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FIBER

RUECHUWEE MEECHUE: NOVEL DIAMOND pATR SENSOR FOR
CHARACTERIZATION OF FIBERS THESIS ADVISOR: ASSOC. PROF.
SANONG EKGASIT, PhD., CO-ADVISOR: ASSOC. PROF. CHUCHAAT
THAMMACHAROEN 76 pp. ISBN 974-53-2712-3

The novel diamond pATR sensor accessory for ATR FT-IR spectral
acquisition using an infrared microscope with a gem quality round brilliant cut
diamond as an IRE was fabricated. The ATR spectrum under total internal reflection
phenomenon within the diamond can be collected. Since diamond is the hardest
material, it can be used for characterization of rough surface, hard, and rigid
samples. Due to the small sampling area of diamond tip, the small sample can be
employed by the diamond pATR sensor. In this work, characterizations of single
fibers by a novel diamond pATR sensor were studied. The surface information of the
single fibers were achieved. The observed spectra show the different spectral
features between untreated fibers and chemical-treated fibers. The spectra acquired
by the novel diamond pATR sensor were similar to those acquired by the
conventional ATR technique. The spectral intensity of spectra acquired by the
diamond pATR sensor is better than those obtained by the conventional ATR due to

the better contact.
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CHAPTER I

INTRODUCTION

Infrared spectroscopy is a particularly useful analytical methods because of the
rich information of a spectrum and its variety of possibilities for sample
measurement and substance preparation. To collect an infrared spectrum, various
sampling technique can be employed such as transmission, reflection, reflection
absorption, and attenuated total reflection techniques. The choice for sampling
technique depends strongly on type of the sample (i.e., solid, liquid, or gas) and the

required information.

Attenuated total reflection Fourier transform infrared (ATR FT-IR)
spectroscopy is one of the widely employed characterization technique. Unlike the
transmission technique, ATR is the surface sensitive technique. Transmission
technique presents some limitations related to the lack of surface sensitivity. In
transmission experiment, light propagates throughout a whole sample. Therefore, the
information obtained is the average information coming from both the surface and
the bulk. The absorption contribution from the surface region is very small compared
to that from the bulk. In many applications (for example, degradation studies [1-3],
depth profiling [3-6], surface characterizations [7-8], and forensic analysis [9-10]), it
is essential that the information coming from the bulk of the material be

distinguished from that coming from the surface or interface.

1.1 ATR FT-IR Spectroscopy

Attenuated total reflection Fourier transform infrared (ATR FT-IR)
spectroscopy is one of the powerful surface analysis technique. The ATR technique
requires an internal reflection element (IRE) or ATR crystal of high refractive index.
This technique can be applied to any sample only if the sample can be put into
contact with the IRE. The basic theory for ATR FT-IR spectroscopy was first
introduced by Fahrenfort and Harrick in 1960 [11-12]. When incident radiation



traveling in an optically dense medium strikes the boundary of a second medium
with a relatively lower refractive index with an angle greater than the critical angle.
The electromagnetic field known as the evanescent field decays exponentially within
a few micrometers away from the interface into the lower refractive index medium.
This electromagnetic field interacts with the material and gives absorption spectrum
of surface characteristics of the material.

1.2 The Advantages of ATR FT-IR Spectroscopy

ATR is a surface sensitive technique. The spectra can be collected in situ and
in real time. It is possible to work with small penetration depth (from 0.1 to 10 pum)
[13-14] and the information of samples at different depth can be obtained from ATR
spectra. ATR experiment is a nondestructive technique. The samples may be solids,
liquids, or thin films. It is an excellent technique for polymer thin films because the
thickness of the film is not a limited parameter.

1.3 The Limitations of ATR FT-IR Spectroscopy

To collect ATR spectral information of the sample at a greater depth, variable-
angle and/or variable-IRE experiment was employed. However, ATR technique is
not possible to obtain spectral information of sample greater than 10 um, which is a

problem when the chemical composition of the surface is different from the bulk.

For ATR experiment, optical contact between IRE and sample is necessary for
obtaining a good spectrum. When the system does not have a suitable optical
contact, -there .is always an air gap between the sample and. the IRE. The
characterization of solid samples, “especially hard and. rigid samples, always
encounters the contact problem. The absorbance deterioration is obtained when the
surface of the sample is not smooth and cannot be pressed against the IRE. If the air
gap is thick enough, the spectrum of sample may not be able to be observed.
Moreover, a hard and rigid sample can also damage the surface of a hard IRE when

it is pressed with high pressure.



Solvent casting of polymer solution or hot pressing of polymer film onto the
IRE has been employed in order to ensure the optical contact. These approaches are,
however, not applicable to many types of samples (i.e., surface treated polymers,
polymer coatings, and insoluble polymers) since the required information may be
destroyed during the sample preparation. In general practice, the application of
pressure to the solid sample against the IRE is employed for improving the contact
between the IRE and the solid samples [15-16]. However, this approach is not
generally applicable or not appropriated for soft IREs such as ZnSe and KRS-5
because the excessive force may damage the surface of the IRE. A hard and rigid
sample can also damage the surface of a hard IRE such as Ge when it is subjected to

a high pressure.

1.4 The Use of Diamonds as an Internal Reflection Element

Since optical contact between an IRE and a sample is crucial for obtaining a
good spectrum in ATR experiment, a diamond IRE is employed for the improvement
of the contact. The diamond accounts for its hardness and physical strength, it is not
damage when sampling the hard and rigid samples, therefore good optical contact is
obtained. Moreover, it is chemically inert. The development of diamond as an IRE

opened up a number of applications in the infrared spectroscopy.

The use of diamond for ATR is not new, as a diamond microassembly was
available for the Wilks Scientific model 76 ATR accessory back in 1977. Later, in
1992, a cylindrical ATR flow cell system was introduced for on-line industrial
measurement. In' both cases, the sampling devices were targeted at specific
implementations and sample types. In 1994, a new ATR sampling technology
featuring a diamond optical interface to the sample, incorporated into immersion
probe, known as the DiComp Probe, was introduce for process analysis applications
[17].

In 1995, a new micro-ATR accessory was introduced, called the DurasamplIR
(SensIR Technologies, CT, USA) [18-19]. In its standard form, this accessory

features a diamond IRE sampling surface. All the practical benefits of diamond are



retained: its strength and chemical inertness, and good optical performance with
minimum interference in the region of the diamond absorption. This arrangement is
made practically by a unique combination of a small, thin diamond element placed
on top of a larger optical element made from a material of comparable refractive
index, usually zinc selenide. The second, larger element acts as a mechanical support
and as focusing device for the infrared entering and exiting the diamond IRE.
However, on a larger optical element placed by thin diamond element has the
limitation of hardness. If high pressure is applied, it will break or crack. Moreover,

the commercial DurasamplIR is expensive.

Recently, various commercial diamond ATR accessories are available.
However, most of the commercial diamond IREs were specially designed and built-
in the ATR objective. With a small surface area it is exerted a significant force with
minimal applied pressure. They are dangerous when the application is associated
with over-pressurisation. In extremely cases, with hard materials and too much

applied pressure, there is a risk to crack the diamond.

From the limitations of commercial diamond ATR accessories, the homemade
diamond pATR sensor accessory was developed by the Sensor Research Unit,
Department of Chemistry, Faculty of Science, Chulalongkorn University. A gem
quality round brilliant cut natural diamond was employed as an IRE [20]. The novel
diamond IRE has two configurations; a sharp-tip (i.e., a faceted diamond with a very
small culet) and flat-tip (i.e., a faceted diamond with an expand culet) for various
types of the required information. In this: work the flat-tip diamond IRE was
approximately 0.1 mm in diameter. The diamond IRE was impermanent mounted
into the probing head, therefore, it is very easily to clean the IRE. Moreover, the
homemade diamond pATR accessory is cost effective. The novel diamond pATR
sensor can apply in various materials such as hard and rigid [20], rough surface,
irregular shape samples, small sample, and good optical contact between sample and
IRE is obtained as well. The spectral information at greater depth can be acquired by
simply applying pressure on the sample against the culet of the sharp-tip diamond
IRE. Due to the optical transparency of the diamond, the image of the sample

attached to the flat-tip diamond IRE can be visualized though an optical microscope.



Therefore, a small sample or a small area on the surface of the sample can be

selectively observed.

1.5 The Objective of This Research

The objective of this research is to develop the accessory of novel diamond
LATR sensor and characterization of single fibers by a novel diamond pATR sensor.
ATR spectra obtained by novel technique will be compared with spectra obtained by

the conventional ATR.

1.6 The Scope of This Research

1. To design and to improve the accessory of novel diamond pATR sensor.
2. To characterize the fibers by a novel diamond pATR sensor.
3. To compare infrared spectra observed by novel diamond uATR sensor with

those obtained by the conventional ATR.



CHAPTER 11

THEORETICAL BACKGROUND

2.1 Fundamentals of Light Propagation

Light is by nature an electromagnetic wave produced by the vibration of an
electric charge. In its simplest monochromatic form, light can be represented as
polarized, oscillating electric and magnetic fields that propagate in space, as depicted
in Figure 2.1 [21]. The electric and magnetic vectorial components are orthogonal to
each other and to the direction of propagation.

Direction

— .
H

Y

Figure 2.1  Propagation of a linearly polarized electromagnetic wave in the
direction of propagation. The electric (E) and magnetic (H) vectorial
components are ‘orthogonal to each other and to the direction of
propagation. In. unpolarized light, the electric component E is
randomly oriented in-an infinite number of directions, but remains

always perpendicular to the direction of propagation.

When such an electromagnetic radiation impinges on a specimen, rays of the
incident beam may be reflected, scattered, transmitted, or absorbed. Depending on
the experimental arrangements, various rays may be detected. The total amount of

incident energy is the sum of reflected, scattered, transmitted, and absorbed light. A



schematic illustration for an interaction between light and matter is illustrated in

Figure 2.2. This process can be expressed by the following relationship [21]:
lp=lg+1g+1;+1, (2.1)

where 1, is the intensity of the incident beam and 1, I, I;, and I, are the

intensities of reflected, scattered, transmitted, and absorbed beams, respectively. The
intensity of each beam depends on the intensity and wavelength of the incident
radiation, the optical properties of the specimen, the concentrations of species, and

the geometry of the experimental setup.

Elastic or inelastic
scattering (ls)

Incident Beam Reflected < >
(1) Beam

(Ir)

D ———— Transmitted (I;) Beam

Sample
Figure 2.2 Interactions of light with matter.

Considering, the electromagnetic radiation when a sample is inserted between
a source of light and a detector, as seen in Figure 2.2. The sample absorbs a fraction
of the incident radiation. We will neglect reflection and scattering and measure the
amount of light transmitted by the sample. For that purpose we need to measure the

ratio of the sample attenuated (| ) and nonattenuated (1) intensities of the radiation.

The ratio.is proportional to the transmittance of the sample. This relationship can be
quantitatively related to the chemical composition of the sample by the Beer-

Lambert law as [21]:

1 /1, =e ") = g %! (2.2)



where A(v) is the sample absorbance at a given wavenumber v, c, is the
concentration of the absorbing functional group, &(v) is the wavenumber-dependent

absorption coefficient, and | is the film thickness for the infrared beam at a normal

incidence to the sample surface.

A simple transmission experiment as described above may provide a
significant amount of information concerning molecular structures and their
properties. One apparently drawback is that the technique is not applicable to surface
analysis. If one wants to gain an insight understanding of the surface properties such
as chemical compositions, molecular orientation, and chemical reaction, a surface
sensitive technique is required. ATR FT-IR is a good candidate for this purpose. It is
not only a technique that provides the information, which directly associated to

chemical composition of the sample but also a surface sensitive technique.

2.2 Principles of Light Reflection and Refraction

When an electromagnetic radiation strikes a boundary between two media with
different refractive indices, refraction and reflection occur. The law that governs the
reflection process requires that the angle of incidence is equal to the angle of
reflection. In this case, reflection is specular. If electromagnetic radiation passes
from one medium to another that has a different refractive index, a sudden change of
beam direction takes place because of the differences in propagation velocity
through two media. If light propagates through an incident medium with refractive

index n, and enters a medium with refractive index n, (Figure 2.3), the light path

will be changed and the extent of refraction is given by the following expression,

known as Snell’s law [21]:

n,sina =n;sin g (2.3)

where « and g are the angles of incidence and refraction, respectively.



Incident Beam Reflected Beam

Refracted Beam

Figure 2.3  Reflection and refraction of a plane wave at a dielectric interface based

on Snell’s Law.

Total internal reflection occurs when light traveling in an optically denser

medium impinges on surface of a rarer medium (i.e., n,> n;) with an incident angle

greater than the critical angle. The critical angle can be derived from Snell’s law and
given by Equation 2.4. As illustrated in Figure 2.4, when the angle of the incidence

equals the critical angle, @, the refracted angle equals 90°. This implies that under a

total internal reflection phenomenon there is no light from the optically denser

medium travels across the interface into the optically rarer medium.

0. =sin*(n, /n,) (2.4)

where n, and n, are the refractive indices of the denser medium and that of rarer

medium, respectively.
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Incident Beam

»— Refracted Beam

B =90°

Figure 2.4  Condition under which total internal reflection occurs. Light travels
from an optically denser medium and impinges at the surface of the

optically rarer medium (n,>n,) at an angle equal critical angle.

2.3 ATR FT-IR Spectroscopy

ATR FT-IR spectroscopy stands for attenuated total reflection Fourier
transform infrared spectroscopy. It is a material characterization technique using an
internal reflection principle. The total internal reflection is an optical phenomenon,
which can be observed easily, for example, with a glass of water. If the side of the
glass below the water level is viewed obliquely through the water surface, it appears
to be completely silvered and one can no longer see objects behind it. The reason for
this is that light striking the glass surface is totally reflected and therefore does not

pass through the surface in order to illuminate these objects.
In an ATR configuration, a denser medium (i.e., an internal reflection element,

IRE) is optically contacted with rarer medium (i.e., a sample) as shown in Figure 2.5.

The IRE is infrared transparent and has a refractive-index n,. The sample is infrared

absorbing and has a complex refractive index at frequency v (cm™) of [21]:

A, = n, +ik; (2.5)

where n, and k, are refractive index and absorption index, respectively.
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Figure 2.5  Ray tracing under total internal reflection.

Incident light travels from the IRE and impinges the IRE/sample interface with
an incident angle greater than the critical angle. Under non-absorbing condition (i.e.,
the rarer medium is transparent or absorption index of the medium equals zero), the
incident light is totally reflected at the interface. Since there is no light travel across
the interface, no reflection loss due to absorption is observed. This phenomenon is
defined as total reflection phenomenon. When the rarer medium is absorbing (i.e., its
absorption index is greater than zero), there is a reflection loss due to absorption by
the sample. Reflectance of the beam leaving IRE/sample interface is less than unity.

This phenomenon is defined as attenuated total reflection (ATR) phenomenon.

Although no light travels across the boundary, there is a strong electric field at
the interface region of the IRE/sample. This electric field known as the evanescent
field, decays exponentially within a few micrometers from surface of the IRE.
Interaction between-the evanescent field and the sample-is the cause of reflection

loss in ATR experiments.

2.3.1 Internal Reflection Elements (IRE)

The internal reflection element (IRE) is an infrared transparent material used in
internal reflection spectroscopy for establishing the conditions necessary to obtain
internal reflection spectra of materials. In general, the IRE configuration included
variable-angle hemispherical crystal with single reflection and multiple reflection

planar crystal (Figure 2.6). ATR spectra are easily obtained by placing the sample
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against the IRE while the infrared radiation is coupled into the IRE. The information
obtained from the spectrum depend on several factors such as properties of IRE,
angle or range of angles of incidence, number of reflections, aperture, number of

passes, surface preparation, and material from which it is made [13].

<« IRE

AR ~ ~ ~ g
N~ 2 '/ \-llRE\./ \/
Sample (V Sample

A. Single Reflection B. Multiple Reflection

Figure 2.6  Selected IRE configurations commonly used in ATR experimental
setups: single reflection variable-angle hemispherical crystal (A), and

multiple reflection single-pass crystal (B).

2.3.2 ATR Spectral Intensity

In ATR experiment, the magnitudes of the interaction between light and the
sample can be expressed in terms of absorbance. The absorbance depends on both
the material properties (e.g., refractive index of the IRE and complex refractive
index of the sample) and the experimental parameters (e.g., angle of incidence and
polarization of the incident beam). The relationship between absorbed and reflected

intensity in an ATR spectrum is given by [22]:

A(0.v)=1-R,(6,) (26)

where A(f,v) and R(#,v)are absorptance and reflectance, respectively and |
indicates the polarization of the incident beam. The polarization direction is given
with respect to the plane of incidence. The plane of incidence is defined as the plane

that contains both incident and reflected beam. For p-polarization (p- stands for
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parallel), the electric component of the electromagnetic wave is parallel to the plane
of incidence while the magnetic component is perpendicular to the plane of
incidence. The electric component of the electromagnetic wave with s-polarization
(s- stands for senkrecht) is perpendicular to the plane of incidence while the
magnetic component is parallel to the plane of incidence. In general, absorptance in
ATR can be expressed in terms of experimental parameters and material

characteristic by the following expression [21]:

drv
Ny COS &

A (0.v)= Tnl Dk, (V)(EZ(0,v))dz (2.7)

where B indicates degree of polarization of the incident beam, <Ef(0,v)> is the

mean square electric field (MSEF) at depth z. n,(v), and k,(v), respectively, are the
refractive index and absorption index of the sample, and n, is the refractive index of

the IRE. The MSEF has the strongest in magnitude at the IRE/sample interface. Its
strength decreases exponentially as a function of depth. The MSEF is, however, also

a function of experimental condition and material characteristics.

Under the ATR condition, although there is no light travels across the
IRE/sample interface, there is an evanescent field generated at the boundary. This
field is strongest at the interface and exponentially decays as a function of distance
from the interface. The rapid decay of the evanescent field is the unique
characteristic of technique that makes ATR as.a powerful surface characterization.
The decay pattern of the evanescent field can be expressed in terms of the distance

from IRE/sample interface by the follow expression [13]:

E2(0,v)) = (E2(6,v))e ?'*" (2.8)
(EZ(0.v))=(E5(0v))

where d_(6,v) is the penetration depth. <E§(¢9,v)> and <Ef(¢9,v)> are the mean

square evanescent filed at the interface and the depth z, respectively. The evanescent
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field characteristic at the boundary between the IRE and the sample is shown in
Figure 2.7 [13].

\>
> IRE
4 (ny)
dp% Sample
(ny)

e—z/dp—J

Figure 2.7  The evanescent field at the boundary between the IRE and the

sample.

The penetration depth is defined as the depth where the electric field strength
decays to 1/e of its value at the interface. The penetration depth is given in term of

material characteristics and experimental parameter by:

1

d =
i 27zvn0(sin2 6’—(n1/n0)2)1/2

(2.9)

where v is the frequency of the infrared radiation‘and & is the angle of incidence.
By the altering the angle of incidence while ensuring that it remains larger than the
critical angle, the depth of penetration is consequently varied. Example of the
penetration depth at various experimental conditions and material characteristics are

shown in Figures 2.8 and 2.9.
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Figure 2.8 Relationship between the penetration depth and wavenumber for Ge

crystal (n, = 4.0) at different angle of incidence.
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Figure 2.9  Relationship between penetration depth and wavenumber for ZnSe

crystal (n, = 2.4) at different angle of incidence.



16

Figure 2.8 and 2.9 show that the penetration depth depends strongly on
experiment conditions and material characteristic. Under a non-absorbing condition

(i.e., k;(v)=0), the MSEF can be calculated if the refractive index of material is

known. Under this condition, the MSEF is given a special name as the mean square
evanescent field (MSEVF). The strength and the decay characteristic of the MSEVF
can be given in a much simpler than those of MSEF. The MSEVF at the interface

with p- and s-polarized radiation is given, respectively, by [13]:

) o H[sinf_e—(nl(v)/no)z_]+ 4cos? @sin? 0
(ELin (@), = =)0, 7 K+ (n,02) /0, ) sin2 6 — (n, (v) I n, )

(2.10)

4c0s° 0

o Yy

(2.11)

The field strength and decay characteristics of the MSEF significantly deviate
from those of MSEVF as the absorption index become larger (i.e., large absorption
index and small angle of incidence). The influence of absorption on the field
characteristics is more pronounced in the case of IRE with low refractive index such

as ZnSe. The MSEF at various conditions are shown in Figure 2.10.
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Figure 2.10 The MSEF at various experimental condition (A, A’) and its decay

characteristic (B, B"). The simulation parameters are n,= 4.00 for Ge,
ng = 2.40 for ZnSe, v = 1000 cm™, n,(v) =150, k,(v)= 0.0, 0.1,
0.2,0.3,0.4, and 0.5, respectively.

According to equations 2.9-2.11, the MSEVF at any depth can be calculated if
the reflective index is known. Unlike the MSEVF, the MSEF can be obtained only if
the-complex refractive index of the material is-known. However, this is not usually
the case since the complex refractive index of a material is-not generally available.
Under a weakly absorbing condition (i.e., the absorption index is small and the angle
of incidence is much greater than the critical angle), the strength and the decay
characteristics of the MSEF are similar to those of the MSEVF. The MSEF can

accurately be estimated from the MSEVF by the following expression:
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(EZ(0.,1)) - %@f(@, W), 2.12)

where R(@,v) is reflectance and <Ef(0,v)> and <Ef(¢9,v)> ,» Tespectively, are the

k=

MSEF and MSEVF at depth z.

By substituting Equations 2.9 and 2.12 into Equation 2.7, the absorption in
ATR spectroscopy, under a weakly absorbing condition, can be expressed in terms

of the MSEVF by the following expression:

1+R@.v) 47rv< EZ(6, V)>k:0

A0,v)=
©) n, Cos@

n, (V)k, (v) j e 2% gz (2.13)
0

By substituting Equation 2.6 into Equation 2.13, the following expression is
obtained:

J1-R(@.) 27(ENO), n()k()d,0)
1+R(0,v) N, COS 6

(2.14)

When absorption is small (i.e., R(&,v) is close to unity) the above equation is further

simplified to:
2 k,(v)d_(6,v)(EZ(6,
Ry 1(V)n D§OS;)< 0.0, (2.15)
2 k, (v)d (8. V)(EZ(®,
161 (K (V)d, (@ V)(ESO0)). .16)

In(10)n, cosé

where A(@,v) is the absorbance, which is the value one normally obtained from
spectrometer. However, one should not confuse the absorptance A(6,v) given in
Equation 2.6 and the absorbance A(#,v) given in Equation 2.16 because they are

defined from the different criteria.
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Equation 2.16 also indicates that spectral intensity is directly related to material
characteristic. However, the expression is limited to small absorption since it is
derived from the MSEVF. However, the expression is the most convenient form for
expressing quantitative relationship between spectral intensity and material
characteristic.

2.3.3 Problem of Sample Contact in ATR Measurement

Since ATR FT-IR is a surface sensitive technique, in order to obtain good ATR
spectra, a very good contact between the sample and ATR prism or an IRE is
required. Liquid samples always have a perfect optical contact with an IRE. Solid
samples, on the other hand, rarely have a good contact with an IRE although their
surface is obviously flat. This is due to the surface irregularity of the samples,
imperfect flatness throughout the surface, defect on the surface. In order to gain a
good contact between solid samples and an IRE, the pressure must be applied. If the
sample is harder or tougher than the prism material, the applied pressure will lead to
the rapid deterioration of the prism and still no optical contact is obtained.
Unfortunately, the high refractive index materials used for ATR FT-IR are not very

strong and the high frequency regions require a much better contact.
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2.4 Novel ATR FT-IR Microscopy

2.4.1 Tranflectance Phenomena

In principle, a faceted diamond was cut in such a proportion that number of
internal reflections within the diamond is enhanced. To increase the number of total
internal reflection, the cutting proportion of diamond is carefully designed with
respect to its reflective index, size and carat weight. The number of total internal
reflections depends on the angle and the positions that light enters the diamond. The
greater number of reflections within the diamond, the better the fire and brilliance of
the faceted diamond [23-24].

To obtain the better understanding of the tranflectance phenomenon under the
employed cut proportion of diamond, ray tracing of radiation in diamond are shown
in Figure 2.11 [25]. A round brilliant cut diamond consists of 57+1 facets depending
on the presence of the culet. Since the refractive index of the diamond (Ngiamond =
2.417) is greater than air (nir = 1.0) total internal reflection at diamond/air is
observed when radiation traveling inside the diamond impinges the interface with the
angle of incidence greater than the critical angle. The critical angle, &, is given in
term of the refractive indices by &. = sin™ (N.i/Ngiamond) and is equals to 24.44° for

diamond/air interface.
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Figure 2.11 A schematic drawing of a round brilliant cut diamond with
Tolkowsky’s recommended cut proportion (A). Ray tracing of the
incident radiations travel within a round-brilliant cut diamond (B), and

a summary-of angles at diamond/air interface.

In order to collect tranflectance infrared spectra of faceted diamond using an
infrared microscope, the infrared radiation is coupled into and is collected from the
table facet by built-in 15X Cassegrian objective. According the optical design of
objective, the coupled infrared radiation is inherently converging [26]. For the
coupled infrared radiation with a normal incidence to the table facet, the radiation
totally reflects at the pavilion facet. Under the employed cut proportion shown in

Figure 2.11B, (i.e., a set of Tolkowsky’s recommended cut proportion with pavilion
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angle of 41° and crown angle of 34°), the angles of reflection at pavilion facet are
41° and 57° for the first and the second reflections, respectively. The radiation
reaches the diamond/air interface at the table facet at 16° angle of incidence and
refracts into air with an angle of 41.77°. Due to the complex cut surfaces of the
faceted diamond and the divergence of the coupled radiations, the radiations impinge
the table facet with different angles and undergo different radiations before emerging
into the air. However, some radiations may not emerge from the table facet but

undergo multi internal reflections before emerging into air at any other facet.

According to the traveling path of the coupled radiation in Figure 2.11B, the
out going radiation from the table facet is defined as the transflected radiation. Since
diamond has absorption bands in the mid infrared region, attenuations of the infrared
radiation at diamond characteristic absorption frequencies are expected. As a result,
by collecting the transflected radiation, the absorption spectra of diamond can be

measured [25].

2.4.2 Using a Faceted Diamond as an IRE

A novel technique for ATR FT-IR spectral acquisition by infrared microscope
with gem quality faceted round brilliant cut diamond as an IRE. The benefits of the
diamond are its strength and hardness, its chemical resistance to virtually any
materials and it offers optical transparency in mid infrared region. Under the ATR
condition, the material was placed against the tip of diamond. Due to the high
refractive index-of diamond (Ngiamena = 2:417), the evanescent field exponentially
decays as a function of depth from the surface of the material with lower refractive
index. Therefore, it can be exploited of the physicochemical characterization of

material as that in the conventional ATR FT-IR technique [20].
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Diamond has three major absorption bands in the mid infrared region, namely
one-phonon (1400-900 cm™), two-phonon (2650-1500 c¢m™), and three-phonon
(3900-2650 cm™) absorptions. The absorptions are associated with impurities and
defects in diamond crystal structure. The absorption magnitude in the one-phonon
region depends strongly on the concentration of nitrogen impurity within the
diamond structure. Diamond with high nitrogen content always shows over
absorption while that with low nitrogen content does not show significant absorption
in this region. Transflectance spectra of round brilliant cut diamonds (i.e., ATR
spectra of air) with different magnitude of nitrogen impurities are shown in Figure
2.12. A diamond with low nitrogen content can be employed as an IRE. The two-
phonon region is the intrinsic absorption of diamond crystal structure. Although the
two-phonon region is always over absorbing, it has little effect on analytical
application since most organic materials do not absorb light in this region. The three-
phonon region, on the other hand, is very weak. It imposes insignificant interference

with the absorption of the materials.

2.0 FA. Diamond with low nitrogen conten

Absorbance

2:8 -B. Diamond with high nitrogen content

1.4

Absorbance

0.0 I . .
4000 3000 2000 1000

Wavenumber (cmt)

Figure 2.12 Transflectance spectra of a brilliant cut diamond with low nitrogen
content (A), and diamond with high nitrogen content (B).
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The novel diamond IRE has two configurations: a sharp-tip and a flat-tip.
Since diamond is hardest material, a sharp-tip diamond IRE can penetrate into the
sample, therefore, bulk information of material was obtained. The surface
information of sample was acquired by a flat-tip diamond IRE. Unlike conventional
IREs, the novel diamond IRE has a small sampling area. The diamond tip (i.e., the
culet and the part of the pavilion) is utilized as sampling area where the evanescent
field interacts with the sample. Pressure can be applied onto the sample against the
diamond IRE in order to ensure the optimal contact during spectral acquisition.
Figure 2.13A and 2.13B show the sample bought into contact with a sharp-tip and a
flat-tip diamond IRE, respectively. Due to the small contact area of diamond IRE,
the observed tranflectance spectra were not affected by the regularity or roughness of
the materials. Moreover, a transflectance spectrum does not suffer from the sample

size since the sampling area is controlled by the size of the diamond IRE.

E N

o O O
Applied Pressure

Figure 2.13 The sample brought into contact with a sharp-tip diamond IRE (A),
and a flat-tip diamond IRE (B).
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Although the diamond IRE has the absorption bands in the mid infrared region,

the absorption of diamond can be subtracted from the observed spectra of samples.

Unique spectral features of the samples were revealed, shown in Figure 2.14.

However, the contribution of the diamond cannot be completely eliminated due to

the differences of the optical configurations of the system (i.e., diamond/air and

diamond/sample).
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Figure 2.14 * ATR spectra of the novel diamond IRE (A), diamond IRE and human

hair (B), and human hair acquired by the novel diamond IRE. When
the contributions: of the diamond IRE were subtracted, the unique

spectral features of human hair were revealed (C).



CHAPTER Il

EXPERIMENTAL SECTION

The study of single fibers, one of the many applications of attenuated total
reflection Fourier transform infrared (ATR FT-IR) microscopy, is widely applied in
forensics, the textile and polymer industries. Characterization of single fibers is
difficult due to only a small amount of sample is available for study, as occurring in
fabric defects or fiber contaminations. Moreover, when it is desirable to preserve the

bulk of the textile, as is the case with textiles of historic interesting.

The interest of using natural plant fiber as reinforcing agents in composite
materials based on polymeric matrices is presently increasing attention because of
the multiple advantages, including cost effective, low density, non-toxicity, high
specific properties, no abrasion during processing, and recyclability. Due to the poor
wettability and absorbability towards polymers resulting from the highly
hydrophilicity of plant fiber, the adhesion between the fibers and polymeric matrices
is generally insufficient. The deficiently adhesion leads to a weak load transfer from
the matrix to the fibers, which induces a low reinforcing effect. In order to reduce the
hydrophilicity of plant fibers and to improve their adhesion properties, it is necessary
to undertake a chemical modification of their surface, such as esterification [27],
silane treatment [28-32], graft copolymerization [33-34], and treatment with other
chemicals 31, 33].

The measured fiber samples were plant fibers (sisal, and jute fiber), animal

fibers (silk fibers, and human hairs), and synthetic fibers (thread fibers).
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3.1.1 Equipments for Diamond pATR Sensor

1. Reflection adjustable plate

2. Probing head

3. Gem quality round brilliant cut natural diamonds

3.1 Sharp-tip diamond 0.0910 carat (type laB natural diamond)
3.2 Flat-tip diamond 0.0980 carat (type laA natural diamond)

3.1.2 Instruments for Data Acquisition

1. Nicolet Magna

750 FT-IR = spectrometer equipped with

NICPLAN™ infrared microscope
2. Single reflection attenuated total reflection (SATR) accessory (the
Seagull™ Harrick Scientific, USA) with a Ge IRE at the incident

angle of 45°

3.1.3 Measured Fiber Samples

1. Natural fiber
1.1 Plant fibers

1.1.1 Sisal fibers

1112
1112

1.1.1.3

1114

Untreated sisal fibers

Pretreated sisal fibers

-. Sisal - fibers. extracted by a mixture of
methanol'and benzene (1:1).

Sisal fibers treated with 2 wt% NaOH

aqueous solution

Sisal fibers treated with organosilane

coupling agent
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- Sisal fibers treated with 2 wt%
octadecyltrimethoxysilane (octadecyl-
silane) for 1, 3, 5, and 24 h.

- Sisal fibers treated with 2 wt%
3-methacryloxypropyltrimethoxysilane
(methacrylate silane) for 1, 3, 5, and 24 h.

- Sisal fibers treated with 2 wt%
3-aminopropyltriethoxysilane (amino-
silane) for 1, 3, 5, and 24 h.

1.1.2 Jute fibers

1121
11.2.2

1.1.2.3

1124

1.2 Animal fibers

Untreated jute fibers

Pretreated jute fibers

- Jute fibers extracted by a mixture of
methanol and benzene (1:1).

Jute fibers treated with 2 wt% NaOH

aqueous solution

Jute fibers treated with organosilane coupling

agent

- Jute fibers treated with 2 wt%
3-aminopropyltriethoxysilane (amino-
silane) for 1, 3, 5, 7, 10, and 24 h.

1.2.1 Silk fibers

1211
1.2.1.2

1.2.1.3

Untreated silk fibers

Silk fibers treated with a 2 wt% Na,COs;
aqueous solution

Dyed silk fibers

1.2.2 Human hairs

2. Synthetic fibers
2.1 Thread fibers



3.2 Default instrumental Parameters

Nicolet Magna 750 FT-IR Spectrometer

Instrumental Setup
Source

Detector

Beam splitter
Acquisition Parameters
Spectral resolution
Number of coadded scans

Spectral format

Advanced Parameters
Zero filling
Apodization

Phase correction

Standard Globar™ Infrared High Source
Mercury-Cadmium-Telluride (MCT)
Ge-coated KBr

4cm*
256 scans

Absorbance

none
Happ-Genzel
Mertz

NICPLAN™ Infrared Microscope

Instrumental Setup
Source

Detector

Beam splitter
Acquisition Parameters
Spectral resolution
Number of coadded scans
Spectral format
Aperture size

Advanced Parameters
Zero filling

Apodization

Phase correction

Standard Globar™ Infrared High Source
Mercury-Cadmium-Telluride (MCT)
Ge-coated KBr

4cmt

256 scans
Absorbance
70

none
Happ-Genzel
Mertz

29
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3.3 The homemade diamond pATR sensor

The diamond pATR sensor accessory consists of two major components, the
reflection adjustable plate and probing head. The accessory and the infrared

microscope were employed for material characterization.

3.3.1 Reflection adjustable plate

Components of the reflection adjustable plate are shown in Figure 3.1. The
upper adjustable plate was combined with the lower plate and the three knobs. The
three knobs setting on the corner of accessory were employed for adjustment of the
reflecting plane perpendicular to the incident infrared beam. The brass ring was

mounted into the adjustable plate to support the probing head.
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Brasz ring

o—— Upper adjustable plate
5* ®— Three knobs for
facal plane adjustment

. Lower plate

o— Adjustable plate equips
with brass ring

Sude mew

Top mew

Figure 3.1 Composition of the reflection adjustable plate.
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3.3.2 Probing head

The components of the probing head are shown in Figure 3.2. A diamond IRE
was placed on the lower diamond holder and held with the upper diamond holder.
The sample holder was placed on the pressure applicator in order to apply the sample
brought into contact with the diamond IRE. The probing head with a diamond IRE
was put into the reflection adjustable plate for the spectral acquisition with infrared
microscope. A complete set of homemade diamond uATR sensor are shown in

Figure 3.3.

Tpper diamend holder

Sarnple holder

Lower diamond helder

Frezsure apphoator

Pressure apphcator

&——— Probang head with diamond IEE

Side view

Tap viewr

Figure 3.2  Composition of the probing head.
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&——— Adjustable plate

o———— Complete set of homemade
diamond LATE sensor
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Figure 3.3 Complete set of homemade diamond pATR sensor

Figure 3.4  Actual experimental setup for homemade diamond pATR sensor with

an infrared microscope.
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3.4 Characterization of Single Fibers by ATR FT-IR Spectroscopy
3.4.1 Experimental Procedure for Conventional ATR Measurement

For the conventional ATR experiment, a commercial ATR accessory (the
Seagull™ Harrick Scientific, USA) was employed for spectral acquisition. The
Seagull™ was placed in the compartment of the spectrometer. A hemispherical Ge
prism was used as an internal reflection element (IRE). Since the angle of incidence
in the ATR experiment must be greater than the critical angle, the infrared radiation
was coupled through the IRE at the angle of 45°. The spectrum obtained by the Ge
IRE without sample was employed as a background for all acquired ATR FT-IR
spectra. To collect a spectrum of fiber, a single fiber was placed against the bottom
surface of the Ge IRE. The pressure is applied onto the sample in order to ensure an
optical contact between the sample and the IRE. ATR spectra of the single fiber were

then collected. The same procedure was repeated for all other fibers.

~
6 <+—— Single fiber
Ge plate

> O >

Applied Pressure

Figure 3.5 Experimental procedure for ensuring the optical contact between a

sample and the IRE.
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3.4.2 Experimental Procedure for Spectral Acquisition with Diamond
pATR Sensor

All ATR FT-IR spectral acquisition were performed on a NICPLAN™ infrared
microscope equipped with an MCT detector. Gem quality round brilliant cut natural
diamonds were employed as IREs. The diamond IRE has two configurations: a
sharp-tip and a flat-tip. The diamond pATR sensor has two major components. First,
the reflection adjustable plate placed on the stage of infrared microscope (Figure
3.4). It was employed for adjusting the table facet of the diamond IRE perpendicular
to the incoming infrared beam. This operation is performed in order to achieve the

maximum energy throughput.

Another part is the probing head to hold a sharp-tip diamond IRE. A single
fiber was placed against the tip of diamond and then the pressure was applied. The
probing head with a diamond IRE was put into the reflection plane adjustment.
Reflection with normal incidence from the table facet of the diamond was employed
as a background for all ATR FT-IR spectra acquired by the microscope. An infrared
radiation from the infrared microscope via the built-in 15x Cassegrainian objective
was coupled into pavilion facet of diamond through the table facet and the
transflected radiation was collected. The spectrum of diamond without sample was
acquired and was employed for subtracting the diamond spectrum from the observed
spectrum of samples. The same procedure was repeated using other fiber samples
and the flat-tip diamond IRE. Experimental procedure for spectral acquisition using

diamond IRE is shown in Figure 3.6.



<«— Sharp tip diamond IRE

() «— Single fiber

<> O DO
Applied Pressure

>y

<— Flat tip diamond IRE

O <— Single fiber
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Figure 3.6  Experimental procedure for spectral acquisition using diamond IRE.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Transflectance Spectra of Diamond IREs

The transflectance spectra of sharp-tip and flat-tip diamond IREs are shown in
Figure 4.1. The three principle absorption bands of diamonds (i.e., the three-phonon
absorption at 3900-2650 cm™, the two-phonon absorption at 2650-1500 cm™, and the
one-phonon absorption at 1400-900 cm™) are clearly observed. The absorption bands
in one-phonon region were associated with nitrogen impurities and defects in the
diamond crystal structure. Absorption magnitude in this region depends on the
nitrogen impurity in the diamond crystal structure. Although the transflectance
spectra of two diamond IREs clearly reveal the characteristic bands of the diamond,
the absorption bands in one-phonon are different due to the different concentration of
nitrogen impurities. Diamond with high nitrogen content always shows the over

absorption in this region.

2.0

[ A. Sharp-tip diamond IRE

1.0

Absorbance

0.0
20 I" B, Flat-tip diamond IRE

1.0

Absorbance

0.0
4000 3000 2000 1000

Wavenumber (cm™?)

Figure 4.1 Transflectance spectra of two diamond IREs: sharp-tip diamond IRE
(A), flat-tip diamond IRE (B).
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4.2 Characterization of Single Fiber by ATR FT-IR Spectroscopy

The characterization of single fiber is the significant aspect of the forensic
analysis, textile industrial analysis, and polymer industrial analysis. In this work, the
novel diamond HATR sensor was used for characterization of natural and synthetic
single fibers. The observed spectra acquired by the diamond HATR sensor were

compared with those obtained by the conventional ATR.

4.2.1 Natural fiber

The natural fiber was classified into two types: plant fiber and animal fiber. In
general, surface modifications include: methanol/benzene dewax treatment, alkali
treatment, and silane treatments were applied onto the fibers in order to improve the
surface properties of plant fibers (i.e., sisal fiber, and jute fiber). For the animal
fibers, silk fibers were treated with alkali solution and dyes while human hairs were

treated with shampoo and conditioning cream.
4.2.1.1 Sisal fibers

Sisal fiber consists of mainly cellulose, hemicellulose, lignin, and other minor
components. The ATR spectrum of untreated sisal fiber obtained by sharp-tip
diamond PATR sensor is illustrated in Figure 4.2a. The band at 1732 cm™ can be
assigned as C=O stretching vibration of carboxyl and acetyl groups of
hemicelluloses. The-bands at 1602 and 1506 cm™ were attributed to the C=C in-
plane aromatic stretching vibration from lignin-while the bandat 1100 cm™ related to
asymmetric C-O-C stretching vibration from polysaccharide components [10, 35].

The summary of the band assignments for cellulosic fiber is presented in Table 4.1.

The main purpose of washing sisal fibers with a mixture solution of methanol
and benzene is to remove waxes. By comparison between untreated and pretreated
sisal fiber in Figure 4.2a and 4.2b, both spectra show the same spectral feature.
Although the untreated sisal fiber has the impurity such as waxes, the quantity of this

impurity is too small to show up the significant changes in the spectrum of pretreated
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sisal fiber. The treatment of the fibers with alkali solution promotes the partial
removal of the hemicelluloses, waxes, and lignin present on the surface of the fiber.
The spectrum of alkali-treated sisal fiber obtained by the sharp-tip diamond HATR
sensor is shown in Figure 4.2c. In general, hemicellulose contains groups absorbing
in the carbonyl region which can be soluble in aqueous alkali solutions. It clearly
reveals that the band around 1732 cm™ disappears when the fiber is treated by
aqueous NaOH solution as shown in Figure 4.2c. It is appreciated that the strong
absorption band at 1242 cm™ which is a characteristic of C-OH out-of-plane bending
vibration disappears while two new bands appear at 1236 and 1205 cm™ [29-30].
The observed spectra acquired by the sharp-tip diamond HATR sensor were similar
to that acquired by the flai-tip diamond PATR sensor (Figure 4.3), and the
conventional ATR with Ge IRE (Figure 4.4). The untreated sisal fiber and alkali-
treated sisal fiber can be distinguished using ATR technique. As a result, the novel

diamond IREs show great potential for characterization of the single fibers.
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Figure 4.2  ATR spectra of untreated sisal fiber (a), pretreated sisal fiber (b), and
alkali-treated sisal fiber (c), acquired by the sharp-tip diamond pATR

sensor.
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Figure 4.3  ATR spectra of untreated sisal fiber (a), pretreated sisal fiber (b), and
alkali-treated sisal fiber (c), acquired by the flat-tip diamond ptATR
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Figure 4.4  ATR spectra of untreated sisal fiber (a), pretreated sisal fiber (b), and
alkali-treated sisal fiber (c), acquired by the conventional ATR with

Ge IRE.
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The ATR spectra of untreated sisal fiber obtained by employing the two
configurations of the novel diamond IREs (i.e., sharp-tip and flat-tip diamond IRES)
and Ge IRE are shown in Figure 4.5. The observed spectra acquired by the sharp-tip
and the flat-tip diamond pPATR sensor show the same spectral features as that
acquired by the conventional ATR with Ge IRE. In addition, the spectral intensity
that observed by the diamond IRE was 10-folds of that of the conventional ATR.
Unfortunately, the observed spectra of untreated sisal fibers that acquired by the flat-
tip diamond IRE are noticed the interference absorption band of diamond at 1285
cm™®. This result demonstrates that the absorption of diamond in one-phonon region

is still presented in subtracted spectra.

Due to the hardness of diamond, the diamond IRE can be applied with the high
pressure, thus the technique can eliminate the problems associated with the contact
between the IRE and the sample. When considering ATR spectral acquisition with
conventional ATR IRE, the energy loss of the reflected radiation at the interface of
the IRE and fiber was occurred because the diameter of sampling area of Ge IRE (5
mm) is larger than the size of fiber (< 100 um). This problem can be resolved by
using the sharp-tip diamond IRE. Unlike the conventional IRE and flat-tip diamond
IRE, transflectance phenomena from the sharp-tip diamond IRE presents as double
reflections at the pavilion facet of diamond. The double reflections can improve the
signal-to-noise ratio of the acquired spectrum. Moreover, the distance where the
evanescent field decays from the interface of diamond/fiber is greater than the
interface of Ge/fiber (angle of incident equal 45° at 1000 cm™, Nsiper = 1.5, Ngiamond =
2417, dy = 1.94 pm, nge = 4.0, dy = 0.66 um). From-these reasons, the spectral
intensity that obtained from the diamond IREs were greater than that from the

conventional IRE.
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Figure 45 ATR spectra of untreated sisal fiber obtained by the sharp-tip diamond
LATR sensor (a), flat-tip diamond pATR sensor (b), and conventional
ATR (c).

4.2.1.1.1 Octadecylsilane-treated sisal fibers

The spectra of the sisal fibers treated with octadecyltrimethoxysilane acquired
by the sharp-tip diamond pATR sensor are shown in Figure 4.6A. The two strong
absortion bands at 2919 and 2850 cm™ are the characteristics of the asymmetric and
symmetric stretching vibrations of the CH, groups of octadecylsilane, respectively.
In addition, the absorption bands at 1204 and 1160 c¢m ‘associated with the Si-O-C
bond and Si-O-Si bond can be noticed.
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ATR spectra of alkali-treated sisal fiber and ATR spectra of
octadecylsilane-treated sisal fiber with different treatment periods (i.e.,
1, 3, 5, and 24 h). The spectra were acquired by the sharp-tip diamond
LATR sensor (A) and the conventional ATR (B).
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The ATR spectra of octadecylsilane-treated fiber acquired by the conventional
ATR are shown in Figure 4.6B. The characteristic of the asymmetric and symmetric
stretching vibrations of the CH, groups were observed. An absorption band at 1204
cm™ is assigned to the vibration mode of the Si-O-C bond while the absorption
bands around 1161, 1055, and 1036 cm™ are assigned to the stretching vibration of
the Si-O-Si bond.

The characteristic absorption bands of Si-O-Si at 1161, 1055, and 1036 cm™
confirm the presence of polysiloxanes. The band 1204 cm™, which is the
characteristic of the Si-O-C bond support the condensation reaction between the

octadecylsilane and the cellulose on the sisal fiber [8, 29].

Since the sharp-tip diamond IRE can penetrate into the fiber, molecular
information of at a greater depth can be collected. The obtained information is the
average information coming from the surface and a greater depth of the sisal fiber.
Since the characteristic of the cellulosic fiber in region 1170-930 cm™ was very
intense, the absorption bands of octadecylsilane-treated sisal fiber at 1055 and 1036
cm™ could not be observed. However, ATR spectra of the sharp-tip diamond pATR
sensor can confirm the reaction between the silane coupling agent and the fiber from
the characteristic of the stretching vibrations of the CH; groups of octadecylsilane
and absorption band at 1204 cm™ that associated to the Si-O-C bond. The
characteristic absorption band at 1161 cm™ attributed to the presence of the

stretching vibration of the Si-O-Si bond can be observed.

The ATR spectra obtained by the sharp-tip diamond IRE and conventional IRE
show the different feature of the alkali-treated sisal fiber and octadecylsilane-treated
sisal fiber. The spectra of octadecylsilane-treated sisal fiber show that the silane

functional group appended to the fiber surface.
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4.2.1.1.2 Methacrylate silane-treated sisal fibers

The ATR spectra of with 3-methacryloxypropyltrimethoxysilane-treated sisal
fibers obtained by the sharp-tip diamond pATR sensor are illustrated in Figure 4.7A.
The band at 1735 cm™ corresponding to C=0 stretching vibration of the methacrylate
silane. The absorption band at 1159 cm™ is assigned to the stretching of the Si-O-Si
bond. An absorption band at 1204 cm™ is associated to the Si-O-C stretching
vibration. A slightly increasing of the broad band around 1170-940 cm™ in

methacrylate silane-treated sisal fiber can be observed.

The ATR spectra of methacrylate silane-treated sisal fiber acquiring via
conventional ATR technique are shown in Figure 4.7B. The band at 1736 cm™
corresponding to C=0 stretching vibration was clearly observed. The absorption
bands at 1161, 1055, and 1035 cm™ are attributed to the presence of the stretching
vibration of the Si-O-Si bond. The former bond is the indicator of the existence of
polysiloxanes deposited on the sisal fibers. The characteristic of Si-O-C bond at
1204 cm™ can demonstrate the occurrence of a condensation reaction between the
methacrylate silane and the fiber, as discussed above for octadecylsilane-treated sisal
fiber [8, 29].
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ATR spectra of alkali-treated sisal fiber and ATR spectra of
methacrylate silane-treated sisal fiber with different treatment periods

(i.e., 1, 3, 5, and 24 h). The spectra were acquired by the sharp-tip

diamond pATR sensor (A) and the conventional ATR (B).
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4.2.1.1.3 Aminosilane-treated sisal fibers

The ATR spectra of 3-aminopropyltriethoxysilane-treated sisal fibers acquired
by the sharp-tip diamond pATR sensor are shown in Figure 4.8A. The band at 1599
cmis the typical of the deformation mode of NH, groups hydrogen bonded to the
OH functions of both silanol moieties and cellulosic fiber. The absorption band at
1204 cm™ is associated to the Si-O-C bond. The absorption band at 1159 cm™ is
related to the stretching vibration of the Si-O-Si bond. A slight increment of the
broad absorption band between 1170-940 cm™ in amino-treated sisal fiber can be

observed.

The ATR spectra of aminosilane-treated sisal fiber obtained by the
conventional ATR are shown in Figure 4.8B. The band at 1596 cm™ is typical for the
deformation mode of NH; groups hydrogen bonded to the OH functions of both
silanol moieties and cellulosic fiber. The band at 1204 cm™ is the characteristic of
Si-O-C bond. This appearance suggested that the sisal fiber was treated with
aminosilane by the condensation reaction. The absorption bands at 1161, 1055, and
1035 cm™ are assigned to the stretching vibration of the Si-O-Si bond. From these

results, it is seen that the silane was effectively deposited on the fiber surface [8, 29].
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The single fibers can be characterized by using the diamond pATR sensor and
the conventional ATR. The observed spectra show the presence of Si-O-C and
Si-O-Si bonds on the surface of sisal fiber which suggest the reaction between

aminosilane and the fiber.

As a result, all of the observed spectra demonstrated that the sharp-tip diamond
LATR sensor is useful for single fiber characterization. The untreated sisal fiber,
alkali-treated sisal fiber, octadecylsilane-treated sisal fiber, methacrylate silane-
treated sisal fiber, and aminosilane-treated sisal fiber can be distinguished via ATR
spectra of diamond pATR technigue. A summary of band assignments for silane-

treated cellulosic fiber is shown in Table 4.2.

4.2.1.2 Jute fibers

Jute fiber principally consists of mainly cellulose, hemicellulose, lignin, and
other minor organic materials. The ATR spectrum of untreated sisal fiber acquired
by the sharp-tip diamond pATR sensor is shown in Figure 4.9A(a). A broad
absorption band in the region 3330 cm™ which is the characteristic of hydrogen
bonded O-H stretching vibration can be observed in all spectra. The strong
absorption band at 1732 cm™ is associated to C=0 stretching vibration of carboxyl
and acetyl groups of hemicellulose. The observed spectra of the C=C in-plane
aromatic stretching vibration at 1596 cm™ and 1506 cm™ can imply unsaturation of
jute fiber from lignin. The band-at 1103 cm™ (glycosidic ether band) is assigned as
asymmetric. C-O-C stretching vibration from polysaccharide components. The
observed spectra of untreated jute fiber acquired by the sharp-tip diamond pATR
sensor show the same spectral features as that acquired by the conventional ATR
with Ge IRE (Figure 4.9B).

The jute fibers were pretreated with mixture solution of methanol and benzene
for removing waxes. The pretreated jute fiber has no significantly changes in spectral
feature as shown in Figure 4.9A(b). The main effect of washing jute fiber with an

aqueous alkali solution is to remove the waxes, hemicelluloses, and a partial



50

removing of the lignin inherent on the surface of fiber. The spectrum of alkali-treated
sisal fiber acquiring via diamond PATR technique is shown in Fig. 4.9A(c). It is
noted that the band around 1732 cm™ in the pretreated jute fiber is no longer existed
in alkali-treated jute fiber. The strong band at 1240 cm™ is the characteristic of C-
OH out-of-plane bending vibration disappears while the prominent two bands at
1238 and 1206 cm™ appear [29-30]. The observed spectra acquired by the sharp-tip
diamond pATR sensor were similar to that acquired by the conventional ATR with
Ge IRE.

The observed spectra show the different spectral features between the untreated
jute fiber and alkali-treated jute fiber, thus they can be distinguished by the diamond

MATR sensor and the conventional ATR technique.
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diamond pATR sensor (A) and the conventional ATR (B).
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4.2.1.2.1 Aminosilane-treated jute fibers

The spectra of the jute fibers treated with 3-aminopropyltriethoxysilane
obtained by sharp-tip diamond pATR sensor are shown in Figure 4.10A. The
absorption band at 1207 cm™ s related to the Si-O-C bond.

The ATR spectra of aminosilane-treated jute fiber acquired by the
conventional ATR with Ge IRE are shown in Figure 4.10B. The absorption band at
1204 cm™ is the characteristic of Si-O-C bond. The bands at 1162, 1056, and 1035
cm™are associated to the stretching vibration of the Si-O-Si bond. Unlike the spectra
of aminosilane-treated sisal fiber, the absorption of deformation mode of NH, groups
could not be noticed in both the observed spectra from sharp-tip diamond pATR
sensor and the conventional ATR technique. It can be suggested that the reaction

between aminosilane and the jute fiber was not affected by the treatment process.
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Figure 4.10 ATR spectra of alkali-treated sisal fiber and ATR spectra of jute fiber
treated with aminosilane with different treatment periods (i.e., 1, 3, 5,
7,10, and 24 h). The spectra were acquired by the sharp-tip diamond
LHATR sensor (A) and the conventional ATR (B).



Table 4.1

Peak assignments corresponding ATR spectra for cellulosic fiber

54

Wavenumber (cm™)

diamond pATR

conventional ATR

Assignments

sensor
3330 3340 H-bonded of OH stretching
~2900 ~2900 C-H stretching

1732 1732 C=0 stretching

1602 1600 C=C in-plane aromatic stretching
1506 1504 C=C in-plane aromatic stretching
1458 1458 C-H bending, C-OH 1° & 2° alc.

bending

1425 1425 C-H bending

1371 1370 C-H bending

1318 1318 C-H bending

1242 1242 C-OH out-of plane bending

1158 1158 Asym. C-C ring breathing, stretching
1100 1102 Asym. C-O-C stretching

1028 1032 C-O stretching

898 897 Sym. C-O-C in-plane stretching
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Table 4.2

Peak assignments corresponding ATR spectra for silane-treated cellulosic fiber

Wavenumber (cm™) Assignments

diamond pATR conventional ATR

sensor
2919 2919 Asym. C-H stretching of CH,
2850 2850 Sym. C-H stretching of CH,
1735 1736 C=0 stretching
1599 1596 N-H bending of NH,, H-bonded of
cellulosic fiber
1205 1204 Asym. Si-O-C stretching
1160 1161 Si-O-Si stretching
- 1055 Si-O-Si stretching
- 1036 Si-O-Si stretching

4.2.1.3 Human hairs

The main component of human hair is keratin proteins, water, lipid, pigment,
and trace elements. In this study, the human hairs from Asian females without color
treatment were investigated. The hairs were cleaned with shampoo and then washed
with water. Figure 4.11A shows the cleaned-human hair acquired by the sharp-tip
diamond MATR sensor. The observed spectra show a broad band at 3280 cm™
attributable to O-H stretching vibration of water together with- N-H stretching
vibration. The predominant absorption bands at 1636 and 1520 cm™ related to amide

(1) and amide (I1) vibrations, respectively.

The C=0 stretching vibration and a small contribution from N-H bending
vibration correspond to vibrational mode of Amide | while C-N stretching vibration
together with N-H in-plane bending vibration as that of amide II. The absorption

band around 1330-1200 cm™ attributed to amide 111 vibrational mode which is N-H
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in-plane bending vibration plus C-N stretching vibration and O=C-N bending. The
absorption band at 1453 cm™ is the CH deformation. The bands at 1121, 1075, and
1046 cm™ due to the absorption of SO, SO, and S=O, respectively [36-38]. A

summary of the ATR spectral assignments of human hair is presented in Table 4.3.

In order to ensure the sensitivity of the diamond pATR technique, the ATR
spectrum of the cleaned-human hairs with shampoo and water was compared to that
cleaned with shampoo and carefully washed with water several times. The typical
results are shown in Figure 4.11A. The former spectrum shows absorption band at
1048 and 1023 cm™* while these bands cannot be observed in the latter spectrum. By
comparison, the identical samples were also investigated by conventional ATR. As
shown in Figure 4.11B, the obtained spectrum of the human hairs cleaned with
shampoo and water shows the absorption bands at 1045 and 1018 cm™. It is noted
that these peak positions of the same human hairs are slightly different from that
acquired by diamond pATR sensor. This is due to the sharp-tip diamond IRE can
penetrate into the hair, molecular information at a greater depth can be collected.
The obtained information is the average information coming from the surface and a
greater depth of the hair. The peak positions of human hair cleaned with shampoo
acquired by the sharp-tip diamond pATR sensor were slightly shifted from that
acquired by conventional ATR. The absorption band at 1018 cm™ is the
characteristic of Si-O-Si stretching vibration of silicone oil in the shampoo. The
increment of the bands between 1135-750 cm™ is attributed to the overlapping

absorption band of the hair and shampoo.
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Figure 4.11 ATR spectra of hair cleaned with shampoo and washed with water (a),
and hair cleaned with shampoo and washed with water several times

(b). The spectra were acquired by the sharp-tip diamond pATR sensor
(A) and the conventional ATR (B).
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To ensure that the silicone oil was present in shampoo and conditioning cream,
the single human hair coated with conditioning cream was placed against the bottom
surface of the Ge IRE and the spectrum was observed as shown in Figure 4.12a.
When removing the hair out off the IRE, the spectrum was then observed as shown
in Figure 4.12b. Regarding the obtained spectrum of the hair, the strong absorption
band of Si-O-Si stretching vibration at 1016 cm™ is noticed. The absorption band at
1260 cm™ is due to the CH3 symmetric deformation of Si-CHs. The absorption bands
of Si-C stretching vibration and CHs rocking vibration occurred at 797 cm™. The
spectrum of residual thin film on Ge prism reveals the absorption bands at 1260,
1016 and 797 cm™ which can be observed in the spectrum of the hair as clearly be
seen in Figure 4.13. Moreover, the spectrum also presents characteristic absorption
bands of several ingredients in the region 3100-2800 and 1770-1330 cm™. Due to the
low signal-to-noise ratio in these regions, these absorption bands cannot be
identified.
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Figure 4.12 ATR spectra of conditioning cream-coated hair (a), residue on Ge IRE

(b), acquired by the conventional ATR.
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Figure 4.13 The magnified spectra in the 1800-700 cm™ region of Figure 4.12.

By comparison, a single hair obtained from 3 women was investigated. Typical
results are shown in Figures 4.14. The observed spectra show different spectral
feature in the region 1350-950 cm™. This result assumed that the analyzing hair was
treated with different shampoo and/or conditioning cream. Since the observed
spectra acquired by the sharp-tip diamond PATR sensor were similar to that acquired
by the conventional ATR with Ge IRE, the diamond pATR sensor can be employed

for characterization of human hair and may utilize for forensic analysis.
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Figure 4.14 ATR spectra of a single hair from 3 -women acquired by the sharp-tip
diamond pATR sensor (A) and the conventional ATR (B).
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Table 4.3

ATR spectral assignments of human hair

Wavenumber (cm™) Assignments

diamond pATR conventional ATR

sensor
3280 3290 O-H stretching mode of H,O together
with N-H stretching
2962 2960 Asym. CHjs stretching
2930 2926 Asym. CHj stretching
2880 2878 Sym. CHgsstretching
2853 2854 Sym. CHj stretching
1636 1645 Amide |
C=0 stretching and a small
contribution from N-H bending
1520 1530 Amide Il
C-N stretching and N-H in-plane bending
1238 1238 Amide 111
N-H in-plane bending plus C-N stretching
and contribution from O=C-N bending
1453 1453 C-H deformation
1399 1399 CH; and CH3; bending
1121 1120 Sym.-SO; stretching
1075 1177 SO stretching

1046 1048 S=0 stretching
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4.2.1.3 Silk fibers

Silk fiber consists of two major proteins, fibroin (body of silk fiber) and sericin
(silk glue) which coated on silk fiber. The ATR spectrum of untreated silk acquired
by the sharp-tip diamond pATR sensor is shown in Figure 4.15A(a). The observed
spectrum of silk fiber shows typical absorption bands of amide I (1619 cm™), amide
Il (1514 cm™), and amide 111 (1233 cm™). The absorption band at 1443 cm™ is due to
the CH deformations. The absorption band at 1406 cm™ is attributed to a CH;
symmetric bending mode. The band at 1043 cm™ is ascribed to the protein backbone
stretching mode [39]. In general, degumming of silk fiber by alkali solutions allows
to remove the soluble protein component, leaving the fibroin fiber core in almost
pure form. The spectrum of alkali-treated silk fiber was also investigated as shown in
Figure 4.15A(b). It should be noticed that the band at 1406 cm™ disappears whereas
the bands at 1409 and 1870 cm™ appear. The absorption band around 1130-950 cm™
appear significantly decrease intensity. A summary of band assignment of the silk

fiber are shown in table 4.3.

The observed spectra of dyed silk fibers are illustrated in Figure 4.15A(c-e).
Regarding these spectra, the absorption band at 1172, 998, and 979 cm™ can be
observed but these bands cannot be assigned what the accurate vibrational modes are.
However, these obtained spectra show the different spectral features between
untreated silk fiber, alkali-treated silk fiber, and dyed silk fiber. The observed spectra
acquired by the sharp-tip diamond HATR sensor were similar to that acquired by the
conventional ATR with Ge IRE (Figure 4.15B).
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Figure 4.15 ATR spectra of untreated silk fiber (a), alkali-treated silk fiber (b), red
silk fiber (c), green silk fiber (d), and blue silk fiber (e). the spectra
were acquired by the sharp-tip diamond pATR sensor (A) and the
conventional ATR (B).
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Table 4.4

ATR spectral assignments of silk fiber

Wavenumber (cm™) Assignments

diamond pATR conventional ATR

sensor

3278 3283 N-H stretching

2975 2964 Asym. CHjs stretching
2930 2921 Asym. CH stretching
2876 2874 Sym. CHjs stretching
2854 2851 Sym. CH; stretching
1619 1621 Amide |

1514 1517 Amide I

1230 1231 Amide 11

1108 1112 Sym. SO; stretching
1068 1071 SO stretching

1043 1044 S=0 stretching

4.2.2 Synthetic fibers

4.2.2.1 Threads

The observed spectra of 4 different colors of thread samples that produced by a
same manufacturer are shown in Figure 4.16. All obtained spectra show the same
spectral feature which can assign as poly(ethylene terephthalate).” Although, the
poly(ethylene terephthalate) were treated with dyes, they have the same relative
intensities of absorption bands. Due to very low concentration of the dye component
on the thread surface, the different colored-threads cannot be distinguished. The
observed spectra acquired by the sharp-tip diamond HATR sensor were similar to
that acquired by the conventional ATR with Ge IRE (Figure 4.17).



Absorbance

65

0.10

2.8
005

0.00

]

3400 3200 3000 2800

14

0.0 L

s et 2 “wf

400

2000 1000

Wavenumber (cnr?)

3000
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and black thread (d), acquired by the sharp-tip diamond pATR sensor.
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Figure 4.17 ATR spectra of the identical threads in Figure 4.16 in the 1800-750

cm region.
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Figure 4.18 ATR spectra of white thread (a), dark green thread (b), grey thread (c),
and black thread (d), acquired by the conventional ATR.

One of the important factors in forensic analysis is the capability to distinguish
the similar sample. To investigate this aspect, the obtained spectra of 2 thread
samples from different manufacture acquired by the sharp-tip diamond pHATR sensor
were compared as illustrated in Figure 4.19. Again, the obtained spectra show the
features of poly(ethylene terephthalate). The spectra seem to be similar, however,
there are differences in the relative intensities of absorption bands around 1800-750
cm™. It can be concluded that the thread from the different manufacture can be
distinguished by-diamond QATR. technique. The observed spectra acquired by the
sharp-tip diamond PATR sensor were similar-to that acquired by the conventional
ATR with.Ge IRE (Figure 4.21).
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Figure 4.20 ATR spectra of the identical threads in Figure 4.19 in the 1800-750

cm region.
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Figure 4.21 ATR spectra of threads from different manufacture acquired by the

conventional ATR.

Considering all obtained spectra, most of the obtained spectra acquired by the
novel diamond puATR sensor were similar to that acquired by the conventional ATR
with Ge IRE. A small sample such as single fiber can be easily analyzed by using the
novel diamond pATR sensor and conventional ATR. However, the rough surface of
fiber may damage the surface of the Ge IRE in the conventional ATR technique
when applying high pressure. The small culet and the hardness of the diamond IRE
can eliminate the problems associated with the contact between the IRE and the fiber.
One of the major drawbacks of the diamond IRE is the mask absorption band in the
one-phonon region that can interfere 'in the obtained spectrum of the sample.
However,  the problem can be overcome by employing a diamond IRE with
extremely low nitrogen content. The most advantage of using the novel diamond
LATR sensor is economically of scale and trustworthy comparable to the Ge IRE in

the conventional ATR technique.



CHAPTER V

CONCLUSIONS

ATR FT-IR spectroscopy is one of the powerful surface characterization
techniques. A novel technique for ATR spectral acquisition by an infrared
microscope with a gem quality round brilliant cut diamond as an IRE has been
developed. The technique takes advantage of the total internal reflection
phenomenon at the pavilion facet of the faceted diamond. By adjusting the table
facet of the diamond IRE perpendicular to the incoming infrared beam, the infrared
beam can be focused at the pavilion and the culet of faceted diamond for sharp-tip
diamond IRE and flat-tip diamond IRE, respectively. Under the ATR experiment,
transflected radiation is collected and the ATR spectrum provides spectral
information associated with chemical species in the surface region where the

evanescent field amplitude is still significant.

The novel homemade diamond pATR sensor was successfully employed to
investigate the small sample such as single fiber. In this work, both natural fibers and
synthetic fibers were studied. For the characterization of plant fiber, ATR FT-IR
spectroscopy identifies the chemical structure and found that the coupling agent was
localized at the surface of the fiber. Regarding the ATR spectra of human hairs, the
observed spectra present the characteristic absorption bands of shampoo and
conditioning cream on the surface of the human hairs. In the study of silk fiber, the
observed spectra show the different spectral features among untreated silk fiber,
alkali-treated silk fiber, and dyed silk fiber.. In order to demonstrate of
characterization of synthetic fiber, various color thread fibers were investigated by
diamond pATR sensor. In the same manufacturer, the obtained ATR cannot be
distinguished between different color treatments because the spectra show the same
spectral feature and relative intensities. On the other hand, ATR spectra of thread
fibers different manufactures show differences in the relative intensities. As a result,
this technique can be employed from differentiation between the fibers from

different manufacturers.
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It is concluded that almost of the observed spectra acquired by the novel
diamond pATR sensor were similar to that acquired by the conventional ATR with
Ge IRE. Both techniques show potential for characterization of single fiber.
Although the single fiber is small and its surface is not smooth, the surface
information of the single fibers can be achieved. In the conventional ATR technique
or accessory with Ge IRE, the system can not be achieved a good optical contact
because it is always an air gap between the fiber and the IRE. A small air gap can
significantly deteriorate the observed spectra. As a result, the technique is most
effective for spectral acquisition of liquid or soft solid since an optical contact can be
achieved. Moreover, this operation must be performed with extremely care since the
excessive force might damage the surface of Ge IRE. Moreover, various commercial
ATR accessories are very expensive while the homemade diamond pATR accessory
is cost effective. The novel diamond ATR accessory can be used with all
commercially available microscopes. The small culet and the hardness of the
diamond IRE can eliminate the problems associated the contact between the IRE and
the fiber. The high pressure can be applied onto the fiber against the diamond IRE in
order to ensure the optimal contact during the spectral acquisition. Therefore, the
spectral intensity that observed by the diamond IRE was about 10-folds of that
obtained by the conventional ATR.

Suggestion for future work

The novel ATR technique not only shows the capability to characterize the
small sample and/or small area but it also has many applications to perform with
various samples. The surface characterization can be acquired by the flat-tip

diamond IRE with an accurate optical contact.

The novel homemade diamond pATR sensor is probably employed for
advanced analysis such as the forensic analysis, cosmetic industries, food packaging,
textile technologies, and polymer industries due to the fast measured time, and less
sample preparation. If the diamond with extremely low nitrogen content were
employed as an IRE, the observed spectra in finger print region will be free of

interference of the diamond absorption.
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