CHAPTER 11

THEORITICAL BACKGROUND

2.1 Theory

ATR FT-IR spectroscop for otal reflection Fourier transform
infrared spectroscopy. It i ; @ technique using an internal

reflection principle. The

ical phenomenon, which can

be observed easily, for ¢ side of the glass below the
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The unusual characteristi ssaviated Wi tal internal reflection can be utilized

in many areas. These apphcat ons r——, ision measurements of angles and

refractive indices; the ¢on i ﬁ}w Iters, laser cavities, light

, ul thicknesses and surface
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by the followmg expression [17]:

modulators, light defleet

reliefs.

0, =sin"'(n, /n,) (2.1)

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

medium, respectively.



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. Reflectance of the beam leaving IRE/sample interface

is less than unity. This phenomenon i

fined as attenuated total reflection (ATR)
phenomenon. )

In an ATR configuratio intemal reflection element,
IRE) is in contact with a

2.1. The IRE is infrare

(i'ewpa sample) as shown in Figure

e index n. The sample is

\. . quency v (cm™) of [17]:

2.2)

infrared absorbing and Lias

where i is equal to +-1,'n; ‘dad"% - afe active index and absorption index,
respectively. The absorptio d to the absorption coefficient, a,

by the following expression {17
V.
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Figure 2.1 Ray tracing under total internal reflection.



Under the ATR condition, although there is no light travels across the IRE/sample
interface. There exists a strong electric field at the interface. The field is known as the
evanescent field. The field is strongest at the interface. It exponentially decays to zero
within a few micrometers from surface of the IRE. The field interacts with the sample

and causes a reflection loss in the reflected beam.

The rapid decay of the evanescent field is the unique characteristic that makes

2.4)
where E, and E, are the e¥ g ". at'the IRFE/sa le interface and at depth z in
the sample, respectively wi < penetration ¢ pth. The penetration depth is
defined by the distance from # e interfs ce v he evanescent field decays to 1/e of
its strength at the interface. The penetratiof pth is given in terms of experimental
condition and material

Vi
(2.5)
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Figure 2.2 Evanescent wave abst idary betwee and sample.

According to equation 24 several important parameters that affect the
observed spectrum and Falfe : One em 18 the index matching. At a

fixed angle of incidenc iti ; -de 1| : better index matching (i.e.,

(refractive index of 2.4), th Te i ¥, ] active indices is (n1/np) = 0.625. In
contrary, when an organic mat - with a germanium IRE (refractive

index of 4.0), the ratio,of t es 0.375. According to equation

2.5, the penetration d

expression also indicafe?h . de elargely on the frequency of

the incident beam. As t e frequency of the infrared light increases the penetration

og . U . .
depth decreasesﬂ(u m}‘ﬁlﬂ mcmrl Cﬁexpress frequency in
terms of wavenumber, the penetration depth decreases when wavenumber increases.

This also«le e a‘; i ﬁs 1€S 4 eﬁf pectrum with
increasirawﬁlmgla imemolﬁ’l smﬂ:l nﬁion spectrum.
Furthermore, changing the angle of incident changes the penetration depth. If the angle
of incident is increased, the penetration depth will be decreased and the spectral
intensity will be decreased. The greater penetration depth implies a greater distance

from surface of the sample where chemical information can be observed by ATR

technique.



2.2 Internal Reflection Elements

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 (see Figure 2.3). Radiation is propagated
through the IRE by means of total internal reflection. The sample material is placed to
contact with the surface of IRE.
and the information obtained m the e determined by a number of
characteristics of the IRE. A'e ,. ce mus bé&;e working angle or range of

number of passes, surface

taining an internal reflection spectrum

angles of incidence, n

preparation, and materi

Figure 2.3 Selected Iﬁ co
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monly uﬁl in ATR experiment: (a)
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Table 2.1 Optical constants and transmission regions of IRE materials. [18]

Material Useful range, cm™ | Reflective index
At 1000 cm™

Zinc selenide, ZnSe | |, 20,000-460 2.42

ﬁ-zso 2.37

Thallium iodide/bromid

\\\\,;

2.417

The choice of an inte ref imortant Table 2.1 lists the

characteristics of the. o on_internal reficchion clenie ents. KRS-5 is the trade

Y

name for thallium iodide/tha is extremely toxic, and

should only be handled
transmission r m g ge of KRS-5 is that it
is a soft mate::l@ ‘?' ﬂm Wﬁzﬁc selettide, ZnSe, is the most
commonly use crystal. It has good optlcal ormance, it ‘is’ essentially water
insolublxﬁmw aaﬁy ‘5 um;o-] ’jl‘a &lthough it is a

moderately hard material (hardness = 5) [19], it does scratch and will wear over time.

yith care by wearing gloves. It is"a useful material because its

It is also chemically reactive: the surface is ionic in nature, acidic and alkaline media
attack the surface. Silicon (Si) and germanium (Ge) are also very hard (Hardness of Ge
= 6) [20], and are not affected even by strong acids. They are usually employed when
very small penetration depths are desired. Diamond is particularly a good internal

reflection element since it is the hardest substance known (Hardness = 10) [21], it is
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chemically inert, and it is optically transparent. Consequently, hard, abrasive, or
corrosive samples are readily analyzed without harming the sample interface, and
cleaning the IRE between samples is greatly simplified. All of these features make
diamond ATR an ideal choice for hazardous materials analysis, where unknown

substance must be identified accurately.

2.3 Spectral Intensity

In ATR experiment, action between light and the

sample can be expressed 1n he absorbance depends on both the
material properties (e.g., r and complex refractive index of
the sample) and the experi angle of incidence and polarization
of the incident beam).

ATR spectrum is given byf|2

(2.6)

rgspectively and indicates the
B

polarization of the i cti

the plane of incidence. ﬂe plane 0 dence is defined mthe plane that contains both

incident and reflected b€am, For p-polarization, the electric component of the

accromgreicPidd )11 8N FHYARS whie tne magaeic

component is peraéndlcular to the plane of 1n01dence Whereas, thedectnc component
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incidence while the magnetic component is parallel to the plane of incidence. In

where A(6,v)and R(6,V

is given with respect to

general, absorptance in ATR can be expressed in terms of experimental parameters and

material characteristic by the following expression [22]:

4,0.v) = — [ m k) (E36,v)) dz 2.7)

0s6
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where <E . (0,v)> is the mean square electric field (MSEF) at depth z.

Under a small absorption condition, the decay behavior of the MSEF is the same
as that of the mean square evanescent field (MSEVF). Therefore, the MSEF can be
estimated from the MSEVF by [22]:

> 1+R(0V)<

(E3(0.v) E6.v)),

| )k= g % (2.8)

From equations 2. ) Sorp ang ' topic medium is given in term
the MSEVF by [22]: |

_nga ) Ln,(v)k(vg E}(0.v)), , d 2.9)
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In general, the ATR spectral infensity that ebtains from agspectrometer is in

oy WSS BN Heh AL 4t e ot

reﬂectanc by [22]:

A4,0,v) = —log[(R,0,V)] (2.10)

According to equations 2.9 and 2.10, an ATR spectral intensity in absorbance unit

is given in term of experimental conditions and material characteristics by [23]:
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A4,0,v) =
(5% In(10) n, cos@

“m (VK (v) (EZ(O, V), d 2.11)

0

The above expression indicates that the MSEVF is one of the important factors that
affect the ATR spectral intensity. The MSEVF depends on both the angle of incidence
and frequency of the incident beam as shown in Figures 2.3 and 2.4, respectively [23].

©.))

(E;

(E20.1)

es ofincidences. The simulation

055) k, = 0,0 =30, 35°, 40",
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Figure 2.5
1000, 1500, 3000 cm
As the angle of inci surface (i.e., z = 0) becomes
smaller. The greater the r the field decays. Figure 2.4
indicates that if the refracti t frequencies are the same, the
MSEF at the surface are the s % ay characteristics are different. The
greater the frequency_’g the faster the i fecays. ¢ the evanescent wave decays

to have a good contact

between IRE and samplg
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As méntioned previously, an optical contact between the IRE and the sample is
required in the ATR measurement. Liquid samples always have optical contact with
the IRE. Solid sample, on the other hand, rarely have a good contact with IRE. There
is always an air gap between the sample and IRE. When there is an air gap in the
system, the spectral intensity is severely deteriorated. Since the refractive index of an

air gap is 1.0 while that of the organic sample is approximately 1.5, the strength and
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decays characteristic of the MSEVF in the system with an air gap is altered by the
refractive index mismatch. The unusual decay behavior of the MSEVF with p-
polarization and s-polarization are shown in Figure 2.5. The Figure indicates that the
MSEVF with p-polarization is altered by the air gap compared to that of the s-
polarization. Since a part of the strong electric field is occupied by the air gap, which
does not involve in any absorption, absorbance of the sample in ATR spectra is

decreased. The magnitude of reduction depends largely on the thickness of the air gap.

The greater is the air gap, the smal sorbance. In a worse case, spectrum of

the sample cannot be observ ys to zero within the thickness of

the air gap. Moreoverﬁ h Ql;e absorbance and material

characteristics in a syste

()

)
P

(&

Gv)

2
<

(e

¢ depth (um),

QW?ﬂﬁﬂ‘im IRTINYIaY

Figure 2.6/ The decay characteristic of the MSEVF at various air gap thicknesses

(solid lines) and those under optical contact (broken lines). The
simulation parameters are no = 4.0, 8=45°, v = 1000 cm’ , Nair= 1.0, ng=

1.5, and the air gap thickness of 0.0, 0.1, 0.2, 0.3, 0.5, and 1.0 zm.
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2.5 Diamond is one of the internal reflection elements

2.5.1 Model brilliant cut diamond

Diamond has to be cut and shaped to maximize their appeal (see in Figure 2.7).

Historically, gem cutting and shaping techniques have been perfected with diamond

Zi
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Figure 2.7 Popular diamond outs:< s three different views of the

brilliant cut, with . _/ “a, with 32 facets, plus the large table

-." er girdle and 8 pavilion

T —

Crown Height 16.2% el | o/
Y WIANTR R Phihon
q a34% Pavilion depth
Crown angle I

Figure 2.8 An optimum proportion and angles of cut for diamond.
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Figure 2.9 A correctly proportioned diamond returns almost all the light entering, by

total internal reflections ill result in maximum brilliance as shown

at the center. A s ' &Jt leads to leakage of light and loss
- —

When light strikes fe siirfs cleariy well-polished diamond, some
of that incident light is the surf ‘:\‘ e remaining incident light is
refracted, which means th (¢ enters) through the surface and into the

diamond. The amount of reflectién ‘depends: e optical properties of the material.

With its high refractive index, dizmond is ¢

2.417). For exampleg?7% of all ;:a._;.:‘.‘.-:a:a::;;..::;;.;;{_‘_:an (the angle of

e most reflective of all gems (RI =

. - . - 'I .
incident = 0° which méas perpendicular to the surface at

the point where the light strikes) to a well-polished diamond’s outer surface is
reflected back, m ﬁu ﬁ( ! -polished glass. This
leads to one cﬂfi 1’ ‘I:EIILII A ﬁct istics®” clean, well-polished
diamond-fac faces displa ‘ tl\j i s en com to other gem
materialg Wﬁ aﬁjﬁ 3 W )‘1 3 w EJ é’égj

q
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Total internal reflection
1

Diamond
n,=2.417

Crown angle = 34.5°
v Pavilion angle = 40.75°

c---te- >

Critical angle = 39.8

Polymer
n,=1.55

Figure 2.10 Travel paths o total it al reflection

phenome rilliant cut.

If the infrared b rikgs perpendicula, (o the table (Figure 2.10) the

transmitted beam continues direction. In this case, the directions

of both the incident beam and the tra “'\J-’"‘u‘ ie along the normal to the culet of

diamond contacted with polymer sample. Refractivesir at interface between two

materials — here, dia . thc angle for total internal

:

ex of diamond 1s 2.417 a

reflection. Refractive 3 that of polymer is 1.55.

" Jleﬂﬂﬂ i ﬂ}miﬂﬁﬂ"ﬂ L e,
TR N AN

2.5.3 Infrared spectrum of a diamond.

The infrared spectrum of a diamond shows three different absorption regions:
three- phonon (3900-2650 cm™), two-phonon (2650-1500 cm™), and one-phonon
(1400-900 cm™)). All these absorptions appear in the spectra of all diamonds [25].
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Moreover, the weak absorption bands in the high wavenumber region are clearly
observed. The left part of the spectrum shows some sharp peaks at 4496, 4168, 3236,
3107 and 2787 cm™' which are caused by hydrogen impurities [26]. The right part of the
spectrum shows more complicated bands and not ohly the intensity but also their
position can change from sample to sample. The bands in this region have been
associated with nitrogen defects [27]. The positions and intensities of these peaks
depend on the sample analyzed. Figures 2.11-2.13 represent the infrared spectra

corresponding to different types of defed be found in diamond structure [28].
g L, "‘-.\ )1

o
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5000 4615 4229 3843 o3 - 0 1144 758

Z |
Figure 2.11 Spectrumfa brill; 1out Tmpurities.
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absorbance

5000 4615 4229 3843

Figure 2.12 Spectrum n diamond witl n; impurities of type IaA.

absorbance

waven ber (cm’ )
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with hydrogen impurities.
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