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Abstract. This article summarizes the basic principles of Fourier Transform

Infrared Spectroscopy, with examples of methodologies and applications to
different field sciences.
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1. Introduction

Infrared spectroscopy is an analytical techniqudieg to the characterization of molecules.
It is based in the fact that molecules absorb fipeltequencies that are characteristic of their
structure. These absorptions are related to tkagitn of the bond.

In order for a vibrational mode in a molecule to dwive in the infrared region, it must be
associated with changes in the permanent dipole.ifiteraction between electromagnetic light and
a molecule produce a change in its permanent dipol@ when the frequency of the infrared light
Is the same as the vibrational frequency of a bahdgorption occurs.

Although this technique has been used for many syeeonventional dispersive infrared
spectrometers have been replaced by Fourier Transfdrared equipment, which incorporates a
Michelson interferometer and presents an improvéman energy and the simultaneous
measurement of the whole spectral range.

The Michelson interferometer consists of a fixedram a moving mirror and a beamsplitter.
The beamsplitter is made of a material that tratssiaand reflects light equally. The two beams
reflects back to the beamsplitter from the mirrargl interfere constructively and destructively
according to the optical path difference producgthie moving mirror.

Owing to these improvements, infrared spectrosdogs/ undergone a marked development in
the last years because of the possibility of adgptiew accessories to the spectrometers and,
therefore, of analyzing all kind of samples in sodid, liquid or gaseous state.

The possibility of analyzing and identifying maaropic or microscopic samples, the accurate
comparison of samples from different origins ane fct that the sample is not destroyed, have
converted the FTIR technique into a valuable tdbtidreover, the possibility to obtain an infrared
spectrum in few minutes and the selectivity of thehnique, like a fingerprint of the substance,
makes it a first step choice in any conventionalysis.

Kinetics, surface analysis, in vivo measuremergsatso fields of interest.

Mapping and imaging instrumentation, provide aernesting tool for obtaining large amount of
spectra and applying chemometrics measurements.

2. Methodologies and main accessories

Depending on the size of the sample and difficsiltegarding handling, different accessories and
methodologies can be applied to Fourier Transforimaied Spectrometers.

2.1. Accessories for macro samples

2.1.1. Transmission
Samples which are between 2 and 10 mm in diametdrb&low 100 microns thick, can be
analysed placing them directly in the middle of bgam. In the same cases, they can be prepared
mixing particles with an infrared transparent coonpd, such as potassium bromide, sodium
chloride, cesium iodide or other ionic compoundah&l pressing it to make a pellet.

Liquids and gases can also be measured by tranemissing special cells with transparent
windows in the infrared regions of interest.

2.1.2. Diffusereflection (DRIFT)
Diffuse reflectance may be considered as a resutiultiple reflection, refraction and diffraction
processes on solid particles. It is a common aocgssed for surface analysis when samples show
a diffuse component of reflected light. Samplesaolwhtan be a powder or a piece of paper or
textile, or a stone, are placed on a cubette bistlpport, and the diffuse light emitted is receder
by a semispheric mirror and sent to the detector.

Some good examples to be analysed using this awgesse gemstones. Specially cut
gemstones like brilliants, show a very neat spettbecause of its property to diffuse light in all
directions.
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Figure 1. Detail of the sample holder for the DRIFT accegsor

2.1.3. Specular Reflection

Samples that can not be manipulated at all and &aspecular or polished surface, can be placed
on a flat support and be analysed collecting tphtlreflected in the same direction that the one
inciding on the surface. Metal surfaces, thin ofgalr inorganic layers over metals,
semiconductors, are commonly analysed using thikadelogy.

2.1.4. Attenuated Total Reflectance (ATR)

Internal reflection spectroscopy is an infrarechtéque in which the infrared radiation is passed
through an infrared transmitting crystal of higliraetive index. Radiation is directed up to the
input face of the crystal. It reflects through timgstal, passing into the sample a finite amourti wi
each reflection along the top surface. The radiataeflected one or more times depending on the
length of the crystal, the refractive index anddhgle of incidence of the light.

Attenuated total reflectance is applied to sampllesre the composition of the surface needs to
be measured. It is applied to soft samples sugajpsr, polymers, textiles, which can achieve good
contact with the crystal used. The only consideratd be borne in mind is the need to obtain good
optical contact between the surface of the sampiethe crystal of the accessory, which can be
made of diamond, Germanium, Zinc Selenide, etes klso used for liquid, viscous or sticky
samples.

When the sample is big enough to cover a long AT¥stal, the possibility of multiple
reflections on the surface of the sample, makpessible to obtain a good infrared spectrum. This
is also a solution for liquid samples. Some maciRAaccessories, have a cuvette form to fit
liquids inside.

Nowadays, many instruments have the unique integfldction ATR crystal. The sample is just
pressed against it or a drop is placed on thealryabd a good spectrum can be obtained in few
seconds.
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Figure 2. Detail of sample handling in a multireflection ABRcessory
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2.2. Accessories for microscopes

2.2.1. Diamond Cdll
Diamond cell is one of the most frequently usedeasories in infrared microscopy. It is normally
used when samples are very small, but can be segdram the matrix. The particle or fibre is
placed on a diamond window and put under pressittethe help of another diamond window.
The pressure of the cell allows the sample to shoe@r the diamond increasing its surface area
while decreasing in thickness. In this way, thedrdd radiation is able to go through the sample
and, therefore, its infrared spectrum can be obthby transmission.

Despite the absorption of diamond in the mid irddar the excellent wavenumber
reproducibility of Fourier Transform instrumentsakes it possible to substract the diamond
spectrum and to obtain clean spectra of the sample.

|
oL |

Figure 3. Diamond cell and a pressed sample on a diamohd cel

2.2.2. Micro Attenuated Total Reflectance (ATR)

The ATR crystal is a part of an objective that dan
coupled to the microscope. A unique internal reitbec
over the sample in touch with the crystal is enotmgh
obtain the spectrum. This is the alternative whegnea
single particle cannot be removed from the matsixich

is the case for very ancient or valuable samples s
manuscripts, books or paintings. In forensic saenc
when the sample needs to be recovered for othéysima
ATR is a well known alternative. Figure4. ATR Germanium tip

2.2.3. Cross sections

In same cases, samples contain several thin layelifferent materials. Layers can be as small as
5 microns, and can not be removed separately.itige case of multilayer commercial polymers,
multilayers from paintings or sculptures, etc. Erlihg the sample in different materials, such as
paraffin, polyester or epoxy resins, permits toitirt thin layers with a microtome and therefove t
analyse it in transmission. Another option is tdighothe block where the multilayer is embebbed
until the sample appears on its surface and agfligotance measurements.

2.2.4. Mapping and Imaging
Most of the modern infrared spectrometers with @pted microscope, have a motorized stage for
samples and therefore it is possible to analysmmegf samples. This can be accomplished by
mapping or imaging.

In a mapping analysis, a sequential acquisitioadjacent regions is measured, either moving
the stage to the last point of the previous regionsverlapping it using a fixed step size.
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In an imaging analysis, a region of the samplegongasured is focused on the array detector
and each pixel is analysed simultaneously.

This has produced an enormous advantage both @dspebig area can be measured without
personnel intervention, and in spectral interpretatbecause each band of interest shows an
intense colour in the image. Distribution of co®uhrough the image allows the location of its
compounds.

3. Examples of applications

Applications to all fields have been developedunlaboratory [1]. They include subjects such as:
. Food analysis: additives, preservatives, colorants
. Environmental analysis: water, atmospheric pasichases
. Conservation and restauration of heritage: pagstisculptures, ceramics, fossils, ivories.
. Forensic science: paints, textiles, cosmetics,
. Semiconductor analysis
. Pharmaceuticals.
. Physiciological samples: malignant cells, bones;sh
. Multilayer compounds: polymers, paintings, films
. Geological samples: inclusions in stones

3.1. Gemstones

Infrared spectroscopy applied to gemstones in daddistinguish natural or synthetic pieces, or
even to analyze its composition, has provided gectibe evidence for its characterization and has
proved to be an important tool for both identifioatand certification purposes in commercial and
legal practices. Emeralds, diamonds, topazs, agus@sashow characteristic infrared absorptions.
Gemstones, specially those with a brilliant cutfudie light in all directions, therefore, the di
reflectance accessory provides a useful way toyaadghem quickly.

Natural diamonds without impurities have a chardtie spectrum with bands that are
common to both natural and synthetic pieces, bustrd@amonds also present bands caused by
defects in the crystalline lattice. Two differe@inges in the infrared spectra are interesting for
identification purposes: the first one correspottdthe interval between 5000 and 2700'and is
the range where the bands corresponding to hydrimgpuarities in natural diamonds appear, the
second one , between 1400 and 1000 cigentifies the impurities due to nitrogen (Fige
According to the type of nitrogen substitution,rthare also different kinds of diamonds [2].
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Figure 5. comparison between a natural and a synthetic didmo
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3.2. Analysis of multilayer samples
Some of the samples of interest to be measured usapping or imaging infrared spectroscopy
are those from pictures, walls, murals, sculptures...

The purpose is not only to know the pigment or #nalss of the painting, but also the binding
media used to fix pigments. A cross section of itlayer samples makes it possible to analyse the
different layers. Figure 6 shows a little pieceaafural painting. Mapping of the sample allows us
to place the different materials.Infrared spectfathe layers show calcium sulphate, calcium
carbonate, Prussian blue, quartz and carboxilabesing from metal soaps, which makes it
possible to recognize oil as a binding material.

Figure 7 shows the spectrum of the Prussian bigiemeFigure 8 shows the spectrum of oil and
carboxilates placed on the external surface ohtbeal painting. Figure 9 shows the spectrum of a
quartz particle in the inner part of the painting.

Figure 6. Cross section of a piece of a mural painting (&B60 microns long)

{Prussian blue pigment
0.9

08
07 —
06

05

Absorbancia

04

03
02
0L
00 ‘ ‘ ‘
4000 3000 2000 1000
cm-l
Figure 7. Spectrum of a region containing Prussian blue



Applications of FTIR

Multilayer films of polymers are also a common séerthat can be analysed using mapping or
imaging infrared spectroscopy. Figure 10 showsinttege of a 3 component multilayer film used
to contain farmaceuticals and figure 11 shows peetsa of polyethylene and polypropylene found

in two layers.
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Figure 8. Spectrum of a region containing binding material
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Figure 9. Spectrum of a region containing quartz
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Figure 10. Multilayer film.
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Figuré 11. Spectra of polyethylene and polypropilene

3.3. Analysis of papers and inks
Analysis of papers, parchments and inks in anaiesmuscripts which are nearly destroyed and
need to be restored, has been one of the goalsiives and libraries containing valuable and
incunable books. Determining the composition ofgrapand inks is important to understand the
reaction mechanisms involved in its damage [3].r@don in manuscripts involves acidity and
oxidation processes. Iron ions have an importaetirothe oxidation of cellulose. Acidity of paper
is also another parameter to measure in order ®iulgde degradation mechanisms. Some
compounds found over ferrogallic inks are: oxalasefates, carbonate, etc.

Extraction of single particles as small as 10 misri size, or micro ATR techniques are used
for these samples whose handling needs to be stitudave at all. Figure 12 shows two pictures
of parchment and paper with inks. Figure 13 showpextrum of a single particle from an ancient
parchment. Bands at 1663, 1375, 1320 and 827 pomesto magnesium oxalate. Bands at 1195,
1080 and 999 correspond to iron sulphate.

Figure 12. Pictures of a parchment manuscript goapa&r manuscript. Both with ink.
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Figure 13. Spectrum of a single crystal on the surface dadralpement sample with ink
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Analysis of modern printing inks s also been developed in our centre Rjalysis of inks ir
printings needs a special handling because of #ikila@se matrix. Sometimes the accul
comparison between a clean fibre and a fibre with is enough to haracterize the pigme
(Figure 14)

Figure 15 shows the spe&tof blue and red pigments found in damaged staBilpg. colour
was associated to Prussian Blue and red coloeatbdhroma.

Figure 14. One penny posta stamps printed
18414880 with a blueing effe
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Figure 15. Spectra of Prussian blue and lead chromate. Bgthgnits were found in damag
stamps.

3.4. Quantitative and qualitative analysis of oils aneage

An alternative procedure using solid phase exwactor the analysis of oil and grease in wa
was developed in our laboratd®]. The use of a teflon filter as a solid phase zed retention of
oil and grease and further analysis of ca-hydrogen bonds coulde run over the filterTeflon

has only carboffluor bonds and therefore the region where ce-hydrogen bands absorb is cle
This method avoidethe use of any kind of solvent. Standard methodd carbon tetrachloride ¢
trichlorotrifluoroethane extractio, which should be avoided @arding to the Montreal Protoc
[6].

Experiments used hexadecane as a stanc oil in different water matrices. The detection ki
was 0.034 mg/l. Recoveries of diesel oil, pump vacwil, olive oil sunflower oil and mixture ¢
oils, depend strongly on the oil used for the calion line, but in general satisfact: results were
obtained. The method wdast, clean and sensitive, and repreed a way of measuring oil ar
grease in water with high reproducibil Qualitative differences could also be detected, dding
on the relatioship among the intensities of the CH3 and CH2 sgmetretching bands. A sm:
shift in the position of both bands, could alscsbel.

Figure 16 showthe comparison among different oils used to prepanghetic sample
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Figure 16. Comparison of infrared absorptions among diffemsist
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