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Some indroductive notes

The nanomaterials (10°m) is a special physical phenomen of particles, plates, tubes, roads etc.
of the material structures which physical properties are essentially different respectively to the
conventional physical materials.

The scale of our consideration can be illustrated as following: let a pen that we are using be 10
cm long (10x102m) and a nanotube of 10nm long (10x10°m). Hence the ratio of their
dimensions is 10" . That is the scaling ratio between theese objects is the same as between our
pen and a line of 10°m=1000 km long.

THE EXAMPLES OF NANO OBJECTS AND NANO STRUCTURES
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Fig.1 Nanoparticles

Fig.2 Nanotubes / nanoroads
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Fig.7° Fig.7b
Micro-photography (transmission electron microscopy) of single wall carbon nanotubes twisted
in gas phase in rings (Fig.7) ordinally laid out from the gas phase in an alternating electric field

of 100 kHz (scanning electron microscopy) (Fig.7a).

Fig.8° ) Fig.8b
Micro-photography (transmission electron microscopy) of single wall carbon nanotubes
collected after synt reactor (Fig.8a) and afret the procedure of charged particles elimination
(Fig.8b). Arrows indicate the individual single wall carbon nanotubes.

Diamond anvil cell, DAC - a unique instrument for studying matter at
ultrahigh pressures

electromagnetic radiation
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NANO-OBJECTS DIMENSIONAL CLASSIFICATION

The following table classifies the nano-objects, by dimensions.

Type nano objects
zero-dimensional particles, powder
one-dimensional nanoroads, hanotubes
two-dimensional nanoplates, layered structures

Educts (starting materials): atoms, molecules.

NANOPARTICLES — NANOCOMPOSITES

Fig.9 Electron micrograph of zirconia, ZrO, powder. A very narrow distribution of grain
sizes is characteristic of this material. In many cases, this is predicated as important, because
the properties of nanomaterials depend on the grain size.

- P L T

Fig. 10 Two extremely different types of nanoparticulate Fe,0; powder

(a) Industrially produced nanomaterial with (b) Nanoparticulate powder consisting of
broad particle size distribution, typically of clusters of amorphous particles with sizes
application as pigments or UV-protection. around 3 nm. Catalysis is the most important

field of application with extremely high
surface.
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Fig. 11 Three basic types of nanocomposites.

(a) Composite consisting of zero-dimensional particles in a matrix. In the ideal case, the

individual particles are not touching each other.

(b) One-dimensional nanocomposite consisting of nanotubes or nanorods distributed in a

second, in general, polymer matrix.
(c) Two-dimensional nanocomposite consisting of platelets embedded in a second matrix.

/

Fig. 12 Typical examples of ordered nanocom-  Fig. 13 In the case of one- or two

posites. In the case of a zero dimensional filler ~ dimensional fillers, in general, the particles
it is necessary that the particles are more or have different size; however, they are

less equal in size; oriented in parallel.

CORE-SHELL PARTICLES

Core
Property |

Coating 1
Property Il

Coating 2
Property Il

Fig. 11 Typical design of a core—shell nanocomposite particle. The properties of the core and
coating 1 are, in most cases, selected to the demand of the physics (e.g., magnetic and
luminescence); the second coating is selected in view of the interaction with the surrounding
medium (e.g., hydrophilic or hydrophobic).



ELEMENTARY CONSEQUENCES OF SMALL PARTICLE SIZE

New physical properties of nano material compositions are determined by a qualitative leap:
the transition of the material structures of the 3-dimensional structures in two-dimensional,
one-dimensional or zero-dimensional.

The lotus effect

As an example of a macroscopically observable phenomenon caused by nanostructures, the
Lotus effect will be explained. It is well known that the leaves of the Lotus plant are always
clean. This is caused by the fact that the lotus leaf can not be moistened, it is hydrophobic, each
drop of water flows immediately off the leaf, picking up any dust, which is, in general,
hydrophilic.

The Lotus effect is caused by an apparent increase of the contact angle between water and a
solid surface. The undisturbed situation is depicted in Figures 7-8 here below.

gas

solid Substrate
Fig.7 Equilibrium of surface stresses at a Fig.8 Contact situation in the case of the Lotus
contact between a solid and a liquid. effect. Due to the corrugated surface, one has

the impression of a huge contact angle a.
However, looking at the points of contact of
the individual particles, it is obvious that there
is nothing special there, one finds the
standard values.

The contact angle, in the case of a water/solid interface, at a maximum of 110° is a result of the
equilibrium of the surface stresses.

O,y — 0, =0}, COS
where O describe the surface stresses at the interface between the solid and the gas phase,

O, the surface stress between the solid and the liquid phase, 0z the one between liquid and

the gas pas phase, and a is the contact angle.



The nanoparticles surface

Assuming spherical particles with the diameter d, the surface area a of one
particle is given by

a = md*.
The volume v of this particle is
T
v="4d
6
The surface/volume ratio R
6
R=2=-2
v d

This ratio is inversely proportional to the particle size. The surface A per mol,
a quantity important in thermodynamics, is

A=na= M3Ed2=6—M,
nd pd
p—
6

with n the number of particles per mol, M the molecular weight, and p the
density of the particles.
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Fig. 9 Theoretical dependency of the specific surface area of the particle diameter. Due
to the agglomeration of the particles, experimentally these values are not realized.



Thermal Instability

Thermal energy uy, of an isolated particle is given by
Uy =kT,
with k the Boltzmann constant and T the temperature.
Assuming an energy that depends on the volume of the particle u(v). The
system is no longer stable, it fluctuates, if the condition
u(v)<kT
is fulfilled.
A simple example: The energy necessary to lift a particle with the density p
the elevation x.

u(v) = pux.
This particle moves around thermally and jumps up to a height x, if the
condition
v
pvx <kT or Té%x
is fulfilled.

Schematically, this situation can be illustrated as follows:

kT
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Ul evel 2 — ULevel 1 = kT

Level 2 —

Level 1

Schematic visualization of thermal fluctuation. In this case, the thermal energy is larger than
the energy difference between level 1 and level 2.
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Scaling Law of Diffusion

Mathematically, diffusion is described by the two laws of Fick, a set of two partial differential

equations. The solution, important for the considerations connected to nanoparticles says:
{x)? =< Dt.

The brackets ( ) stand for the mean value of an ensemble; the quantity x stands for the

diffusion path; therefore, (x)2 is the mean square of the diffusion path, D is the diffusion

coefficient and t the time. Generally, the diffusion coefficient depends exponentially on the

De< exp{—i],

temperature,

kT
which means that the diffusion will get faster with increasing temperature. The quantity q is the
activation energy.

This scaling law for diffusion has dramatic consequences when applied to nanomaterials. As an
example, the homogenization time necessary in the case of conventional and nanomaterials are
compared. Conventional materials usually have grain sizes of around 10um. It is well known
that at elevated temperatures, these materials need homogenization times in the range of
many hours.

Looking at materials with grain sizes around 10nm, which is 107 of the conventional grain size,
according to the scaling law of diffusion, the time for homogenization is reduced by a factor of
(10%)? =10°. This means that the homogenization time of hours, for conventional materials, is
reduced to milliseconds; for nanomaterials. Lastly, this says that homogenization is virtually
instantaneous.

This phenomenon is often called “instantaneous alloying”.

One may also say: Each thermally activated reaction will happen nearly instantaneously.

Therefore, it is not possible to produce non-equilibrium systems of nanomaterials, well known
for conventional materials, at elevated temperatures.

11



The measurement techniques

Atomic Force Microscopy

X-ray absorption Spectroscopy

X- Ray Diffraction

Small Angle X-Ray Scattering
Scanning Tunneling Microscopy
Transmission Electron Microscopy
Capacitance Spectroscopy
Polarization Spectroscopy

. Auger Electron Spectroscopy
10.Raman Spectroscopy

11. Small Angle Neutron Scattering

12. Scanning Electron Microscopy
13.Cyclic Voltammetry

14.Linear Sweep Voltammetry
15.Nuclear Magnetic Resonance
16.Mdssbauer Spectroscopy

17.Fourier Transform Infrared Spectroscopy
18. Photoluminescence Spectroscopy
19. Electroluminescence Spectroscopy
20. Differential Scanning Calorimetry
21.Secondary lon Mass Spectrometry
22.Cathodoluminescence Spectroscopy
23.Electron Energy Loss Spectroscopy
24.Energy Dispersive X-Ray Spectroscopy
25.Four point probe and I-V technique
26.X-Ray Photoelectron Spectroscopy
27.Scanning Near-field Optical Microscopy
28. Single-molecule Spectroscopy
29.Neutron Diffraction

30. Interference Microscopy

31.Laser Interferometry

©OoNOOOA~WNE
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1. Atomic Force Microscopy

The probe is placed on the end of a cantilever (which one can think of as a spring). The amount
of force between the probe and s is dependant on the spring constant (stiffness of the
cantilever and the distance between th probe and the sample surface. This force can be
described using Hooke’s Law:

F=-k-x
F = Force
k = spring constant =
x = cantilever deflection
Spring N ——
Tip

Figure 1. a) Spring depiction of cantilever
b) SEM image of triangular SPM cantilever
with probe (tip). (Image from MikroMasch)

In reality, the motion of the probe across the surface is controlled using feedback loop and

piezoelectronic scanners.
Feedback Laser
Electronics
\ /

/... ...\ .

Cantilevar

- / with Probe
—n - 1
SOyt (ampetiens | s

Figure 2. Schematic of AFM instrument showing “beam bounce” method of detection using a
laser and position sensitive photodiode detector.
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What types of forces are measured? The dominant interactions at short probe-sample distances in the
AFM are Van der Waals (VdW) interactions. However long-range interactions (i.e. capillary, electrostatic,
magnetic) are significant further away from the surface. These are important in other SPM methods of
analysis. During contact with the sample, the probe predominately experiences repulsive

Van der Waals forces (contact mode). This leads to the tip deflection described previously. As the tip
moves further away from the surface attractive Van der Waals forces are dominant (non-contact mode).

Tapping repulsive force
Force Mode f
_—
< I
-

Probe-Sample Separation

< ,
‘
Contact Mon-Contact
Mode Mode  afractive force

Figure 3. Plot of force as a function of probe-sample separation.
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2. X-ray absorption Spectroscopy

A hudge variants of specific applications.

Some typical examples & principles

XANES and EXAFS
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Extended
X-ray
Absorption
Fine
Structure

from~ 60 eV
to 1200 eV
above the edge

Origin of the fine structure (oscillations)

The interference between the outgoing and the scattering part of the
photoelectron at the absorbing atom changes the probability for an absorption
of X-rays i.e. alters the absorption coefficient u(E) that is no longer smooth as in
isolated atoms, but oscillates.

The phase relationship between outgoing and incoming waves depends on photoelectron
wavelength (and so on the energy of X-rays) and interatomic distance R.

The amplitude is determined by the number and type of neighbours since they determine
how strongly the photoelectron will be scattered

Frequency of the oscillations === Distance of neighbours

Amplitude of the oscillations === Number and type of neighbours

15



EXAFS signal formula

s _oT. /AL —2k2g2
NjSéfjlk)e ZRJ’AI““E %

x(k)=)"

J

.\ Sscattering
f (A) amplitude

/R Distance to the neighbouring atom

N
52

Amplitudes

The shape of the envelope of each wave is indicative
of the nature of backscatterer atom

scattering properties of the atoms
neighbouring the photoabsorber (depend

0; (k) phase-shift) onthe atomic number)

Disorder in the neighbour distance

sin[2kR; + d;(k)]

Coordination number of the neighbouring atom

123
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Frequencies

The frequency of the single wave, for the same atomic pair, is indicative
of the distance of the backscatterer atom (the lower the frequency the

closer the neighbour)
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3. X- Ray Diffraction

Coherent diffractive imaging (CDI) and scanning transmission x-ray microscopy (STXM) are two
popular microscopy techniques that have evolved quite independently. CDI promises to reach
resolutions below 10 nanometers, but the reconstruction procedures put stringent requirements on
data quality and sample preparation. In contrast, STXM features straightforward data analysis, but
its resolution is limited by the spot size on the specimen. We demonstrate a ptychographic imaging
method that bridges the gap between CDI and STXM by measuring complete diffraction patterns at
each point of a STXM scan. The high penetration power of x-rays in combination with the high
spatial resolution will allow investigation of a wide range of complex mesoscopic life and material
science specimens, such as embedded semiconductor devices or cellular networks.

I -1
A B | 15000
detector ———
specimen |
focusing Baw® k.

optics

-

Each measured diffraction pattern carries information on the specimen. More precisely, the
wave at the exit of the specimen corresponding to the jth diffraction data set can be expressed
as

Ti(r) = Plr—r;)0(r)
where P(r-r) is the probe wavefield translated by a known amount r;, and O(r) is the specimen's
transmission function, called the object. Exit waves yj are called views because they effectively
provide information on selected regions of the specimen. Redundancy in the data, needed for
ptychographic applications, is enforced with a scanning step size small enough for adjacent
views to overlap.

0.85 -

STXM image reconstruction procedure example
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4. Small Angle X-Ray Scattering

Small angle X-ray scattering (SAXS) reveals solution structures of biological
macromolecules and synthetic nanoparticles at 1-2 nm resolution.

SAXS is a universal technique applicable to a broad range of particle sizes, from
small peptides to huge macromolecular machines with molecular weight from
about 5 kDa up to 100 MDa.

(1 kilogram is equal to 6.02213665168E+23 kilodalton, or 6.02213665168E+20 MDa).

With the brilliant synchrotron sources, robotic sample changers and novel
approaches to reconstruct 3D models, SAXS became a major tool to rapidly and
comprehensively characterize macromolecular and nanostructured systems.

=
—>
m-ray eam
ST

Sarmple in
solution Ferary detector scattering curve

100 log I{s)

u} z 4 & 2 s, nm-1

The X-ray scattering curve on the left (intensity versus scattering angle) was
used to create a low-resolution model of a protein, shown in grey.
Superimposed on this (in colour) are atomic models of separate domains
obtained from crystallography and positioned to fit the SAXS data.
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5. Scanning Tunneling Microscopy

3D rendered STM image of atoms

Scanning tunneling microscope (STM), type of microscope whose principle of operation is
based on the quantum mechanical phenomenon known as tunneling, in which the wavelike
properties of electrons permit them to “tunnel” beyond the surface of a solid into regions of
space that are forbidden to them under the rules of classical physics.

The STM is based on several principles. One is the quantum mechanical effect of tunneling. It is
this effect that allows us to “see” the surface. Another principle is the piezoelectric effect. It is
this effect that allows us to precisely scan the tip with angstrom-level control. Lastly, a feedback
loop is required, which monitors the tunneling current and coordinates the current and the
positioning of the tip.

~
Feedback
Loop

Tunneling current
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6. Transmission Electron Microscopy

Incicent Beam

Transmission electron microscope
TEM
Specnuen

{ 4 .—Electron source
@ (electron gun)

)

Light source (lamp)

Condenser lens
Condenser lens

Specimen
Objective lens
Objective lens '
aperture s :
Objective lens v : OUbjective Lens

Intermediate lens
L '
1 .

Specimen
Projector lens

@ Diffeactioan Pattorm

Imag= Plane

Fig 2

Fig 1
Fig 1 - General layout of a TEM describing the path of electron beam in a TEM (Taken from JEOL 2000FX

Handbook)
Fig 2 - A ray diagram for the diffraction mechanism in TEM

The transmission electron microscope is a very powerful tool for material science. A
high energy beam of electrons is shone through a very thin sample, and the interactions
between the electrons and the atoms can be used to observe features such as the
crystal structure and features in the structure like dislocations and grain boundaries.
Chemical analysis can also be performed. TEM can be used to study the growth of
layers, their composition and defects in semiconductors. High resolution can be used to

analyze the quality, shape, size and density of quantum wells, wires and dots.

The TEM operates on the same basic principles as the light microscope but uses
electrons instead of light. Because the wavelength of electrons is much smaller than

that of light, the optimal resolution attainable for TEM images is many orders of



magnitude better than that from a light microscope. Thus, TEMs can reveal the finest
details of internal structure - in some cases as small as individual atoms.
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/.Capacitance Spectroscopy

@ Qtip
charge-sensing circuitry

sample surface

semiconducting sample

dopants<371™ — dopant layer

semiconducting sample

AC excitation voltage — underlying conductive layer

DC bias voltage

Schematic of a Typical Sample. Schematic of a typical sample for scanning-probe single-electron
capacitance experiments. The sample is a semiconductor with an underlying conducting layer at a
known depth from the surface to which the bias and excitation voltages are applied. A two-dimensional
layer of dopants is embedded, also at a known depth from the surface. Electrons tunnel between the
conducting layer and the dopant layer, changing the capacitance of the system and inducing an image
charge in the tip which is measured by the charge-sensitive apparatus. A sufficiently high bias voltage
will enable electrons to tunnel between the dopant layer and a surface state as well, enabling their
detection at the surface by STM.

Q

Capacitance (arbitrary units)
[

0.05 0 -0.05
AViip (V)

SCA Image and C-V Spectroscopy on Acceptor-doped Si. (a) Scanning charge accumulation image of a
silicon sample doped with a layer of boron acceptors of areal density 1.7 x 10" m™ located 15 nm below
the surface®; Voc = 75 MV, Veitation = 3.7 MV; the temperature was 4.2 K. (b) C-V spectroscopy acquired at
the point in (a) indicated by the blue dot. To focus on the peak structure, a background line was
subtracted. The voltage scale has been shifted so that zero is the center of the largest peak; since no
Kelvin probe measurement was done during this experiment to determine the absolute voltage scale,
this offset is a matter of convenience.
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Figure 2. Schematic of Microscope and Charge-sensing Apparatus. Circuit diagram for the amplifier
described in Reference 5 and based on Reference 12. Wire B provides the sample bias voltage, including
the AC excitation voltage used to incite tunneling to and from subsurface dopants. Wire C is connected
to the standard capacitor and the tunable AC voltage source that permits balancing of the HEMT. Wire L
connects to the lock-in amplifier from which the capacitance signal is recorded, and wire D connects to a
voltage source through a resistance to create a voltage divider; the output of the voltage divider is the
signal sent to the lock-in amplifier. During capacitance measurements, wire T is connected to an
adjustable voltage source through a large resistor to prevent AC charge on the tip from leaking down

this pathway.
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8. Polarization Spectroscopy

Here's how it works:

1. Light from a source is converted to a wavelength of 550 nanometers, the isobestic point for
hemoglobin. Hemoglobin becomes the contrast agent allowing for optimal imaging of the
microcirculation.

2. The light passes through the first polarizer.
3. The polarized light is directed towards the tissue by a set of lens.

4. As the light hits the tissue, it is reflected back through the lens. Most of the light reflecting off the
tissue and returning through the lens will remain polarized. Ten percent or less of the light will
penetrate deeply into the tissue and go through multiple scattering events becoming depolarized.
The depolarized light is reflected back through the lenses to a second polarizer or analyzer.

5. The analyzer, orthogonal (90 degrees) to the first polarizer, eliminates the reflected polarized light
and allows the depolarized light to pass through to the CCD (Charged Couple Device),
videocamera. The depolarized light forms an image of the microcirculation on the CCD, which
can be captured through single frames or on videotape. The image produced is as if the light
source is actually placed behind the desired target or transilluminated.

OPS-based image Conventional
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9. Auger Electron Spectroscopy

The principle technique used to analyze the chemical composition of surfaces is Auger Electron
Spectroscopy (AES). This technique determines the concentration of elements on the surface by
measuring the energies of Auger electrons.

PHYSICAL BASIS

Auger spectroscopy can be considered as involving three basic steps :
(1) Atomic ionization (by removal of a core electron)
(2) Electron emission (the Auger process)

(3) Analysis of the emitted Auger electrons

The last stage is simply a technical problem of detecting charged particles with high sensitivity, with the
additional requirement that the kinetic energies of the emitted electrons must be determined.
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10. Raman Spectroscopy

Raman spectroscopy provides information about molecular vibrations that can be used for sample
identification and quantitation. The technique involves shining a monochromatic light source (i.e. laser)
on a sample and detecting the scattered light. The majority of the scattered light is of the same
frequency as the excitation source; this is known as Rayleigh or elastic scattering. A very small amount
of the scattered light (ca. 10°% of the incident light intensity) is shifted in energy from the laser
frequency due to interactions between the incident electromagnetic waves and the vibrational energy
levels of the molecules in the sample. Plotting the intensity of this "shifted" light versus frequency
results in a Raman spectrum of the sample. Generally, Raman spectra are plotted with respect to the
laser frequency such that the Rayleigh band lies at 0 cm™. On this scale, the band positions will lie at
frequencies that correspond to the energy levels of different functional group vibrations. The Raman
spectrum can thus be interpreted similar to the infrared absorption spectrum.

LASER CLEANING OPTIC

CCD CW LASER FOCUSING LENS
OR MICROSCOPE
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SPECTROGRAPH RAYLEIGH 'BEAM TURNING
INPUT LENS FILTER OPTIC
g
- B Spectrum of Glass Bottle
z W Raw Materiad (Liquich)
i -1} | \PML‘
§
Wimanambers jom '} :ﬁ\-/\__ _.---"',}.— -_il:.:’,: jk’)v 5

Figure 1. Sample Raman specirum of a mixture,
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Figure 3. Automatic spectral subtraction fram a glass bottle.
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11. Small Angle Neutron Scattering

Recent improvements in beam-line accessibility and technology have led to small-angle neutron
scattering (SANS) becoming more frequently applied to materials problems. SANS has been
used to study the assembly, dispersion, alignment and mixing of nanoscale condensed matter,
as well as to characterise the internal structure of organic thin films, porous structures and
inclusions within steel. Using time-resolved SANS, growth mechanisms in materials systems and
soft matter phase transitions can also be explored.

Solution assembly  Growth ! alignment

i
e
* g
neutron
baam

sample

CEU i
porosity

This review is intended for newcomers to SANS as well as experts. Therefore, the basic
knowledge required for its use is first summarised. After this introduction, various examples are
given of the types of soft and hard matter that have been studied by SANS. The information
that can be extracted from the data is highlighted, alongside the methods used to obtain it. In
addition to presenting the findings, explanations are provided on how the SANS measurements
were optimised, such as the use of contrast variation to highlight specific parts of a structure.
Emphasis is placed on the use of complementary techniques to improve data quality (e.g. using
other scattering methods) and the accuracy of data analysis (e.g. using microscopy to
separately determine shape and size). This is done with a view to providing guidance on how
best to design and analyse future SANS measurements on materials not listed below.
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12. Scanning Electron Microscopy

First condenser lens —

Spray aperure ——————

Second condenser lens —

Deflection coils
Final lens aperture —,

Backscatter —|
electron detector

Sample —

WVACLIUm |pump electron detector

In a typical SEM, an electron beam is thermionically emitted from an electron gun fitted with

a tungsten filament cathode. Tungsten is normally used in thermionic electron guns because it
has the highest melting point and lowest vapor pressure of all metals, thereby allowing it to be
electrically heated for electron emission, and because of its low cost.

The electron beam, which typically has an energy ranging from 0.2 keV to 40 keV, is focused by
one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The beam passes
through pairs of scanning coils or pairs of deflector plates in the electron column, typically in
the final lens, which deflect the beam in the x and y axes so that it scans in a raster fashion over
a rectangular area of the sample surface.

The energy exchange between the electron beam and the sample results in the reflection of
high-energy electrons by elastic scattering, emission of secondary electrons by inelastic
scattering and the emission of electromagnetic radiation, each of which can be detected by
specialized detectors. The beam current absorbed by the specimen can also be detected and
used to create images of the distribution of specimen current.
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13. Cyclic Voltammetry

The fundamental process in electrochemical
reactions is the transfer of electrons between
the electrode surface and molecules in the
interfacial region either in solution or
immobilized at the electrode surface. The
kinetics of this heterogeneous process can be
significantly affected by the microstructure
and roughness of the electrode surface, the
blocking of active sites on the electrode
surface by adsorbed materials, and the nature
of the functional groups (e.g., oxides) present
on the electrode surface. Hence chemically
modified electrodes (CMEs) have evolved as a
recently emerging field and much study of
interest have been shown by many
researchers in this field.

Cyele 1 —

Tine

Fig.2 Variation of the applied potential as a function

of time in a cyclic voltammetry experiment.
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Fig.3 A typical cyclic voltammogram of current
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Cathodic Electrode becomes stronger reductant
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0 Electrode becomes stronger oxidant
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Fig. 4 Potential-Current axes for Cyclic Voltammetry
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Fig.5 General pathway of electrode-mediated processes of oxidized (O) and
reduced (R) electroactive species.

31



- T°©_
&, —@
) o @ O

Y

N
I

NANANN VN
A

Fig. 6 Modes of mass transport

:[2 HA

| - | | - L| . L - L | | L | = | | = L}
2200 -100 O 100 200 300 400 500 600
Potential (mV)

e

I T ] T T v T T ' 1

1 T T
07 08 -09 -10 -11

Potential(mV)

Fig. 7 Typical voltammogram for a reversible
process

Fig. 8 Typical voltammogram for an irreversible
process.
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Fig. 9 Typical voltammogram for a quasi-reversible

process

The chemically modified electrodes comprise an approach to electrode system design that finds
the use in a wide spectrum of basic electrochemical investigations, including the relationship of
heterogeneous electron transfer and chemical reactivity of electrode surface chemistry,
electrostatic phenomena at electrode surface, and electron as well as ionic transport
phenomena in polymers, and the design of electrochemical devices and systems for
applications in chemical sensing, energy conversion and storage, molecular electronics,
electrochromic displays and electro-organic synthesis. The applicability of these CMEs is wide-
ranging, but one important application is biomolecule sensing.
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14. Linear Sweep Voltammetry

Electron transfer plays a fundamental role in governing the pathway of chemical reactions. Yet
the speed and size of the electron mean that tracing its movement is difficult using tradition
methods such as spectroscopy and synthetic chemistry. Consequently our knowledge of the
driving force for many reactions remains elusive. Electrochemical methods offer the potential
to investigate these processes directly by the detection of the electrons involved.

In linear sweep voltammetry (LSV) a fixed potential range is employed much like potential step
measurements. However in LSV the voltage is scanned from a lower limit to an upper limit as
shown below.

voltage
A
"lurg ________________
o
time
Wife---------------

The voltage scan rate (v) is calculated from the slope of the line. Clearly by changing the time
taken to sweep the range we alter the scan rate. The characteristics of the linear sweep
voltammogram recorded depend on a number of factors including:

A The rate of the electron transfer reaction(s)
A The chemical reactivity of the electroactive species
A The voltage scan rate

In LSV measurements the current response is plotted as a function of voltage rather than time,
unlike potential step measurements. For example if we return to the Fe*'/Fe® system

Fe™* + e —— Fe*

then the following voltammogram would be seen for a single voltage scan using an electrolyte
solution containing only Fe® resulting from a voltage sweep
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voltage current
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V4 = Va voltage

The figure below shows a series of voltammograms recorded at a single voltage sweep rate for
different values of the reduction rate constant (kieq)

currant
“ decreasing rate constann
——
-
1'-"r1 1'ﬁ"rE voltage
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15. Nuclear Magnetic Resonance

NMR reveals information about the molecular structure of chemicals. However, it provides
more complete information than Infra-Red Spectroscopy, allowing to study the dynamic

processes in the sample - to determine the rate constants of chemical reactions, the magnitude
of the energy barriers of intramolecular rotation.

Depending on the local electronic environment, different protons in the molecule resonate at

slightly different frequencies. Since both this frequency offset and the fundamental resonance

frequency are directly proportional to the magnitude of the magnetic field induction, this
displacement is converted into a dimensionless quantity independent of the magnetic field,

known as the chemical shift. The chemical shift is defined as the relative change with respect to

some reference samples. The frequency shift is extremely small in comparison with the
fundamental NMR frequency. A typical frequency shift is 100 Hz, whereas the basic NMR
frequency is of the order of 100 MHz. Thus, the chemical shift is often expressed in parts per

million (ppm).

The case of the spin-%2 nucleus

A nucleus with spin at higher

energy generates a magnetic

field in the opposite direction

to the external magnetic field

The Nuclei are electrically
charged and many have
spin that causes them to
behave like a magnet

Mo field

Energy gap
corresponds to

radio frequency

A nucleus with spin at lower

energy generates a magnetic

field in the direction of the
external magnetic field

Fig.1, above, relates to spin-% nuclei that include the most commonly
used NMR nucleus, proton (*H or hydrogen-1) as well as many other
nuclei such as **c, °N and *'p. Many nuclei such as deuterium (°H or
hydrogen-2) have a higher spin and are therefore quadrupolar and
although they yield NMR spectra their energy diagram and some of their

properties are different.
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Spin-spin coupling

The effective magnetic field is also affected by the orientation of neighboring nuclei. This effect
is known as spin-spin coupling (fig. 3) which can cause splitting of the signal for each type of

nucleus into two or more lines.

The resonant frequency of A is dependent of
alignment of X.

A’s signal is split into two equal parts because
X is about equally divided between
alignments.

Nucleus

A

Spectra:

No corupling

Coupling

constant (J)

Spin %2
nucleus

<

A coupled to X

Examples of coupling patterns showing coupling constants

AX,

Fig.3 The above patterns are a first order approximation and are correct provided that all the

coupled spins have widely separated chemical shifts.
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Fig. 4 Couplings in the ethylbenzene spectrum

16. Mossbauer Spectroscopy

Mossbauer spectroscopy is a spectroscopic technique based on the Mossbauer effect that
consists in the nearly recoil-free, resonant absorption and emission of gamma rays in solids.

Just as a gun recoils when a bullet is fired, conservation of momentum requires a nucleus (such
as in a gas) to recoil during emission or absorption of a gamma ray.

The recoil fraction of the Mdssbauer absorption is analyzed by Nuclear resonance vibrational
spectroscopy.

Due to the high energy and extremely narrow line widths of gamma rays, M&ssbauer

spectroscopy is a very sensitive technique in terms of energy (and hence frequency) resolution,
capable of detecting change in just a few parts per 10

—>

Mdssbauer 7* il
/ :

Drive N

Collimator

Source

Sample Detector
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Fig2: Recoil of free nuclei in emission or absorption of a gamma-ray

>

Fig3: Recoil-free emission or absorption of a gamma-ray when the nuclei are in a solid matrix
such as a crystal lattice
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Figd: Simple Mdssbauer spectrum from identical source and absorber

channel
64 128 192 256
T T T T T T
100 H,W.‘.;,‘M.p.-_;\,% __Gs.“_.\\;.-,-.-_.aﬁm'ﬂ,w.\-.*..:_u
e .-f.“""""a:.
% : [y 3

95 |~ =
S .
o
[8) .
[
[
k=l .
E 90 - —
C -
o

85 ’ . i

=B o3
80 | 1 | 1 |
4 2 0 2 4
mmi's

Fe-57 Mdossbauer spectrum of sodium nitroprusside

39



H [He]

Li |Be B|C|N|O|F|Ne
Na|Mg Al|si| P|s|ci|ar
K |CalSc|Ti| v [Cr[Mn Co| Ni |Cu|Zn|Ga|Ge|As|Se[Br|Kr

Rb[Sr| Y [Zr[Nb]Mo| Tc |5l Rh Fd A Cd lnmﬁ
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Elements of the periodic table which have known Mdssbauer isotopes (shown in red font).
Those which are used the most are shaded with black

Mars Exploration. The Red Planet owes its colour to iron oxide pigments in the dust covering
much of its surface and being dispersed in its atmosphere. The Martian mantle and crust are
enriched in iron relative to Earth. It therefore seems a natural choice that NASA’s twin Mars
Exploration Rovers, Spirit and Opportunity, each have a Mdssbauer spectrometer on board
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17. Fourier Transform Infrared
Spectroscopy (FTIR Spectrosc.)

Continuous Wave spectrometers

Fecorder
Physical Link
‘ Slit Eeamsplitter Electronic link
Monochromater | \
4 \ | T j — Detector
Sample

Source

e A source generates light across the spectrum of interest.

e A monochromater (in IR this can be either a salt prism or a grating with finely spaced
etched lines) separates the source radiation into its different wavelengths.

o Aslit selects the collection of wavelengths that shine through the sample at any given
time.

¢ In double beam operation, a beam splitter separates the incident beam in two; half goes
to the sample, and half to a reference.

o The sample absorbs light according to its chemical properties.

o A detector collects the radiation that passes through the sample, and in double-beam
operation, compares its energy to that going through the reference.

e The detector puts out an electrical signal, which is normally sent directly to an
analog recorder. A link between the monochromater and the recorder allows you to
record energy as a function of frequency or wavelength, depending on how the recorder
is calibrated.
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FT instrumentation

Now let's look at an FT instrument.

| Moving f’"—\_/

Electronic links

L

wy

Detector

| Beamsplitter

Stationary Sample
hdirrar

. Source

We still have a source, a sample and a detector, but everything else is different. Now, we send
all the source energy through an interferometer and onto the sample. In every scan, all source
radiation gets to the sample! The interferometer is a fundamentally different piece of
equipment than a monochromator. The light passes through a beamsplitter, which sends the
light in two directions at right angles. One beam goes to a stationary mirror then back to the
beamsplitter. The other goes to a moving mirror. The motion of the mirror makes the total
path length variable versus that taken by the stationary-mirror beam. When the two meet up
again at the beamsplitter, they recombine, but the difference in path lengths creates
constructive and destructive interference: an interferogram:

Interferameter

The recombined beam passes through the sample. The sample absorbs all the different
wavelengths characteristic of its spectrum, and this subtracts specific wavelengths from the
interferogram. The detector now reports variation in energy versus time for all wavelengths
simultaneously. A laser beam is superimposed to provide a reference for the instrument
operation.

Energy versus time is an odd way to record a spectrum, until you recognize the relationship
between time and frequency: they are reciprocals! A mathematical function called a Fourier
transform allows us to convert an intensity-vs.-time spectrum into an intensity-vs.-frequency
spectrum.

The Fourier transform:

Arr= Xk Er—k
(=Y X(klexn(- =)

A(r) and X(k) are the frequency domain and time domain points, respectively, for a spectrum of
N points.
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An interferogram
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Now, you have to do the Fourier transform for every point in the interferogram. You may like
to do exponential functions by hand, but | (and most organic chemists) are far too lazy for that.
Fortunately, even a slow computer can efficiently perform this operation. The output of the

detector is digitized, and a small computer program will do the transform in a matter of

seconds (or less). All modern FT instruments are computer-interfaced.
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18. Photoluminescence Spectroscopy

Forms of photoluminescence

Resonant radiation

In resonant radiation, a photon of a particular wavelength is absorbed and an equivalent
photon is immediately emitted, through which no significant internal energy transitions of the
chemical substrate between absorption and emission are involved and the process is usually of
an order of 10 nanoseconds.

Fluorescence

When the chemical substrate undergoes internal energy transitions before relaxing to its
ground state by emitting photons, some of the absorbed energy is dissipated so that the
emitted light photons are of lower energy than those absorbed. One of such most familiar
phenomenon is fluorescence, which has a short lifetime (10%to 10™s).

Phosphorescence

Phosphorescence is a radiational transition, in which the absorbed energy undergoes
intersystem crossing into a state with a different spin multiplicity. The lifetime of
phosphorescence is usually from 10*-107s, much longer than that of Fluorescence. Therefore,
phosphorescence is even rarer than fluorescence, since a molecule in the triplet state has a
good chance of undergoing intersystem crossing to ground state before phosphorescence can
occur.

Relation between absorption and emission spectra

Absorption Emission
Vibrational . Vibrational
levels of levels of
S, A S;

As Ao Ao As
Vibrational Vibrational
levels of levels of
SO SO

Absorption Emission spectrum
A,s Ao Ao A_s
Wavelength —— Wavelength —
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Anthracene

5
°

Absorption
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Fluorescence

—

Absorbance or
fluorescence intensity —s
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Wavelength (nm)

Excitation and emission spectra of anthracene that have the same mirror image relation at the

absorption and emission spectra.

Instrumentation

A schematic of an emission experiment

Many Sample
wavelengths One <Al
Light | Excitation wavelength
[N NN
source monochromator 8

Luminescence at
many wavelengths

Emission
monochromator

One wavelangth

cmission

Deatector

An excitation wavelength is selected by one monochromator, and luminescence is observed
through a second monochromator, usually positioned at 90° to the incident light to minimize
the intensity of scattered light reaching the dector. If the excitation wavelength is fixed and the
emitted radiation is scanned, an emission spectrum is produced.
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Applications for aromatic compounds

The structure of hexaphenylsilole (HPS). PL spectra of HPS solutions in acetonitrile /
water mixtures.
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19.Electroluminescence Spectroscopy

Electroluminescence (EL) is an optical phenomenon and electrical phenomenon in which a
material emits light in response to the passage of an electric current or to a strong electric field.
This is distinct from black body light emission resulting from heat (incandescence), from a
chemical reaction (chemiluminescence), sound (sonoluminescence), or other mechanical action
(mechanoluminescence).

To account adequately for the processes of absorption and emission of light, it is necessary to
assume that radiant energy can only be absorbed in definite units, or quanta. The energy, E,
carried by any one quantum is proportional to its frequency of oscillation, that is

E=hv="2 ergs

P
where v is the frequency, A the related wavelength and h = Planck's constant (6.624 x 10-27
ergs/seconds).

The energy of a single quantum is too small for convenience and it is usual to talk of the energy
associated with N quanta (where N = 6.023 x 1023 the number of single molecules in a gram
molecule), which is called an einstein. Thus, if in a photochemical reaction one molecule reacts
for each quantum absorbed, then the absorption of one einstein is sufficient energy for the
reaction of one gram mole.

Since the amount of energy per einstein is proportional to the frequency of the radiation, it
varies enormously over the range of the electro-magnetic spectrum, as shown in the following
table.
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Approximate sizes of Quanta
Radiation vicm) Wave- Size of Size of Absorption or
(typical | number | quantum einstein emission of
values) {pl:ll'j ) | (electron | (kilogram radiation
volts) calories) involves
Gamma rays 107" 10° 1.2x10° | 29x 10 Nuclear
reactions
K-rays 107 10° 1.2x10* | 29x10° Transitions of
nner atomic
electrons
Ultraviolet 107 10' 1.2x10 [29x10° Transitions of
4x10° |25 ! 7.1 x 10" outer atomic
Visible g8x 107 | 1.25 3.1 3.6x 10" electrons
1.6
Infrared 107 10! 1.2x 10" | 2.9 Molecular
vibrations
Far infrared 107 10° 1.2x 107 [29x 10" | Molecular
rotations
Radar 10' 10 1.2x10° [ 29x 10 | Oscillation of
Long radio 10° 10 1.2x10° | 29x 10* | mobile or free
waves electrons

Figure 2 Relative position of absorption, fluorescence and phosphorescence
bands of chrysene
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20.Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) Thermal Analysis
The DSC Technique

DSC is used to measure melting temperature, heat of fusion, latent heat of melting,
reaction energy and temperature, glass transition temperature, crystalline phase
transition temperature and energy, precipitation energy and temperature, denaturization
temperatures, oxidation induction times, and specific heat or heat capacity.

DSC measures the amount of energy absorbed or released by a sample when it is heated
or cooled, providing quantitative and qualitative data on endothermic (heat absorption)
and exothermic (heat evolution) processes.

polymer
sample sample reference

m\\ / S
| = | | - | ﬁ
&heaters —/

Only non-corrosive samples can be analyzed in this very sensitive instrument. No organic
or other materials containing F, Cl, Br, or | may be submitted for DSC analysis without our
knowledge. The customer must either tell us what the material is or at least that it is non-
corrosive to metals and assume responsibility for possible replacement of a $3000 DSC
cell if a cell is destroyed as a result of the analysis of their sample. Or, you may have us
perform such analysis as may be needed to determine what the material is and whether it
can be analyzed in the DSC. Sometimes a higher temperature DSC to which we have
access may be able to handle somewhat more corrosive samples in the lower
temperature range.

The sample is placed in a suitable pan and sits upon a constantan disc on a platform in the
DSC cell with a chromel wafer immediately underneath. A chromel-alumel thermocouple
under the constantan disc measures the sample temperature. An empty reference pan
sits on a symmetric platform with its own underlying chromel wafer and chromel-alumel
thermocouple. Heat flow is measured by comparing the difference in temperature across
the sample and the reference chromel wafers.

Temperature can range from -120°C to 725°C, though an inert atmosphere is required
above 600°C. The temperature is measured with a repeatability of £0.1°C. We have access
to a higher temperature DSC/DTA instrument capable of a maximum temperature of
1500°C, though it has slightly lower sensitivity at temperatures below 725°C.*

computer to monitor temperature
and regulate heat flow
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Ex.1 Transformation temperatures of a shape memory for Cu-Al-Nialloy

Heat Flow [W/g)
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lllustrative Example 2: Epoxy Mixtures
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Applications of Differential Scanning Calorimetry

Metal alloy melting temperatures and heat of fusion.

Metal magnetic or structure transition temperatures and heat of transformation.

Intermetallic phase formation temperatures and exothermal energies.
Oxidation temperature and oxidation energy.
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Exothermal energy of polymer cure (as in epoxy adhesives), allows determination of the
degree and rate of cure.

Determine the melting behavior of complex organic materials, both temperatures and
enthalpies of melting can be used to determine purity of a material.

Measurement of plastic or glassy material glass transition temperatures or softening
temperatures, which change dependent upon the temperature history of the polymer or
the amount and type of fill material, among other effects.

Determines crystalline to amorphous transition temperatures in polymers and plastics
and the energy associated with the transition.

Crystallization and melting temperatures and phase transition energies for inorganic
compounds.

Oxidative induction period of an oil or fat.

May be used as one of multiple techniques to identify an unknown material or by itself to
confirm that it is the expected material.

Determine the thermal stability of a material.

Determine the reaction kinetics of a material.

Measure the latent heat of melting of nylon 6 in a nylon Spandex fabric to determine the
weight percentage of the nylon. Many other similar measurements composition
measurements can be performed in this way.
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21. Secondary lon Mass Spectrometry

The magnetic sector mass spectrometer causes a physical separation of ions of a

different mass-to-charge ratio. The physical separation of the secondary ions is caused by

the Lorentz force when the ions pass through a magnetic field that is perpendicular to the
velocity vector of the secondary ions. The Lorentz force states that a particle will experience a
force

F=q[E+ (v-B)]

when it maintains a charge g and travels through an electric field E and magnetic field B with a
velocity v. The secondary ions that leave the surface of the sample typically have a kinetic
energy of a few electron volts (eV), although a rather small portion have been found to have
energy of a few keV. An electrostatic field captures the secondary ions that leave the sample
surface; these extracted ions are then transferred to a mass spectrometer.

Electrostatic
sector

/ Focal plane

of the magnet

Primary ion
source(s)

Detectors

Secondary
ions

Primary
ions

Sample

Typical NanoSIMS applications

NanoSIMS combined with fluorescence microscopy can be used as a tool for subcellular
imaging of isotopically labeled platinum-based anticancer drugs.

It also allows precise isotopic and elemental measurements of deep sub-micron areas, grains or
inclusions from the different geological and spatial samples.
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NanoSIMS has also proved useful in studying cosmochemical issues, where samples that were
studied included sections of meteorites, single, micro- or sub-micrometer-sized grains, such as
presolar grains distributed on gold foils, as well as microtome sections or those that were
prepared by the focused ion beam (FIB) technique. NanoSIMS can be combined with
transmission electron microscopy (TEM) when using microtome or FIB sections. This
combination allows for correlated mineralogical and isotopic studies in situ at a sub-micrometer
scale. Being able to study presolar grains includes presolar silicates, presolar oxides, as well as
presolar silicon carbide (SiC) and graphite grains.
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22. Cathodoluminescence Spectroscopy

Cathodoluminescence is an optical and electromagnetic phenomenon in which electrons
impacting on a luminescent material such as a phosphor, cause the emission of photons which
may have wavelengths in the visible spectrum. A familiar example is the generation of light by
an electron beam scanning the phosphor-coated inner surface of the screen of a television that
uses a cathode ray tube. Cathodoluminescence is the inverse of the photoelectric effect, in
which electron emission is induced by irradiation with photons.

Spectrometer CCD

-

o

parabolic mirror

\ | <=

CL _ PMT
sample\\\"‘

cooling stage
5-300K -2
7-

secondary electrons

The electron beam passes through a small aperture in the parabolic mirror which collects the
light and reflects it into the spectrometer. A charge-coupled device (CCD)

or photomultiplier (PMT) can be used for parallel or monochromatic detection, respectively.
An electron beam-induced current (EBIC) signal may be recorded simultaneously.
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23. Electron Energy Loss Spectroscopy
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In electron energy loss spectroscopy (EELS) a material is exposed to a beam of electrons with a
known, narrow range of kinetic energies. Some of the electrons will undergo inelastic
scattering, which means that they lose energy and have their paths slightly and randomly
deflected. The amount of energy loss can be measured via an electron spectrometer and
interpreted in terms of what caused the energy loss. Inelastic interactions

include phonon excitations, inter- and intra-band transitions, plasmon excitations, inner

shell ionizations, and Cherenkov radiation. The inner-shell ionizations are particularly useful for
detecting the elemental components of a material.
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electron energy loss spectrographs are installed on the FEM column as an analytical annex and
is used for constructing maps of the distribution of elements and phases, as well as:

In metallurgy - to detect small impurities of light elements and to reveal their effect on the
properties of metals and alloys;

In the physics of semiconductors and electronics - to study the electronic properties of various
semiconductor and metallic materials;

In chemistry, biology and biochemistry - for the analysis of chemical bonds in organic and
inorganic compounds;

In the physics of nanostructures - to study the phonon and plasmon properties of
nanomaterials, as well as the structural features of their electronic structure.

High resolution (<0,5 nm, potentially).
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24. Energy Dispersive X-Ray Spectroscopy

Electron microprobes (also referred to as electron probe microanalyzers or EPMA) have been
around for many decades. They differ from scanning electron microscopes in that they are
configured with wavelength dispersive spectrometers (WDS).

Schematic of an Electron Microprobe with a
Wowvelength Dispersive Spectrometer '
- Filament
- Wehnelt cap

Electron gun

Condenser lenses
Oiptical
ITTICFOSC0Ne
Objective lens apertune | Bcch
Prabe current detector [~
Scan colls -

OM objective lens -
Objective lens -

Each element produces a unique set of characteristic X-rays when bombarded with electrons.

Each X-ray will have a specific energy and wavelength. Energy dispersive spectrometers (EDS)
sort the X-rays based on their energy; while wavelength dispersive spectrometers (WDS) sort

the X-rays based on their wavelengths.
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High-resolution Z-contrast image of a c-Si/a-Si interface from a high-efficiency Si heterojunction
solar cell. The image reveals an atomically abrupt and flat c-Si/a-Si interface (see next).
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25. Four point probe and |-V technique

(8 )—

Four-point measurement of resistance between voltage sense connections 2 and 3. Current is
supplied via force connections 1 and 4.

Four-terminal sensing (4T sensing), 4-wire sensing, or 4-point probes method is an electrical
impedance measuring technique that uses separate pairs of current-carrying and voltage-
sensing electrodes to make more accurate measurements than the simpler and more usual
two-terminal (2T) sensing. Four-terminal sensing is used in some ohmmeters and impedance
analyzers, and in wiring for strain gauges and resistance thermometers. Four-point probes are
also used to measure sheet resistance of thin films.

The technique is commonly used in low-voltage power supplies, where it is called remote
sensing, to measure the voltage delivered to the load independent of the voltage drop in the
supply wires.

It is common to provide 4-wire connections to current-sensing shunt resistors of low resistance
operating at high current.

60


https://en.wikipedia.org/wiki/Electrical_impedance
https://en.wikipedia.org/wiki/Electrical_impedance
https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Ohmmeter
https://en.wikipedia.org/wiki/LCR_meter
https://en.wikipedia.org/wiki/LCR_meter
https://en.wikipedia.org/wiki/Strain_gauge
https://en.wikipedia.org/wiki/Resistance_thermometer
https://en.wikipedia.org/wiki/Sheet_resistance
https://en.wikipedia.org/wiki/Thin_film
https://en.wikipedia.org/wiki/Shunt_(electrical)#Use_in_current_measuring

3pm EHT = 500kV Signal A = SE2 Date :10 Jul 2002
Mag= B6.70KX |_| WD= 4mm Photo No. = 3768  Time :16:07

Scanning Electron Microscope (SEM) image of micro four-point probe with 10 um electrode
spacing.
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26. X-Ray Photoelectron Spectroscopy

Electron Energy Analyzer (0-1.5kV)
(measutes kinetic energy of electrons)
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Photo-Emitted Electrons (< 1.5 kV)
escape only from the very top surface
(70 - 110A) of the sample
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Samples are usually solid because XPS Si(2p) XPS signals
requires ultra-high vacuum (<10 torr) from a Silicon Wafer

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic

technique that measures the elemental composition at the parts per thousand range, empirical

formula, chemical state and electronic state of the elements that exist within a material.

XPS spectra are obtained by irradiating a material with a beam of X-rays while simultaneously

measuring the kinetic energy and number of electrons that escape from the top 0 to 10 nm of

the material being analyzed. XPS requires high vacuum (P ~ 108 millibar) or ultra-high

vacuum (UHV; P < 107 millibar) conditions, although a current area of development is ambient-

pressure XPS, in which samples are analyzed at pressures of a few tens of millibar.
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Wide-scan or survey spectrum of a
somewhat dirty silicon wafer, showing all
elements present. A survey spectrum is
usually the starting point of most XPS
analyses because it shows all elements
present on the sample surface and allows
one to set up subsequent high-resolution
XPS spectra acquisition. The inset shows a
quantification table indicating all elements
observed, their binding energies, and their
atomic percentages.
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High-resolution spectrum of an oxidized silicon
wafer in the energy range of the Si 2p signal. The
raw data spectrum (red) is fitted with five
components or chemical states, A through E. The
more oxidized forms of Si (SiO,, x = 1-2) appear at
higher binding energies in the broad feature
centered at 103.67 eV. The so-called metallic
form of silicon, which resides below an upper
layer of oxidized silicon, exhibits a set of doublet
peaks at 100.30 eV (Si 2p;;) and 99.69 eV (Si
2ps/2). The fact that the metallic silicon signal can
be seen "through" the overlayer of oxidized Si
indicates that the silicon oxide layer is relatively
thin (2-3 nm). Attenuation of XPS signals from
deeper layers by overlayers is often used in XPS
to estimate layer thicknesses and depths.
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27. Scanning Near-field Optical Microscopy

The main feature: the image is build in the optic band, including the frequencies of the visible
light, but the resolution capacity is multiply bigger that the conventional optic microscory can

provide.

diffracted
light

=y}
near field

Diagram illustrating near-field optics, with the diffraction of light coming from NSOM fiber
probe, showing wavelength of light and the near-field

—h

Confocal

S Ajsusiul pazieuwioN

Comparison of photoluminescence maps
recorded from a molybdenum disulfide flake
using NSOM with a campanile probe (top) and
conventional confocal microscopy (bottom).
Scale bars: 1 um.
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28. Single-molecule Spectroscopy

Many of the initial applications of single molecule spectroscopy in biology have been in the
realm of extremely sensitive imaging and analyte detection. While these are sure to continue to
be important areas of single molecule work, there have more recently emerged a number of
studies that are truly aimed at studying the spectroscopy and dynamics of single molecules and
their reactions and interactions with the molecules and complexes that surround them.
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It can also have a profound effect on the optical spectra of molecules, particularly at low
temperature where the solvent environment and the conformation are not changing rapidly.
Working with single molecules allows one to measure optical spectra in the absence of
inhomogeneous broadening, learning both a great deal about the number and identity of
overlapping transitions as well as the underlying conformational heterogeneity that gives rise
to broad spectra in populations of molecules (Fig. below).

ABSORBANCE
SPECTRUM

Absorbance (a.u.)

Wavelength (nm) ——
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Normally, laser scanners are equipped, as a unit, with detectors for standard scanning confocal
work. Both the type of detector and the optics preceding it will have to be modified for single
molecule fluorescence work. After the scanning mirrors, the fluorescence will be sent to a
home built confocal pinhole arrangement followed by either polarization or wavelength
selection optics, an avalanche photodiode (APD) detector and a 2-dimensional timing board for
recording time of arrival and excited state lifetime, as shown in Fig. behind.

Time-Correlated Single Photon Counting (TCSPC)

Correlation of two different wavelength regions of emission is usually done when performing
fluorescence resonant energy transfer (FRET) experiments (e.g. ). Here, the emission is again
split into two detector channels, but this time based on what wavelength range it is in. Consider
the experiment outlined in Fig. 6. As the two fluorophores approach each other, the amount of
energy transfer increases. As a result, the fraction of the emission observed from the acceptor
fluorophore increases at the expense of the emission from the donor fluorophore. Again, by
correlating the changes in amplitude at two wavelength regions, uncorrelated noise is
suppressed.

To announce the confocal scanning diffusion model.
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29. Neutron Diffraction

Theory

* Scattering of neutrons at small angles gives information about their
structure and size, giving a scattering pattern.

ncident beam
sample

* This pattern is subjected to Fourier Transformation, and described

in terms of a momentum transfer vector (Q), instead of a diffraction

angle.
* Qis scattering in reciprocal space, rather than actual (d) space.

* Small Qvalues look at long distances, large Q values look at short
distances.

+ Quvalues of 0.006 to 0.28 A-1 probes distances of about 10 to 1000
A(1to 100 nm).

Tertiary structure of myoglobin determined by neutron diffraction

@ nitrogen, carbon, O oxygen, @ hydrogen
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30. Interference Microscopy
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Two parallel light beams pass through the specimen and combine to produce an image.
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Interference microscope. Light pulses from an LED reflect off the beam splitter and illuminate

the target, whichis t

hen imaged by the CCD camera.

A charge-coupled device (CCD) is a device for the movement of electrical charge, usually from
within the device to an area where the charge can be manipulated, for example conversion into
a digital value. This is achieved by "shifting" the signals between stages within the device one at
a time. CCDs move charge between capacitive bins in the device, with the shift allowing for the
transfer of charge between bins.

In recent years CCD has become a major technology for digital imaging. In a CCD image
sensor, pixels are represented by p-doped metal-oxide-semiconductors (MOS) capacitors.
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31. Laser Interferometry
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Interferometers are investigative tools used in many fields of science and engineering. They are
called interferometers because they work by merging two or more sources of light to create an
interference pattern, which can be measured and analyzed; hence "Interfere-ometer". The
interference patterns generated by interferometers contain information about the object or
phenomenon being studied. They are often used to make very small measurements that are
not achievable any other way. This is why they are so powerful for detecting gravitational
waves--LIGO's interferometers are designed to measure a distance 1/10,000th the width of a
proton! (that's 10" m)!

ESS Instrument Suite

Q

A total of 16 instruments have so far been approved by the European Spallation Source ERIC
Council. At least 22 instruments are anticipated at ESS.
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2015 Selections

MAGIC—Single Crystal Diffraction

MIRACLES—Backscattering
Spectroscopy

T-REX—Time-of-
Flight Spectroscopy

VESPA—Vibrational Spectroscopy
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Special MWCNTSs
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Quantum Dots
CdS Quantum Dots
CdSe Quantum Dots
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Filter.

Rinse in 5% HCI, then with distilled water.

Dry.

Add 50 ml of water to the dried cake and mix.

Leave for 24 hours and strain, discarding filtrate.

The solution goes into water.
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Carbon nanotubes

Graphite fullerenes

Fullerene C60 Fullerene C70.

Fig 1. The structure of the molecules of fullerenes C60 and C70.

The framework of the C60 molecule consists of 12 regular pentagons (pentagons) and 20 non-
sided hexagons

CNTs have a length-to-diameter ratio of ~ 1000, so that they can be considered as quasi-one-
dimensional structures.

Defect-free CNTs are cylindrical structures of rolled graphene layers consisting of carbon atoms
located at the junction angles of hexagons.

Depending on the method of rolling graphenes, there are three forms of cylindrical CNTs:
achiral of the "armchair" type (two sides of each hexagon are oriented perpendicular to the axis
of the CNT), achiral of the "zigzag" type (with a parallel position to the axis) and chiral (any pair
of sides of the hexagon is located to the axis CNT at an angle different from 0 or 902). Figure 2
below shows these differences clearly.

Fig. 2. Carbon nanotubes:
a - "chair" type; b - "zigzag" type; c - chiral CNT

The two-dimensional structure of the CNT surface is transmitted by the convolution (chirality)
vector Ch, which is determined by the equation:
Ch=nai + may,
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where al and a2 are the unit vectors of the hexagonal grid; n and m are integers (chiral
indices).

The indices n and m are uniquely related to the nanotube diameter d:
d = (a/m) [3(n% + m2 + mn)]°%5,

in which a is the interatomic distance in a flat carbon grid (0.1421 nm) and the chiral angle 6
(characterizes the deviation from the zigzag configuration and varies from 0 to 309):

0 = arctg[-3m /(2n+m)] or O =arctg[-3n/(2m +n)].

oy zigzag (10,00

Fig. 3. Indices and vectors for the designation of single-walled carbon nanotubes

Achiral CNTs of the armchair type have indices (n, n) and 8 = 30°, zigzag type — (n, 0) or, which is
completely equivalent, (0,m) and 0 = 0°, chiral CNTs — (n, m), 30% 0 >0.

The smallest and largest diameters of single-walled carbon nanotubes (SWCNTSs) are about 0.3
and 5 nm, respectively.

Fig. 5. Nanotubes of five (a),
two (b) and seven (c) graphene layers

Separately, it is customary to distinguish two-walled nanotubes (DWNTs), which are,

as it were, a transitional form between single-walled and multi-walled nanotubes
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(MWNTSs). Their outer diameter varies from 1.8 to 7.1 nm (Fig. 5, b). DWCNT can
compete with SWCNT in a number of indicators, in particular, in mechanical
properties. They have higher thermal stability, thermal and electrical conductivity
than SWCNTSs. If SWCNTSs begin to coalesce at = 1200 ° C, then DWCNTSs begin to
coalesce at a temperature> 2000 ° C. At the same time, the complexity of the
synthesis and subsequent purification of DWNTs, which determines the slightly
lower cost of the product on the CNM market, casts doubt on the possibility of its
use in a wide range. The most numerous in terms of structure, morphological
characteristics, and properties are multilayer carbon nanotubes (MCNTSs), some
variants of which are shown in Fig. 5, a, c. In addition to MWCNTSs of the "Russian
matryoshka" type (Fig. 6, a), there are MWCNTs of the "roll" type (Fig. 6, b) and

papier-maché (Fig. 6, c), but they are less common.

Fig. 6. Models of the MWCNT structure:
a - "Russian matryoshka"; b - "roll"; c - "papier-mache"

The number of layers is most often no more than 10, but in some cases it reaches several
dozen.

For any variants of the structure of MWCNTSs, the interlayer distance ("Van der Waals gap") is
close to the distance between the graphite layers (0.34 nm), and for defective MWCNTs it can
reach 0.4 ... 0.5 nm.

The interlayer distance dc in defect-free MWCNTs depends on the tube diameter Dtr and
decreases as it increases:

d. = 0,344 + 0,1 - e Pew/2
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Fig. 7. Morphological varieties of CNTs and CNFs:
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a - "column of coins" nanofiber; b - nanofiber "herringbone structure" (stack of cones, "fish
bone"); c - nanotube "stack of cups" ("lamp shades"); d - "Russian matryoshka" nanotube; d -

bamboo-like nanofiber; e - nanofiber with spherical sections; g - nanofiber with polyhedral
sections

The main parameter of a CNT, which characterizes its strength, is considered to be the limiting
Young's modulus, which is determined by the expression

o N
E=-
€

~ 2nRhe’
where o is the limiting stress, which is the ratio of the limiting tensile force N applied to the CNT

to its cross-sectional area; € is the relative tension (change in length) of the nanotube at this
stress; R is the CNT radius; h is the thickness of its walls.
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Method for the synthesis of boron nitride nanotubes by
chemical vapor deposition

(a) Optical
pyrometer "k s

graphite A
susceptor =
Outlet
orifice
work coile—@ &
BN chambe :
BN crucible
@ @
] -}

outlet 4—“

Schematically, it can be presented as follows:
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~1100 °C

4

Temperature
decrease

~1350 °C

BNNTs
2B(s) + 2NHy(g) —2BN(s) + 3Ha(g)

BO/B,0, (2) + Li ()

B (s) + Li,O (s)

Boron Nitride Nanotubes (BNNT) Applications
BNNT properties

e Chemically resistant

e Thermally stable

e High thermal conductivity
¢ Has the highest modulus of elasticity (=1TPa)
* One of the strongest tensile materials: B-N bond is the second strongest bond after C-C

BNNT Applications for practical needs

1.

(microelectronics) Since BN has a band gap of 5-6 eV, BNNT can be used for
semiconductor electronics. Since graphite is a semi-metal, it is difficult to directly
use it in nanoelectronics. BN is already a wide-gap semiconductor, since closing a BN
zone is much easier than opening a zone C,

(microelectronics) Task: unpacking BNNT into graphene-like flat BN sheets. If
graphene is placed on a flat BN leaf, then the width of the forbidden zone in
graphene can be varied.

Objective: to realize packings between flat Cn and BN.

A number of articles have suggested “tricks” with these sandwiches. Why are they
interesting? Graphene has a very high mobility of charges, i.e. much more than in
metallic materials.

NB: Cn - BN based semiconductors are piece items. So our lag is still surmountable.
(mechanical applications) If we compare the mechanical properties of graphenes
and BN - sheets, then these are very strong joints (Young's modulus =1TPa; tens -
hundreds of GPa ultimate tensile strength).
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The direction’s idea: BN structures are easy to use in composite materials.
A) Composites from polymers.
- Thermal stability.
- Since BN has a band gap of 5-6 eV, this material transmits visible light. So the
composite retains transparency, but many of the BNNT properties are exported. This
increases the strength and thermal conductivity by 30 - 40%.
C) Reinforcement of metals Al, Li, Mg for structural applications.

ME + BNNT hybrids
Objective: to obtain a material as light as Al (Mg) and as strong as steel.
Theoretically predicted metal hybrids with a density of 2.5 g / cm3 with a modulus of
strength of 1 GPa. (aerospace, mechanical engineering)

Problems:

e BN isnot wetted

e BN is passive

e The question of cohesion between the nanophase and the metal phase has not yet been
resolved, i.e. cohesion at the ME-BNNT interface is less than the strength of the
nanostructure.

e The problem of dispersing nanostructures in metals. The metal has its own grain
structure and its own preference for kryistallization. When incorporating BNNT into
metals, grain boundaries must be taken into account and a certain homogeneity must
be achieved.

Boron nitride nanotubes: basic properties

White BNNTs offer unusual properties, including neutron radiation shielding, piezoelectric
properties, thermal oxidative stability (> 800° C in air), high thermal conductivity, very high
Young's modulus (up to 1.3 TPa), piezoelectricity, and exceptional thermal suppression. neutron
radiation.

Radiation shielding

The space environment contains a number of hazardous factors, one of which is cosmic
radiation. Cosmic radiation consists mainly of electrons and protons, solar energy particles
(SEP) and galactic cosmic radiation (GCR). GCR consists mainly of nuclei (fully ionized atoms)
plus a small contribution (~ 2%) is made up of electrons and positrons. There are also GCR
particles with a large atomic number (Z> 10) and high energy (E> 100 GeV). Additional radiation
hazards come from neutrons and gamma rays from nuclear collisions and from X-rays from
Coulomb interactions. Thermal neutrons are produced as secondary radiation when the GCR

and SEP interact with the walls and structural contents of the interior space (e.g., vehicle,
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landing pad, habitat, lunar rover or spacesuit), the planetary atmosphere, and regolith on the
lunar surface, planets, or asteroids. The hydrogen with the highest charge-to-mass ratio of any
element provides the best protection against thermal neutrons. Since the screen of pure
hydrogen is not realizable, hydrogen-containing materials are the most suitable candidates for
protection. BNNTSs are entirely composed of the lower Z atoms, boron and nitrogen. Boron and
nitrogen are larger than hydrogen, but they are still small. In theory, BNNT can be processed
into structural components and used for load-bearing structures; they are also attractive
candidates for hydrogen storage. Boron has one of the largest neutron absorption cross
sections of all elements in the periodic table, and nitrogen has a larger neutron absorption
cross section than carbon. The neutron absorption cross section for the B10 isotope is 3835
barns (1 barn = 10-28 m2), therefore the use of BNNT or BN with B10, especially if they are
enriched with sufficient hydrogen, will lead to enhanced protection against thermal neutrons.
Since neutron radiation is known to damage human organs and tissue, it is worth exploring the

possibility of using BNNT for radiation shielding structural materials.

BNNT production in NASA laboratories

Growing methods for BNNT can be divided into two broad categories: low temperature and
high temperature. In the low-temperature category, the synthesis method comes with
operating temperatures from 600 to 1700 ° C, which is significantly lower than the evaporation
temperature of pure boron (more than 4000 ° C, depending on the ambient pressure).

Two common low temperature synthesis methods are ball milling and chemical vapor
deposition (CVD). Both of these methods require catalysts, but they are capable of producing
hundreds of milligrams to grams of BNNT. Typically, CVD and ball milled BNNTs are multi-walled
and have large diameters (~ 50 nm). In addition, these tubes often suffer from faceted / wavy
wall morphologies, elbows and herringbone / bamboo wrinkles.

There are two high temperature synthesis technologies, arc discharge and laser heating (or
ablation) methods. These methods provide high quality BNNTs (small defects and few walls)
that are very thin (> 5 nm). Similar to low temperature methods, arc discharge requires the use
of catalysts and generates small diameter nanotubes with low proportions. Currently, NASA
and NIA are currently conducting a high temperature synthesis (HTP) method known as the
high pressure vapor / condensation method capable of producing high quality BNNTSs of regular
tube shape.
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Synthesis chamber
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New NIA BNNT R&D facility in a protective casing with a
laser protection window

Chamber pressure 1-2 MPa and laser power 1 kW (debug
data on 2013)
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e

The corresponding BNNTSs in focus of transmission EM
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Methods of aerosol synthesis of single wall carbon nanotubes
(SWCNTs)

Aerosol can be created using a microwave generator and various nebulizers, as well as by
jonization in an electric field (aerosol-assisted methods).
a) Reactor for aerosol synthesis of SWCNTs by the method of high-pressure

carbon monoxide

CO recir- __| High pressure Molecular
culation compressor sieves
0-150 L - miri | Cooling
" 000000000 Filter
- |~ H- [
020L-min | ”ul ”
— r‘]:.f 1-50 bar E
57 0-1L - min I i
]
. 000000000 | €
N Furnace (200-12009C)
Fe(CO)s

The basis is the chemical reaction of the catalytic disproportionation of CO on the surface of the
iron catalyst particles by the reaction

2C0 = CO, + C(solid), AH = —169 KJ - mol™!
At high (up to 50 bar) pressures, the vapors of the catalyst precursor Fe (CO) 5 are introduced
into the reactor with a cold CO stream and turbulently mixed with hot CO. Recycling of CO is
necessary due to its low degree of decomposition (0.005%).
The process allows the synthesis of SWCNTs with a purity of up to 97%.
(Rice University, Houston - TX, R. Smalley group, Nob. prize in chem. 1996)

b) Reactor for aerosol synthesis of SWCNTs by decomposition of ferrocene vapor

in the presence of sulfur vapor

Cooling
air
Second furnace (1100°C) First furnace (55°C)
Output l[oooooo000| Y (000000
« D C B - A Input
: .-'f |I 1l ] ]
100/0000000] y 000 0,0 0]Ar+CaH:
/ A mixture of ferrocene
Ouarz tube and sulfur
(d= 50 pn) Connecting tube
(d = 5 nam)
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c) Reactor for aerosol synthesis of SWCNTs by decomposition of ferrocene vapors

in a CO atmosphere
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M2 diluent

EP

Fitter

DMA - differential mobility analyzer
EP - electrostatic precipitator
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Devices for continuous monitoring of the synthesis of single-walled
carbon nanotubes

=
2 w
Condensi
Strepm ' mﬂﬁm
straightener P
(laminator) Photodetector
Laser disde
External electrode ¥
(grounded)
Internal electrode Cooled tube
(high voltage) b=
Heated saturator - i
AF I . : - — 1
3 - — | . Cuooling by natural
Alcohol container conyection
Differential mobility analyzer: 1 - Condensation counter of aerosol particles: 1 -

flowing gas, 2 - polydisperse aerosol, 3 - vacuum pumping, 2 - electrical impulses, 3 -
excess gas outlet, 4 - monodisperse thermoelectric heat pumping, 4 - azrosol inlet.
aerosol outlet.
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NANOTUBE DEPOSITOR DEVICES
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Thermostatic precipitator Electrostatic precipitator of the needle-plate type

for collecting charged and neutral aerosol particles

Input
Housing l

Teflon Substrate

17

Cutput

+/—
Cylindrical precipitator for collecting only charged
particles of a certain polarity
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PREPARATION OF GRAPHENE OXIDE (modified Hammer method)

A) Low temperature stage

5g Graphite
115 ml H,S0O, (98%)
25¢g NaNO;

Stir in an ice bath for 30 minutes

15¢ | KMnO,

add slowly with stirring for over an hour.
Stir for an additional hour.
Temperature below 5°C.

B) average temperature

Raise temperature to 45°C and stir for one hour.

C) High temperature stage
Add 230 ml of distilled water.
Stir for 30 minutes at 45°C of external heating.

An exothermic reaction takes place (up to 98°C).

D) Termination
Prepare 600 ml of distilled water
and 150 ml of H,0, (9%)

add and stir

E) Completion

Filter.

Rinse in 5% HCI, then with distilled water.
Dry.

Add 50 ml of water to the dried cake and mix.

Leave for 24 hours and strain, discarding the filtrate.



The solution goes into water.
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