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The presented work focuses on the application of spectroscopic methods, such as Infrared Spectroscopy (IR),
Fourier Transform Infrared Spectroscopy (FT-IR), Raman spectroscopy, Ultraviolet and Visible Spectroscopy (UV-
Vis), X-ray spectroscopy, and Mass Spectrometry (MS), which are widely employed in the investigation of the
surface properties of dental materials.
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| 1. Introduction

For centuries in dentistry, the search remains for the best methods and materials to restore missing tooth
structures or replace missing teeth W2E! Modern dentistry, in addition to its primary role to improve the health of
masticatory system, increasingly focuses on the aesthetics of the preformed reconstructions BBIEIZ The rapid
development of this field is possible thanks to the constant introduction of new materials and research techniques
[BIRILONIA12]13114] pye to wide range of (ceramic, metallic, synthetic or composite) dental materials available on

the market, it is crucial that dental technicians and/or dentists choose the appropriate method by taking into
account its limitations and features [L3I[15]161[L7][18][19][20]

The application of the material in the oral cavity, i.e., in direct contact with tissues, places special demands on this
group of biomaterials regarding their physicochemical and biological properties, i.e., biocompatibility, local and
general harmlessness to the organism 182122 resjstance to the effects of physicochemical factors in the oral
cavity (21 and biophysical indifference 2819 |n addition, the accuracy in mimicking natural tooth shapes 12,
stability of mechanical properties 1922 ease processing 2123 appropriate aesthetics 1924 and finally a
moderate price 1223 gre further requirements that need to be met. The first phenomenon that occurs after the
introduction of the biomaterial into the oral cavity is the formation of a biofilm on its surface 23281271 |n order to
prevent the micro-leakage and the biofilm formation, it is important to know the material structural and chemical
components (28129 syrface structure, roughness, chemical composition and reactivity are just a few of the main
characteristics that should be assessed before qualifying particular material for dental applications [L8I191(271[30](31]
In addition, surface characteristics are related to other properties of the material, such as mechanical or chemical

features, enabling detailed understanding how the material behaves under oral conditions 321[33],
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The advanced development of microscopic and spectroscopic techniques enables a detail study of the chemical
structure and surface phenomena 2934 of studied materials. Microscopy enables observation of surfaces, and
structural and intra-material changes at high magnification 238871 |t includes, inter alia, Optical Microscopy 28129
(49 Electron Microscopy [B2[201411142] % _ray Microscopy 2249 and Scanning Probe Microscopy 2411,

These techniques allow for advanced experimental research, which in combination with powerful acquisition
procedures and data processing, enable detailed analysis of the studied system. Besides morphological and
structural characterizations, microscopic techniques provide additionally information on the quantitative and
gualitative chemical composition of the analysed sample either at a selected point, or along a given line, thus
providing elemental maps (Energy Dispersive X-ray Spectroscopy—EDS), crystal orientation (Electron Backscatter
Diffraction—EBSD), and many other characteristics of dental biomaterials 22431144451 The use of microscopic
methods for material testing is widely described in the literature; therefore, in this paper we present the application
of spectroscopic techniques, basic principles of operation, their advantages and limitations, as well as their

application for studying dental materials.

Spectroscopy covers a lot of techniques based on the interaction of the electromagnetic radiation with the matter;
sometimes, the term spectroscopy refers to an analytical technique involving generation and interpretation of
spectra. The use of spectroscopy, especially in combination with microscopic techniques, provides valuable
information on the chemical structure of dental materials. The major advantages of spectroscopic techniques are
seen in the fact that they are non-destructive and using small amount of sample weights [241461[47][48][491[50](51](52]
Spectroscopic techniques including: Infrared spectroscopy (IR), Fourier Transform Infrared Spectroscopy (FT-IR),
Raman spectroscopy, Ultraviolet and Visible spectroscopy (UV-Vis), X-ray spectroscopy, and Mass Spectrometry
(MS) are very useful in the dental material studies 2!,

| 2. Fundamentals and Division of Spectroscopy

For the purpose of a comprehensive overview of spectroscopic techniques, it is necessary to apply various criteria
for classification of the techniques. Most often, the following classification criteria are adopted: the range of
electromagnetic radiation, properties of the studied systems, and the method of collecting a spectrum, referring to
the way of energy exchange between the radiation and the matter. The division of spectroscopy according to the
radiation range is actually related to various experimental techniques as listed in Table 1. Depending on the
radiation range, different radiation sources, detectors and dispersion devices are used. In optical spectroscopy,

prisms and diffraction gratings are most frequently used as dispersion devices B453I56I57],

Table 1. Spectroscopic techniques in different ranges of electromagnetic spectrum radiation.

Region of Electromagnetic Spectrum Wavelength Range A (m) Spectroscopic Technique

Microwave 1=105° Microwave spectroscopy

Infrared 1073-107 Infrared spectroscopy
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Region of Electromagnetic Spectrum Wavelength Range A (m) Spectroscopic Technique
Raman spectroscopy

UV-Visible spectroscopy
Atomic absorption spectroscopy
Fluorescence spectroscopy
Phosphorescence spectroscopy

Ultraviolet and visible 1076-1078

X-ray diffraction
X-ray fluorescence
X-ray photoelectron spectrometry
Mass spectrometry

X-ray 1079-10712

y-ray 10712107 Mossbauer spectroscopy

Spectroscopy can be analysed based on the intrinsic aspects of the studied process. In this regard, the following
types of spectroscopy can be differentiated: nuclear spectroscopy, atomic spectroscopy, and molecular
spectroscopy with particular emphasis on the spectroscopy of condensed systems. Such division is related to the
specific energy levels taking part in the energetic transition of the studied system. Each type of spectroscopy is
associated with specific motion of the constituents of the system at a microscopic level, and thus differs in the
magnitude of the energy between transition energetic states 2153158159

Depending on the radiation measurement process, one distinguishes three types of spectra: absorption, emission
and Raman spectroscopy, respectively. Absorption spectra can be defined as a set of all transitions from lower to
higher levels so, they correspond to an increase of the system energy (photon uptake). The simplest type of
absorption spectrum arises when the lowest energy level, i.e., the basic level, is occupied. The occupation of
energy levels is related to the thermodynamic equilibrium, which is determined by the temperature of the system. It
is assumed that only the basic level is filled at room temperature. Emission spectra can be defined as a set of all
transitions from higher to lower energy levels. Transitions in emission spectra correspond to the reduction of the
energy, i.e., the radiation of photons. The characteristic feature of Raman spectra is the change in the frequency of

the scattered radiation (vr) in relation to the frequency of the incident radiation (vp) €26,

3. Infrared Spectroscopy (IR) and Fourier Transform Infrared
Spectroscopy (FT-IR)

3.1. Principle of the Technique

The area of the electromagnetic spectrum with the wavenumber (reciprocal of the wavelength) from approx. 14,000
to 200 cm™, i.e., between the visible and the microwave region, is called the infrared (IR). The absorption of such
energy amount within this region is large enough to cause the chemical bonds to oscillate, but not enough to cause
their breakage. Molecules rotate around their symmetry axes and at the same time their atoms oscillate between
equilibrium positions. The IR absorption spectra are obtained by measuring the relative intensity of the transmitted
or absorbed radiation as a function of the wavenumber, and they are presented in form of a plot of the

transmittance or absorbance of the radiation versus the wavenumber (cm™).

https://encyclopedia.pub/entry/10428 3/15



Spectroscopic Techniques for Dental Materials | Encyclopedia.pub

There are many types of IR spectrophotometers, e.g., filter photometers, double-beam spectrophotometer, Fourier
transform spectrometer, attenuated total reflectance (ATR) FT-IR instrument B2 In modern Fourier transform
devices, which consists of illuminating simultaneously the sample with a beam of radiation from the entire tested IR
range. After this beam has passed through the sample, the beam from the same source has not been interfered
with, and the spectrum is obtained using the Fourier transform of the recorded interference spectrum. This requires
the use of equipment with a software that performs this mathematical operation and provides information about
vibrations in the form of an interferogram. FT-IR spectroscopy allows to determine the characteristic vibrations of

atomic groups of the studied compound.

Due to the fact that the FT-IR spectrum is characteristic for a given substance, infrared spectrophotometric analysis
is most often used for qualitative analysis. In addition to characterizing a pure substance by means of FT-IR
analysis, the presence of additional substances in a studied mixture, as well as interactions between atomic groups
of different compounds in the mixture can be examined. Changes in the spectrum (presence of additional peaks)
indicate the presence of other functional groups (presence of another compound), while the shifting of the peaks
relative to the spectrum of the original pure compound indicates interactions of a given atomic group with other
groups of the studied mixture B162 Besides, the following infrared spectroscopic techniques can be currently
differentiated: transmission spectroscopy (TS), internal reflection spectroscopy (IRS), which is also referred to as
attenuated total reflection (ATR), mirror reflection (ERS—external reflection spectroscopy), diffuse reflection

spectroscopy (DRS), emission spectroscopy (ES) and photoacoustic spectroscopy (PAS) [63164],
3.2. Type of Tested Samples

In infrared spectroscopy substances can be examined in a gaseous, liquid and solid state. Gas-sample spectra can
be obtained by inserting the gaseous sample into a purged cuvette. Liquids can be tested in a pure form, or in a
solution form. Liquid samples are placed between the sodium chloride plates; approx. One to ten milligrams of a
liquid substance is needed. For liquids that dissolve sodium chloride, silver chloride plates can be used instead.
Solid samples are typically tested in a form of suspension, pellet, or deposited glassy film (a solid film on a glass
substrate). The spectrum of a solid sample most frequently is obtained by dispersing the sample within an alkali
halide pellet. The spectra of solids can also be obtained by preparing a film of the solid sample, following

evaporation of the solvent from a droplet deposited on a sodium chloride plate of a solution containing the studied
compound 221651,

3.3. Sample Characteristics

FT-IR spectroscopy allows to determine the characteristic vibrations for groups present in a compound. Due to the
fact that the FT-IR spectrum is a spectrum characteristic for a given substance, infrared spectrophotometric
analysis is most often used for qualitative research. In addition to distinguishing between pure substances by
means of FT-IR analysis, it is possible to investigate the presence of additional substances as well as their
interactions with individual groups of the original compound. Changes in the spectrum (presence of additional

peaks) indicate the presence of other functional groups (presence of another compound), while shifts in the
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directions of other wavelengths than for the spectrum of the original sample indicate the interaction of a given
group with a different group of the added substance [61162](66]

For example, the FT-IR method was used to identify the structure of a dental material, i.e., fibroin thanks to
application of FT-IR, a NH functional group in fibroin was recognised as an amino acid structure with a peak of
3309.80 cm™1 7, Measurement of absorbance using FT-IR led to a spectra of the various bioceramic powders and
finally their identification (8],

3.4. Advantages and Limitations

Currently, infrared spectroscopy is widely used technique to identify functional groups and chemical compounds
(both organic and inorganic), as well as to assess the purity of a compound. It is inexpensive, instruments are easy
to be operated, and IR spectra are obtained quickly B3I, Infrared spectroscopy is a promising alternative to other
techniques, as it is not time consuming with respect to sample preparation, measurement and interpretation of the
results; it is also non-invasive and relatively simple measuring technique. As all frequencies are measured
simultaneously in FT-IR spectroscopy, the spectrum is obtained for a few seconds, being advantageous in
comparison with conventional infrared spectroscopy measurements lasting B4I6A7A71 The undoubted advantage
of infrared spectroscopy techniques is the ability to test small amounts of the material (22, and in ATR technique,
the ability to penetrate of the light beam an into a sample depth of about 0.5-3 pm 2],

The limitation of IR is the fact that in classic spectrometers, the IR spectra are obtained by examining the
absorption of a specific beam of monochromatic radiation (one wavelength), and then sweeping the sample by
gradually changing the wavelength during measurement with a dispersion element (prism, diffraction grating).
Before the measurement, it is often necessary to properly prepare the sample, e.g., grinding the test material,
thoroughly mixing with the potassium bromide (KBr) matrix and compressing under pressure to form a tablet. The
sample should not contain water, because water strongly absorbs radiation with the wavenumber from

approximately 3700 cm™! and 1630 cm™! (this absorption may obscure the bands of the tested substance) B2,

In the ATR sampling system, the main source of errors during the measurement is the imperfect contact between
the sample and the diamond crystal (83, The next drawback of FT-IR instruments is the fact that they are equipped

only with a single beam, whereas dispersive instruments generally have a double beam 52,

3.5. Applications

IR spectroscopy was used to track the polymerization kinetics of dental resins 274 and adhesives [RIZEIITITE] g
improve the mechanical features of the dental material. The IR technique was also used to determine the role of
intermolecular collagen cross-linking in the mechanical behaviour of dentin 2, to evaluate the structure of
heterocyclic compounds as candidates for pulp regeneration % and to analyse new generation biomimetic

materials replicating the mineral organic dentin and enamel complex 811,
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The FT-IR technique was used for the structural characterization of dental materials such as: implant materials 82,
biopolymers 3 ceramics 84!, resin nanocomposites 3, implant coatings BEIE7IB8] hioceramics B2, resins [2AR1]
(921931341 cements 23], bioglass 28], and self-curing materials 27,

3.6. Spectrum Example

Figure 1 shows the FT-IR spectrum of self-curing polymethyl methacrylate (PMMA)-based dental materials
(UNIFAST Ill, GC Corporation, Tokyo, Japan) control samples prepared by mixing UNIFAST Il resin powder (GC
Corporation, Tokyo, Japan) with UNIFAST liquid monomer (GC Corporation, Tokyo, Japan). The powder spectrum
of GC UNIFAST Il is depicted in the inset of Figure 1. The band at around 1132 cm™ is the characteristic
absorption vibration of PMMA. The bands at about 1218 cm™1, 1361cm™, 1735 cm™ and 2927 cm™ are assigned
to u(C—O) stretching vibration, wagging vibration of C—H, C=0 stretching, and C—H stretching, respectively 2.
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Figure 1. FT-IR spectrum of control specimen made by hand and ultrasonic mixing methods as well as the
spectrum corresponding to UNIFAST Il powder B4,

Figure 2 shows the FT-IR data of samples prepared by mixing UNIFAST IIl (GC Corporation, Tokyo, Japan) resin
powder with ultrasonic-mixed UNIFAST (GC Corporation, Tokyo, Japan) liquid monomer, which includes starting
materials and reinforced, nanosized hexagonal boron nitride h-BN (US Research Nanomaterials Co., Ltd.,
Houston, TX, USA) at various concentrations. Most researchers agree that there are two distinct IR absorption
bands in boron nitride films. These are the band around 1380 cm™ (in plane) and the band around 780 cm™ (out
of plane), which is due to B-N stretching and B-N-B bending, respectively &7,
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Figure 2. FT-IR data of specimens made by ultrasonic mixing for nano-sized h-BN reinforcement with different
concentrations 27,
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