Workflow to generate NPs. A1) Initial simulation box containing monomer units. A2) Interaction restrictions during the initial
aggregation. B1) Equilibrium distances during the polymerization run enforced through Lennard-Jones parameters. B2) Interaction restrictions
during the polymerization simulation run. Note that the only difference to A2) is the activated LJ interaction between the atoms connected via the
green arrow. C) Relaxation run and final N66 NP, with two highlighted polymer strands. (color code: carbon = orange; oxygen = red; nitrogen =
blue; hydrogen = white).
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nonbonding interactions within the force field were newly
defined, describing the new amide unit through bonding terms.
Consequently, all N−C pairs, with distances lower than or
equal to the cutoff value, are treated as bonded in the
relaxation run. At a temperature of 300 K, the particles were
relaxed over 5 ns, with a subsequent energy minimization.
Further technical details of the protocol, which were not the
subject of the present development.
To test the described ansatz, six kinds of systems were

constructed (Table 1), with 50 replica systems for each. Each

replica system was constructed by placing initial minimal units
randomly into a simulation box. For the first three groups of
starting structures, configurations containing 70, 99, and 130
monomer units (labeled as M70, M99, and M130,
respectively), were chosen. As intended, through the
simulation, polymerization of the monomers spontaneously
occurred, and a compact particle composed of macromolecules
with very diverse degree of polymerization was formed. Some
of the polymers emerging from our approach are so large that
they span across the particle. Furthermore, ring structures were
also observed in the final particles, with sizes as low as two
monomer units and up to 47 for a M130 system. An example
for the obtained NPs can be seen in Figure 1C of the M70 set
of configurations, with two macromolecules, a ring and a linear
chain highlighted.
To test what impact the length of the initial building blocks

has on the resulting structure, we performed the procedure
described above using dimers instead of monomers as starting
molecules, labeled as D70, D99 and D130. To maintain
comparability, the number of monomer units in these systems
was identical to systems M70, M99, and M130, respectively,
which meant an additional monomer unit for system D99. The
final NP particles are compared in terms of geometry and
energy to those from our previous study, where N66 particles
were generated using 11 polymer strands, consisting of nine
monomer units each.35 As discussed in detail in the Supporting
Information, the hereby obtained structures are found to be
similar in terms of relative energy compared to the earlier
structures, while being spread through a larger range.
No quantitative trend in energy can be identified comparing

the M-systems to the D-systems. However, structural differ-
ences between the sets of configurations are observed. Figure 2
depicts the frequency of the monomers per macromolecule as
well as the number of macromolecules found in each NP, for
the M70 and the D70-systems. The results obtained for the
other M- and D-systems are shown in the Supporting
Information, where similar trends were observed. The majority

of rings that were formed during the simulations consist of
fewer than ten monomers, and fewer rings were formed when
starting from dimers. The largest proportion of rings contain
two and four monomers per ring in M- and D-systems,
respectively. Chains show a wider distribution, with the most
common lengths being between five and ten, being longer in
the case of the D-systems.
We use the Herfindahl−Hirschman Index (HHI)42 to

characterize the composition of our plastic particles. The
HHI is frequently used in macroeconomics to calculate how
equal the portion of the market that each company controls is,
quantifying the difference between monopoly and competitive
markets. Adapting it to the nanoparticles in our systems
through
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where N describes the total number of macromolecules formed
in a specific NP, whereas xi and xj are the number of
monomers in the ith and jth macromolecule, respectively, allows
quantifying the structures along a scale between two extremes:
an NP composed of a single, long molecule (HHI = 1), or an
NP formed as a mere cluster of monomers (HHI =
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). Table 2 shows the statistical distribution of HHI for

each kind of system, including the reference structures.35

The reference NPs consist of 11 strands, each of which is
made up of nine monomers, resulting in an HHI of 0.09. The
minimum HHI values for all of our systems are larger than
those of the reference, indicating the formation of compara-
tively large strands, which supports the observed distribution in
the top row of Figure 2. When comparing the different
systems, we observe that the mean and median HHI values
decrease as the number of monomers increases. This suggests
that a single dominating polymer molecule is more unlikely to
form when moving toward larger systems. All mean and
median HHI values are smaller than 0.40. Thus, we do not find
large monopolization in our systems, which means that our

Table 1. System Name, Number of Used Monomer Units
Nmono, Number of Initial Minimal Units Nunit and the Box
Length l of the Systems Studieda

System Nmono Nunits l/Å replicas

M70 70 70 80 50
M99 99 99 90 50
M130 130 130 100 50
D70 70 35 80 50
D99 99 49.5 90 50
D130 130 65 100 50

aThe simulations of D70, D99 and D130 were started from dimer
units. In the case of the D99 systems 49 dimer units and one
monomer unit were used.

Figure 2. Comparing the final NP structures from M70- and D70-
sets. Top: Occurrences of the number of monomers per strand.
Bottom: NP structures sorted by the number of polymer strands
forming the NPs. The polymer strand counts are divided into their
polymer chain and polymer ring contributions.
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particles are, on average, built of multiple small-to-medium
sized macromolecules. For all systems, the median HHI is
slightly smaller than or equal to the mean values, indicating
that the indices for the particles in the respective systems are
mostly concentrated around the mean and median values with
a few outliers to larger values.
The structure of the resulting particles is of key importance,

since the arrangement of molecules, especially on their surface,
determines their interaction with their environment in the
modeling studies they are intended for. We calculated six
properties for the obtained NPs with our analysis program
MakroLyzer,41 as shown in Figure 3. Among the properties, the
number of hydrogen bonds, NHB, is an important feature for
the hereby investigated polymer, as this interaction dominates
also the crystal structure of bulk N66. Next to the amide
moieties, the terminal −COOH and −NH2 groups may be
involved in this interplay. To ensure comparability between the
results for the different NPs, the terminal groups were not
included into the hydrogen bond analysis. The presence of a
hydrogen bond was calculated by using geometric criteria,
defining <3.5 Å for the N···O distance, <2.5 Å for the H···O
and distance, and a cutoff angle of <30° for the angle enclosed
by the N−H vector and the H···O vector.
The radius of gyration quantifies the extent of the particle in

space; i.e., it can give an estimate of the overall compactness.

NHB was normalized by the total mass of the respective particle
mtot to ensure compatibility between the particles of differing
size. The anisotropy factor as well as the asphericity parameter
are defined by the eigenvalues of the gyration tensor.43 These
two parameters measure the uniformity of the particle and its
similarity to a perfect sphere, respectively, thereby describing
its overall shape. The order parameter is obtained as the largest
eigenvalue of the Q-tensor, an orientational order parameter
often used to determine order in liquid crystals.44 This
quantity leverages the distance between two atoms to form a
“molecular” vector. The gauche ratio refers to the share of
neighboring C−C−C−C quadruplets that are in a gauche
conformation (as opposed to trans), based on the dihedral
angles along the backbone of each polymer strand. More
information regarding the analyses is given in the Supporting
Information.
Both RG and NHB increase for larger plastics, while the NHB/

mtot ratio shows very similar trends for all NPs studied. For RG,
there is a slight increase for the D system compared to the M
systems, while no significant variations are observed when
comparing the number of hydrogen bonds obtained from
systems of equal size.
Due to the lack of an interacting medium, the atoms can

only partake in stabilizing interactions within the particle,
leaving the surface a high energy domain. Thus, minimizing the
surface-to-volume ratio is a driving force for the formation of
compact particles. Since a sphere has the lowest possible
surface-to-volume ratio, the most energetically stable structures
should exhibit rather low values for the anisotropy factor and
the asphericity parameter. On the other hand, a close and
efficient packing of the atoms within the NP can strengthen the
individual interactions, even if it requires sacrificing sphericity.
Interestingly, the shape of the particles is apparently

influenced by variations in the size of the starting units. For
the NPs containing 99 or 130 monomers, the anisotropy factor
and the asphericity parameter are significantly larger for the D-
systems than for the M-systems. Although to a smaller extent,

Table 2. Mean HHI, Its Standard Deviation as Well as the
Median, Minimum and Maximum HHI Values for Each
Particle, Including the Reference (“ref”)35

system mean ± std median min max

ref. 0.09 ± 0.00 0.09 0.09 0.09
M70 0.32 ± 0.14 0.29 0.13 0.84
M99 0.30 ± 0.14 0.27 0.10 0.85
M130 0.18 ± 0.05 0.18 0.10 0.34
D70 0.36 ± 0.12 0.35 0.17 0.80
D99 0.24 ± 0.09 0.22 0.13 0.62
D130 0.20 ± 0.07 0.19 0.11 0.44

Figure 3. Relative probability of different structural properties for the six investigated systems. For the calculation of the hydrogen bonds, a donor−
acceptor cutoff of 3.5 Å, a hydrogen-atom-acceptor cutoff of 2.5 Å, and an angle cutoff of 30° was used. End-group oxygen and nitrogen atoms were
not considered as acceptor or donor atoms. For the order parameter determination, boxes of 10 × 10 × 10 Å3 were constructed and molecular
vectors of size 3 were used. Detailed information about the structure parameters is provided in the Supporting Information.
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the opposite trend is shown by the smallest considered systems
(D70 > M70).
Generally, for all systems of the same size, the gauche ratio is

larger for the M-systems compared to the D-systems. The
order parameter decreases with increasing system size, being
slightly larger for the D99 and D130 systems. The small gauche
ratios and large order parameters found for the D-systems
indicate more crystalline particle structures compared to their
M counterparts.
Figure 4 shows the spread of the same six structure

parameters over all systems investigated in this study compared

to the reference structures. Nchains corresponds to the number
of chain-like macromolecules in a NP, thus ring polymers are
not included into this count. All properties are shown in
dependence of the Nchains to Nmono ratio, since the number of
chains is proportional to the number of end-groups in the
corresponding system and thus, as discussed above, may
influence the characteristics of a NP. For RG and NHB only the
results for the systems M99, D99, and the reference are shown
to maximize comparability.
RG, NHB, the anisotropy factor and the asphericity parameter,

calculated for the newly generated structures, cover a similar
range compared to the reference structures, while the order
parameter and gauche ratio deviate. Note that the end-group
oxygen and nitrogen atoms were excluded as hydrogen bond
acceptors/donors, to ensure comparability between particles
containing the same number of monomers but different
numbers of end-groups. Since RG, the asphericity parameter,
and the anisotropy factor are all measures of the spatial
extension or uniformity, the particles in the reference system
and our systems appear to be similar in shape. Interestingly,
the gauche ratio is much smaller for our systems than for the
reference systems, while the order parameter is slightly higher
on average. As previously mentioned, the N−C bonds formed
in the process here are oriented into trans configurations

during the initial polymerization simulations. During the
relaxation phase of the simulation, the bonds may rearrange
again, but a bias toward more trans conformations cannot be
ruled out.
However, this conformation at the amide groups closely

resembles the crystal structure of N66, and their prevalence
can be, therefore, considered realistic, indicating a well-aligned
cluster of polymer strands. Density estimates for the particles
can be found in the Supporting Information. These values are
in good agreement with the experimental densities, indicating
that the particles generated by our approach are physically
reasonable. While our method slightly underestimates the
particle density, this discrepancy is probably due to the density
estimation procedure employed in the model. All discussed
structural properties were additionally recorded during the
relaxation run for each simulation (see the Supporting
Information), and they show only a slight variation during
the relaxation simulation. This finding indicates that all main
structural arrangements occur during the aggregation and
polymerization runs.
In summary, we successfully generated NPs using a novel

approach, which allows for the stepwise aggregation and
subsequent polymerization of monomer units. The number
and lengths of polymer chains are treated as variables, which
allows for great diversity in the structures. This diversity is a
cornerstone of NP research, and the ability to generate an array
of geometries within a single setup can be an asset in
discovering what the effects of this structural heterogeneity on
the environment and human health can be. The generated NPs
were compared using their individual Nchain to Nmono ratio to
allow for size-independent comparison of the particles.
Energetically and structurally, the formed particles cover a
wide range. In the context of comparing the novel particles to
reference structures, the NPs obtained using the new approach
are similar in terms of energy and structure. However, an
overall higher order parameter is observed together with a
reduction in the gauche ratio in the backbone of the polymer,
indicating a higher crystallinity within the NPs. Interestingly,
using dimers as starting units also impacts the NP structure,
leading to more ordered particles, overall longer polymer
strands and a reduced polymer ring formation. The approach is
computationally efficient and can be used as a foundation for
further structural refinements based on other methods, as well
as for the future modeling of functionalized NPs.
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