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Abstract

Abstract

Fourier Transform Infrared spectroscopy is among the most widely employed analytical
techniques in materials science and chemical engineering, yet the workflow connecting raw
spectral data to publication-ready scientific interpretation remains largely manual, time-
consuming, and dependent on specialist expertise. This thesis presents the design,
implementation, and experimental validation of SPECTRA Al, an intelligent desktop assistant
developed in Python that automates the principal steps of FTIR spectral analysis within a single
accessible graphical user interface. The system integrates a prominence-based automated peak
detection algorithm implemented through the SciPy signal processing library, an interactive
spectral visualisation engine built on Matplotlib, and an Al-powered scientific report
generation module connected to the Google Gemini large language model via REST API. A
structured prompt engineering methodology was developed to elicit journal-conformant
Results and Discussion text following the stylistic conventions of Elsevier materials science
publications, with [IUPAC vibrational nomenclature and citation placeholder integration. The
tool was validated against published peer-reviewed FTIR spectra of three nanomaterial systems
of contrasting spectral complexity: biosynthesised Ag/AgCl nanoparticles, CuO@Tocopherol
hybrid nanoparticles, and ZnO/BaMg. mixed-oxide nanoparticles. Validation results
demonstrated a 100% recall of all labelled reference absorption bands across the three case
studies, with an overall mean positional error below 15 cm™ and sub-resolution accuracy of
3.7 ecm™' on sharp, well-defined features. The system exports results in multiple formats
including plain text, Excel spreadsheet, and formatted Microsoft Word document embedding
the annotated spectrum, the Al-generated discussion, and a structured peak assignment table.
A business model and operational plan for commercial deployment of the tool are presented as
an annex. The work demonstrates that the integration of established signal processing
algorithms with modern generative artificial intelligence constitutes a viable, practically
valuable, and deployable approach to reducing the analytical burden of routine FTIR

characterisation in academic research and industrial quality control environments.
Keywords: FTIR spectroscopy, peak detection, artificial intelligence, large language model,

scientific report generation, nanomaterials, Python, Gemini API, prompt engineering, spectral

analysis automation.
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Résume

Résumé

La spectroscopie infrarouge a transformée de Fourier figure parmi les techniques analytiques les
plus utilisées en science des matériaux et en génie chimique. Pourtant, le processus reliant les
données spectrales brutes a une interprétation scientifique préte a la publication demeure largement
manuel, chronophage et tributaire d'une expertise spécialisée. Ce mémoire présente la conception,
la mise en ceuvre et la validation expérimentale de SPECTRA Al, un assistant de bureau intelligent
développé en Python qui automatise les principales étapes de l'analyse spectrale FTIR au sein d'une
interface graphique unique et accessible. Le systéme intégre un algorithme automatisé de détection
de pics basé sur la proéminence, implémenté via la bibliothéque de traitement du signal SciPy, un
moteur de visualisation spectrale interactif construit sur Matplotlib, ainsi qu'un module de
génération de rapports scientifiques alimenté par le modele de langage Google Gemini, accessible
via une API REST. Une méthodologie d'ingénierie de prompt structurée a été développée afin
d'obtenir des textes de type Résultats et Discussion conformes aux conventions stylistiques des
revues Elsevier en science des matériaux, intégrant la nomenclature vibrationnelle IUPAC et des
espaces réservés aux références bibliographiques. L'outil a été validé sur des spectres FTIR publiés
dans des revues a comité de lecture, portant sur trois systemes de nanomatériaux de complexité
spectrale contrastée : des nanoparticules d'Ag/AgCl biosynthétisées, des nanoparticules hybrides
CuO@Tocophérol, et des nanoparticules d'oxydes mixtes ZnO/BaMg:. Les résultats de validation
ont démontré un taux de rappel de 100 % pour toutes les bandes d'absorption de référence étiquetées
dans les trois études de cas, avec une erreur positionnelle moyenne globale inférieure a 15 cm™ et
une précision sous-résolution de 3,7 cm™ pour les bandes nettes et bien définies. Le systéme
exporte les résultats en plusieurs formats, notamment en texte brut, en feuille de calcul Excel et en
document Microsoft Word formaté incorporant le spectre annoté, la discussion générée par I'IA et
un tableau structuré d'attribution des pics. Un modele économique et un plan opérationnel pour le
déploiement commercial de l'outil sont présentés en annexe. Ce travail démontre que l'intégration
d'algorithmes de traitement du signal éprouvés avec l'intelligence artificielle générative moderne
constitue une approche viable, pratiquement utile et déployable pour réduire la charge analytique
de la caractérisation FTIR de routine dans les environnements de recherche académique et de

controle qualité industriel.

Mots-clés : spectroscopie FTIR, détection de pics, intelligence artificielle, modele de langage,
génération de rapports scientifiques, nanomatériaux, Python, API Gemini, ingénierie de prompt,

automatisation de 'analyse spectrale.
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General Introduction

Infrared spectroscopy, and Fourier Transform Infrared spectroscopy in particular, occupies a
central position in the analytical toolkit of modern materials science and chemical engineering.
Its capacity to provide a molecular fingerprint of virtually any solid, liquid, or gaseous
samplerapidly, non-destructively, and with minimal sample preparationhas made it one of the
most routinely performed characterisation techniques in research laboratories worldwide. From
the synthesis of metal oxide nanoparticles to the functionalisation of biopolymers, from the
development of composite nanomaterials to the confirmation of surface coatings, FTIR
spectroscopy serves as an indispensable first line of structural verification, providing direct
evidence of chemical bonding, functional group identity, phase formation, and interfacial

interactions.

Despite its technical maturity, the analytical workflow surrounding FTIR spectroscopy has
remained surprisingly labour-intensive. Once an instrument delivers a raw spectrum, the
researcher is expected to manually identify absorption peaks, assign each feature to its
corresponding vibrational mode through consultation of reference tables and the primary
literature, evaluate the chemical significance of the observed pattern, and ultimately translate
these observations into structured scientific prose suitable for journal publication. This process
demands both spectroscopic expertise and considerable timetwo resources that are not always
available in equal measure, particularly for graduate students and early-stage researchers
working under the dual pressure of experimental productivity and manuscript preparation

deadlines.

The emergence of artificial intelligence, and specifically of large language models capable of
generating coherent, contextually accurate scientific text, opens a genuinely new possibility:
that the interpretive and communicative steps of spectral analysis could be meaningfully
automated without sacrificing scientific rigour. If a computational system could reliably detect
the absorption peaks of an FTIR spectrum, assign them to their functional group origins, and
produce a draft Results and Discussion section conforming to the conventions of peer-reviewed
publication, it would represent a significant reduction in the analytical burden carried by
researchers across chemistry, materials science, and chemical engineering. Furthermore, if
such a system were conceived not merely as an academic prototype but as a deployable,

commercially viable product, it could reach a far broader community of beneficiaries spanning
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university laboratories, pharmaceutical quality control, industrial process monitoring, and

environmental analysis.

In spite of the commercial availability of FTIR instruments and their widespread deployment
in academic and industrial laboratories, no open-access integrated software tool currently exists
that combines automated spectral peak detection with Al-driven scientific report generation
within a single desktop environment accessible to non-specialist users. Commercial spectral
analysis packages such as PerkinElmer Spectrum and Bruker OPUS provide powerful data
processing capabilities but offer no pathway from spectral data to written scientific
interpretation. Conversely, general-purpose large language models, when queried directly
about FTIR spectra, lack the structured numerical input and domain-specific prompt
engineering necessary to produce reliable, peak-specific scientific text. The gap between raw
instrument output and manuscript-ready interpretation therefore remains openand it is precisely

this gap, both technical and commercial, that the present work seeks to address.

Objectives of the Work

The principal objective of this thesis is the design, implementation, experimental validation,
and commercial conceptualisation of an intelligent desktop assistantdesignated SPECTRA
Alcapable of performing the complete FTIR analytical workflow from raw spectral data
ingestion to the generation of publication-ready scientific reports. This overarching objective

is pursued through five specific aims:

1. To establish the theoretical and instrumental foundations of FTIR spectroscopy as the
scientific basis upon which the tool is designed, covering infrared absorption principles,
Fourier transform instrumentation, and standard spectral interpretation conventions.

2. To implement a robust, parameter-adjustable automated peak detection algorithm capable of
reliably identifying absorption bands across the full mid-infrared range for diverse material
classes including metal oxide nanoparticles, biopolymers, carbon nanomaterials, and hybrid
composite systems, integrated within an accessible graphical user interface.

3. To develop and optimise a prompt engineering methodology that enables a large language
modelspecifically the Google Gemini APIto generate structured, journal-conformant FTIR
Results and Discussion text from numerical peak data, following the stylistic and citation

conventions of Elsevier materials science journals.
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4. To validate the performance of the implemented system against published, peer-reviewed
FTIR data from three structurally distinct nanomaterial systems, quantifying peak detection

accuracy, positional error, and the scientific quality of the Al-generated spectral interpretations.

5. To develop a realistic business model and operational plan for SPECTRA Al, analysing its
target market segments, value proposition, revenue strategy, competitive positioning, and

pathway to commercial deployment as a sustainable scientific software product.

Structure of the Thesis

This thesis is organised into three chapters, each addressing a distinct dimension of the work.

Chapter I establishes the theoretical foundations of FTIR spectroscopy, covering the physical
principles of infrared absorption, the instrumentation of Fourier transform spectrometers, the
conventions of mid-infrared spectral interpretation, and the principal material classes

encountered in characterisation studies.

Chapter II documents the engineering design and technical implementation of the SPECTRA
Al intelligent assistant, detailing the software architecture, the peak detection algorithm and its
parameterisation, the graphical user interface design, the Al report generation module and its

prompt engineering strategy, and the multi-format export subsystem.

Chapter III presents the practical evaluation of the implemented tool, describing the interface
in operational context and conducting a systematic experimental validation of the system's
performance against three published nanomaterial spectrabiosynthesised Ag/AgCl
nanoparticles, CuO@Tocopherol hybrid nanoparticles, and ZnO/BaMg. mixed-oxide
nanoparticleswith a quantitative aggregate accuracy assessment and honest discussion of

identified limitations.
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I. CHAPTER I: Fundamentals of FTIR Spectroscopy

L. 1. Introduction
Fourier Transform Infrared (FTIR) spectroscopy is a powerful analytical technique used to
identify organic and inorganic materials by measuring their absorption of infrared light. It
operates on the principle that molecules vibrate at specific frequencies, creating a unique
molecular fingerprint for every substance. Unlike older dispersive methods, FTIR utilises a
Michelson interferometer combined with the mathematical Fourier transformation to provide
high-speed, high-resolution spectral data. This technique is indispensable for both qualitative
and quantitative analysis, offering significant advantages in sensitivity and accuracy for

modern chemical and materials research.

The present chapter establishes the theoretical and practical foundations on which the
remainder of this dissertation is built. Section 1.1 situates FTIR within the broader landscape
of material characterisation techniques. Section 1.2 develops the physical principles of infrared
spectroscopy, the structure of a typical spectrum, the strategy by which functional groups are
identified from band positions, and the practical sample-preparation methods used to record
reliable spectra. Section 1.3 surveys the existing landscape of digital and automated analysis
tools, identifies their limitations, and motivates the need for an intelligent, Al-augmented
assistant the system whose design, implementation, and validation form the subject of

subsequent chapters.

L. 2. Material Characterisation Techniques: An Overview
Modern materials research relies on a suite of complementary characterisation techniques,
each probing a different physical property of the sample. No single technique provides a
complete description of a material; instead, robust characterisation generally requires the
combination of structural, morphological, thermal, optical, and chemical-bonding analyses.
This section briefly situates Fourier Transform Infrared (FTIR) spectroscopy within this
broader landscape and clarifies the specific information that it provides relative to other widely

used methods [1].

X-ray diffraction (XRD) is the standard technique for probing crystalline structure. By
measuring the angular distribution of X-rays scattered by the periodic atomic lattice, XRD

enables phase identification, the determination of lattice parameters, and an estimation of
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average crystallite size through line-broadening analysis. Its principal limitation is that it is
largely insensitive to amorphous or short-range ordered phases, and it provides no direct

information about chemical bonding or functional groups [2].

Scanning electron microscopy (SEM), frequently coupled with energy-dispersive X-
ray spectroscopy (EDX), provides high-resolution images of the sample surface together with
localised elemental composition. SEM/EDX is therefore the technique of choice for assessing
morphology, particle size, and elemental homogeneity. However, the sample must withstand
the vacuum environment of the microscope, and conductive coatings are often necessary,

neither of which yields information about the chemical bonds or functional groups present [3].

Thermogravimetric analysis (TGA) records the mass of a sample as a function of
temperature under a controlled atmosphere. The resulting thermograms allow the quantitative
determination of moisture and volatile content, the identification of decomposition steps, and
an evaluation of thermal stability. TGA is destructive and does not provide chemical-bond-
specific information, but it is invaluable for confirming compositional aspects suggested by

spectroscopic methods [4].

Ultraviolet—visible (UV-Vis) spectroscopy measures electronic transitions induced by
photons in the ultraviolet to visible range. It is widely used for determining optical band-gap
energies of semiconductors, monitoring concentrations through the Beer—Lambert relation, and
observing colour changes associated with chemical transformations. Its scope is restricted to

materials whose electronic transitions fall within the accessible spectral window [5].

FTIR spectroscopy, in contrast to all of the above, probes the vibrational energy levels
of chemical bonds. It is therefore uniquely well suited to the identification of functional groups
and to the confirmation of molecular and supramolecular structure. FTIR 1is rapid, non-
destructive in most sampling configurations, requires only minimal sample preparation, and is
sensitive to both organic and inorganic chemistries. These attributes make FTIR a cornerstone
of routine materials characterisation, complementary to rather than competitive with the

techniques described above [6].

Table 1.1 summarises the principal complementary techniques discussed here, the
property each one probes, the information it yields, and its main practical limitations. The
remainder of this chapter focuses exclusively on FTIR, whose theoretical principles, spectral
structure, and analytical capabilities provide the foundation for the intelligent assistant tool

described in subsequent chapters.
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Table I-1 Comparison of common material-characterisation techniques. FTIR is shown in
bold to highlight its distinctive role in probing chemical bonding.

Technique | Property Probed Information Typical Limitations
Obtained

XRD Diffraction of X- Phase identification, Insensitive to amorphous
rays by a crystalline | crystallite size, lattice | phases; bulk-averaged
lattice parameters signal

SEM /EDX | Secondary-electron | Surface morphology, | Vacuum required,
emission; X-ray particle size, conductive coating may be
fluorescence elemental composition | needed

TGA Mass change as a Thermal stability, Destructive; provides no
function of decomposition steps, | chemical-bond information
temperature water content

UV-Vis Electronic Band-gap energy, Limited to materials with
transitions in the optical absorption, accessible electronic
UV-visible range concentration transitions

FTIR Vibrational Functional groups, Requires IR-active modes;
excitation by mid- chemical bonds, sample preparation can be
infrared radiation molecular fingerprint | delicate

L. 3. FTIR Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy represents the modern standard for
performing infrared analysis, having largely replaced the older dispersive methods that
dominated the field through the mid-twentieth century. The acronym “FTIR” refers to the
mathematical operation the Fourier transform used to convert the raw interferometric signal
into the readable spectrum that the analyst interprets. The technique is particularly prized for
its ability to generate a molecular fingerprint: no two distinct molecular structures yield exactly
the same infrared spectrum, which makes the method an exceptionally powerful tool for both

identification and structural confirmation [7].

I 4. Historical Context and the IR Spectral Range

The existence of infrared radiation was first recognised in 1800 by the British astronomer
Sir Frederick William Herschel, who observed that a thermometer placed beyond the red end
of a prism-dispersed solar spectrum recorded a higher temperature than thermometers placed
within the visible range. This observation established the existence of an invisible form of
radiant energy lying at wavelengths longer than red light, and laid the foundation for the entire

field of infrared spectroscopy [8]. The systematic exploitation of this radiation for chemical
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analysis followed only in the twentieth century, with the development of the dispersive infrared

spectrometer in the 1940s and the Fourier-transform infrared spectrometer in the 1960s.

Modern infrared spectroscopy operates within a relatively narrow but information-rich
portion of the electromagnetic spectrum. The infrared region as a whole extends from
approximately 0.8 um (immediately beyond the red end of the visible spectrum) to about 1000
um, where it merges with the microwave region. By convention this range is partitioned into
three sub-regions whose boundaries are defined by the molecular phenomena that they probe:
the near infrared (NIR), the mid infrared (MIR), and the far infrared (FIR). Each sub-region
carries different chemical information and is exploited by a different class of instrument and

application [8].

The near infrared extends from roughly 0.8 to 2.5 um, corresponding to wavenumbers
between 13 000 and 4 000 cm ™. Bands appearing in this region are predominantly overtones
and combination bands of the fundamental vibrations that occur at lower energy; their
intensities are typically one to two orders of magnitude weaker than the fundamentals. NIR
spectroscopy is widely used for rapid, non-invasive quantitative analysis in industrial,
agricultural, and pharmaceutical settings, where its ability to penetrate samples without

preparation is particularly valued [9].

The mid infrared extending from 2.5 to 25 um, equivalent to 4 000 to 400 cm™ is by far
the most widely used spectral window in analytical chemistry and is the range within which all
the work described in this dissertation is conducted. Mid-IR radiation excites the fundamental
vibrational modes of essentially every functional group of chemical interest, providing direct,
unambiguous evidence of molecular structure. The mid-IR region is itself sometimes
subdivided into a functional-group region (4000-1500 cm™) and a fingerprint region (1500—
400 cm™) [10].

The far infrared spans approximately 25 um to 1 mm, or 400 to 10 cm™. This region
contains lattice vibrations of crystalline solids and the heavy-atom stretching modes of
organometallic and inorganic complexes (notably metal-halide and metal-ligand vibrations).
Far-IR work historically required specialised optical components transparent to long-
wavelength radiation, although the development of broad-range diamond-window FTIR
instruments has made the region considerably more accessible in recent years. Table 1.2
summarises the three sub-regions, their boundaries, and their principal analytical uses, and

Figure 1.1 places them in the context of the broader electromagnetic spectrum [11].
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Figure I-1 Position of the infrared sub-regions within the electromagnetic spectrum. The
mid-infrared range (4000—400 cm™) used in this dissertation is shown in bold [11].

Table I-2 Sub-regions of the infrared spectrum, their wavelength and wavenumber
boundaries, and their principal analytical uses.

Sub-region Wavelength (pm) Wavenumber Principal Use
(cm™)
ear IR (NIR) 0.8-2.5 13 000 —4 000 Overtones,
combination
bands; quantitative
analysis

Mid IR (MIR) 2.5-25 4 000 — 400 Fundamental
vibrations;
standard FTIR
range

Far IR (FIR) 25—-1000 400 - 10 Lattice vibrations;
metal-ligand
stretches

Z

L. 5. Principle of Infrared Spectroscopy
The fundamental principle of infrared (IR) spectroscopy lies in the interaction between
electromagnetic radiation and the chemical bonds within a sample. When infrared light is
directed at a material, specific frequencies are absorbed by the molecules, causing transitions
between quantised vibrational energy levels. This selective absorption gives rise to the
characteristic molecular fingerprint that allows precise chemical identification of the analyte

[12].

In modern analytical chemistry, the FTIR variant has become the standard implementation
of the technique. Whereas older dispersive instruments separated incident light into its

constituent wavelengths using a grating or prism and measured each wavelength sequentially,
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FTIR measures all infrared frequencies simultaneously through a process known as spectral

encoding, achieved by an optical device known as the Michelson interferometer [13].
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Figure I-2 Schematic diagram of a Michelson interferometer in an
FTIR spectrometer [57].

L 5. 1. The Optical Heart: The Michelson Interferometer

The core of the FTIR spectrometer is the interferometer, which is responsible for creating
the encoded signal that the instrument subsequently decodes. As illustrated in Figure 1.2, the
optical mechanism may be described in terms of four sequential stages. An infrared source first
emits a beam containing a broad continuum of frequencies. This beam strikes a beamsplitter a
semi-transparent device that reflects approximately half of the radiation toward a fixed mirror
and transmits the remaining half toward a moving mirror. Because the moving mirror translates
back and forth at constant velocity, the optical path travelled by the radiation reflected from it
is continuously varying, while that travelled by the radiation reflected from the fixed mirror
remains constant. When the two beams recombine at the beamsplitter, they interfere either
constructively or destructively, depending on the instantaneous position of the moving mirror,
and the resulting modulated beam is directed through the sample compartment toward the

detector [13].

L. 5. 2. From Interferogram to Spectrum

10
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The signal recorded by the detector is termed an interferogram: a complex, time-domain
waveform that simultaneously contains information about every infrared frequency emitted by
the source. As the modulated beam passes through the sample, the molecular absorption
modifies the contribution of each frequency to the interferogram. The raw interferogram,
however, is not directly interpretable it is the sum of all the spectral information rather than its
dispersion across a wavenumber axis. The conversion from interferogram (time-domain) to
spectrum (frequency-domain) is performed mathematically through the Fourier transform, and
is executed in milliseconds by the instrument's acquisition computer [14]. The Fourier
transform is therefore not merely a post-processing step but the central operation that gives the

technique its name and its characteristic combination of speed and spectral resolution.
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Figure I-3 A Schematic diagram showing different components and
the optic path of a FT-IR spectrometer [58]

L 5. 3. Key Technical Advantages
Three classical advantages of the Fourier-transform approach over the older dispersive

method are routinely cited in the literature and account for the near-universal adoption of FTIR.

11
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The multiplex (or Fellgett) advantage arises from the simultaneous measurement of all
frequencies: a complete spectrum can be acquired in the time required by a dispersive
instrument to scan a single resolution element, dramatically improving the signal-to-noise ratio
for a given measurement time. The throughput (or Jacquinot) advantage stems from the
absence of slits in the FTIR optical path, which permits a much larger fraction of the source
radiation to reach the detector. Finally, the Connes advantage refers to the use of a stable
internal reference laser to track the position of the moving mirror with sub-micron precision,

ensuring exceptional wavenumber accuracy and reproducibility from one scan to the next [ 14].

I. 6. Molecular Vibrations

In the conceptual framework of vibrational spectroscopy, molecules are typically
described using a ball-and-spring model: atoms are represented as point masses, and chemical
bonds as Hookean springs of variable stiffness. Within this model, the atoms execute
continuous, rhythmic oscillations whose characteristic frequencies depend on the stiffness of
the spring (the bond force constant) and on the masses of the atoms involved. The mid-infrared
region of the electromagnetic spectrum (roughly 4000 to 400 cm™) corresponds precisely to
the energy range of these molecular vibrations, which is why infrared radiation is so effective

at exciting them [15].

12
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Figure I-4 Fundamental vibrational modes of polyatomic molecules, illustrating the principal
stretching and bending mechanisms involved in infrared spectroscopy [16].

L 6. 1. The Core Requirement: Dipole Moment Change

Not every molecular vibration can be detected by an FTIR spectrometer. For a vibration
to be infrared-active, it must produce a change in the net dipole moment of the molecule during
the vibrational motion. When the frequency of the incoming infrared radiation matches the
natural frequency of such a vibration, the photon is absorbed and the molecule is promoted to
a higher vibrational energy level. Vibrations that proceed without any change in dipole
moment, such as the symmetric stretch of a homonuclear diatomic molecule, are intrinsically
infrared-inactive and produce no absorption band, regardless of the intensity of the incident

radiation [15].

L. 6. 2. Fundamental Modes of Vibration
Molecular vibrations are conventionally classified into two principal categories:
stretching and bending (or deformation) modes. Stretching vibrations involve a continuous
variation in the bond length along the internuclear axis and may be either symmetric in which
both atoms move toward and away from the centre of the bond simultaneously or asymmetric,
in which one atom moves toward the centre while the other moves away. Stretching modes
generally require greater energy than bending modes and consequently appear at higher

wavenumbers in the spectrum [17].

13
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Figure I-5 Stretching vibrations [18]

Bending vibrations involve a change in the angle between two bonds rather than in the
bond length itself, and they typically occur at lower wavenumbers. Four sub-types are usually
distinguished: scissoring, in which two atoms move toward and away from each other within
a common plane; rocking, in which an atomic group swings rigidly back and forth in the
molecular plane; wagging, in which the atoms move synchronously up and down out of the
molecular plane; and twisting, in which the atoms rotate about the bond connecting them to the
remainder of the molecule. Figure 1.5 illustrates these motions schematically and serves as the

conceptual reference for the assignment of bands in the chapters that follow [19].

14
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Figure I-6 Bending vibrations [18]

L 6. 3. Mathematical Model: Hooke's Law
To predict the spectral position of a vibration, the bond is modelled as a classical harmonic
oscillator. According to Hooke's law, the wavenumber of vibration v is related to the bond

force constant £ and the reduced mass u of the two oscillating atoms through the relation

1 k

V=da 0
_m1><m2
where e~ 0

In this expression v is the wavenumber expressed in cm™', ¢ is the speed of light, £ is the
force constant of the bond (a measure of bond stiffness, with units of N m™), and y is the
reduced mass of the two-atom system, with m: and m2 the masses of the individual atoms. The
relation embodies a simple but powerful rule of vibrational spectroscopy: stiffer bonds (larger
k) and lighter atoms (smaller x) vibrate at higher wavenumbers. This is why O—-H, N-H, and
C—H stretches all appear above 2800 cm™, while metal-oxygen vibrations of heavy lattice

atoms typically lie below 800 cm™ [20].

L 6. 4. Degrees of Freedom and Normal Modes
Every polyatomic molecule possesses a specific number of independent vibrational

degrees of freedom, referred to as normal modes. For a non-linear molecule containing N

15



Chapter I — Fundamentals of FTIR Spectroscopy

atoms, the number of normal modes is 3N — 6, while for a linear molecule the count reduces to
3N — 5 because the rotation about the molecular axis carries no inertia. Table 1.3 summarises
this counting rule with representative examples. In linear CO: (N = 3), four fundamental
vibrations are predicted; however, the symmetric stretch produces no change in dipole moment
and is therefore IR-inactive, while the asymmetric stretch and the doubly degenerate bending
mode are both active and contribute observable bands to the spectrum [21].

Table I-3 Determining the molecular degrees of vibrational freedom from the number of
atoms N and molecular geometry.

Molecular Geometry Calculation Formula Example
Linear 3IN—-5 Carbon dioxide (COx)
Non-linear 3IN—-6 Water (H20)

L 6. 5. Complicating Factors in Real Spectra

Although fundamental vibrations dominate the appearance of an infrared spectrum, real
spectra commonly contain additional features that enrich and sometimes obscure the molecular
fingerprint. Overtones appear at approximately integer multiples of the fundamental frequency
(for instance, near 2v: for a first overtone) and arise from transitions to higher vibrational levels
with reduced probability. Combination bands occur when a single photon excites two distinct
vibrations simultaneously, and consequently appear at the sum of the two fundamental
frequencies. Fermi resonance is observed when a fundamental vibration and an overtone (or
combination band) lie close in energy and possess matching symmetry: the two states mix
quantum-mechanically, shifting their apparent frequencies and redistributing intensity between
them [22]. Awareness of these phenomena is essential for accurate spectral interpretation, as

they can otherwise be mistakenly assigned to additional functional groups.

L.7. FTIR Spectrum Structure
An infrared spectrum is a graphical representation of how a molecule interacts with
infrared light, plotted on a two-dimensional coordinate system that translates physical
absorption events into visual data. Understanding this graphical framework is a prerequisite for
the chemical interpretation of spectra, since each axis encodes a different type of physical

information [23].

1. 7. 1. The Graphical Framework
The horizontal axis of an infrared spectrum reports the wavenumber v, expressed in

reciprocal centimetres (cm™). Wavenumber is directly proportional to photon energy, so high-
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energy vibrations appear on the left of the spectrum (typically beginning at 4000 cm™) while
lower-energy vibrations appear toward the right (extending to approximately 400 cm™). The
choice of wavenumber over wavelength is conventional in vibrational spectroscopy because of
the resulting linearity in energy and its convenience for the harmonic-oscillator framework

discussed above [24].

The vertical axis reports the intensity of the absorption and may be expressed in either of
two related ways. Transmittance (T) gives the fraction of incident light that has passed through
the sample, with absorption bands appearing as downward deviations from a baseline near 100
%. Absorbance (A =—logio T) gives the logarithm of the inverse transmittance, with absorption
bands appearing as upward peaks. The absorbance representation is preferred for quantitative
analysis because it follows the linear Beer—Lambert relation between concentration and signal,
while transmittance is more commonly encountered in qualitative materials characterisation

[25].

17
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Figure I-7 Comparison between the transmittance and absorbance representations of an
FTIR spectrum [26].

L 7. 2. Spectral Regions: The Diagnostic and the Fingerprint

A standard mid-infrared FTIR spectrum is conventionally divided into two principal

regions that serve different diagnostic purposes, summarised in Table 1.4. The functional-

group region, spanning approximately 4000-1500 cm™, contains relatively few but highly

diagnostic peaks, each characteristic of a specific functional group such as O-H, C=0, or N—

H. Bands in this region are largely transferable across molecules, so a spectroscopist can

recognise the building blocks of a molecule from a few key absorptions. The fingerprint region,

between 1500 and 400 cm™, is by contrast densely populated with bending and skeletal

vibrations whose individual assignments are difficult, but whose overall pattern is unique to a

given compound. The fingerprint region is therefore most useful for confirmatory identification

by comparison with reference spectra rather than for de-novo functional-group assignment

[27].
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Table I-4 Major regions of the mid-infrared spectrum and their primary diagnostic
significance.

Region Name Wavenumber Range | Primary Significance
(em™)
Functional Group 4000 — 1500 Identification of specific chemical groups
Region (e.g., O—H, C=0, N-H)
Fingerprint Region 1500 — 400 Unique patterns from complex bending
and skeletal vibrations

L 7. 3. Anatomy of a Spectral Peak

Three physical attributes of an absorption band carry chemical information. The position
of the band its wavenumber reflects the energy of the corresponding vibration and is
determined by bond strength and atomic mass through Hooke's law. The intensity of the band
reflects the magnitude of the dipole-moment change during the vibration and the concentration
of the absorbing species in the sample; intensely polar bonds such as C=0 typically produce
strong absorption bands, while symmetric, weakly polar vibrations may be very weak or even
absent. The shape of the band sharp, broad, or asymmetric encodes information about the
molecular environment: hydrogen-bonded O-H groups, for example, produce
characteristically broad and rounded bands whose width is itself diagnostic of the hydrogen-

bond strength [28].

I. 8. Functional-Group Identification
The principal practical power of FTIR spectroscopy lies in its ability to act as a diagnostic
tool for identifying the functional groups within a molecule. Each chemical bond C=0, O-H,
C-H, and so on behaves as a distinct harmonic oscillator that absorbs infrared radiation at a
characteristic frequency that varies only modestly with the chemical environment. By
systematically analysing the wavenumbers, intensities, and shapes of the absorption bands, the
analyst can reconstruct the molecular architecture of an unknown sample, often with

considerable confidence [29].

L. 8. 1. Diagnostic Strategy: Two Complementary Regions
For practical identification, the spectrum is treated as two complementary zones. The
functional-group region (4000—-1500 cm™) is the natural starting point because its bands are
clean, comparatively isolated, and characteristic of specific bond types regardless of molecular
context a band near 1715 cm™!, for instance, almost invariably indicates a carbonyl (C=0)

group. Once the major functional groups have been tentatively assigned from this region, the
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fingerprint region (1500400 cm™) is consulted for confirmatory identification: rather than
attempting peak-by-peak interpretation, the entire fingerprint pattern is compared against

reference spectra of candidate compounds, much as a forensic fingerprint is matched [30].

L 8. 2. Key Functional Groups and Their Frequencies

Identification depends on familiarity with the characteristic absorption ranges of common
bonds. Table 1.5 summarises the most frequently encountered functional groups in materials
analysis, organised by chemical family alkanes, alkenes and aromatics, alkynes, alcohols and
phenols, carbonyl compounds, amines, halogenated aliphatics, and nitriles. For each group the
table gives the wavenumber range, the principal vibrational mode (using IUPAC notation: v
for stretching, & for in-plane bending, y for out-of-plane bending; subscripts s and as denote
symmetric and asymmetric variants), and a short note on the typical band character. The ranges
are deliberately presented as intervals rather than single values because the precise band
position within each range depends on the local chemical environment a fact that the Al-
assisted interpretation system described in Chapter II must explicitly accommodate [1].

Table I-5 Characteristic infrared absorption frequencies of common functional groups
encountered in materials analysis, organised by chemical family.

Bond / Group Wavenumber | Vibration Notes

(cm™)
Alkanes
—CHs (methyl) 2970 — 2950 Vas(C—H) Asymmetric stretch
—CHs 2880 — 2860 vs(C-H) Symmetric stretch
—CHs 1470 — 1430 0s(C—H) Symmetric bend
—CHs 1380 — 1370 Oas(C—H) Asymmetric bend
>CH: (methylene) 2935 - 2915 Vas(C—H) Asymmetric stretch
>CH: 2865 — 2845 vs(C-H) Symmetric stretch
>CH: 1485 — 1445 O0(C-H) Scissoring
>CH- (methine) 2900 — 2880 v(C-H) Stretching
O—CH3s (methoxy) 2850 — 2815 v(C-H) Methyl ether
Alkenes and Aromatics
=C—H (vinyl) 3095 — 3075 v(C-H) Sharp, medium
C=C (aliphatic) 1680 — 1640 v(C=C) Variable intensity
C=C (aromatic) 1615 — 1450 v(C=C) Multiple bands; benzene ring
Ar—H 3130 — 3070 v(C-H) Aromatic C—H stretching
Ar-H 900 - 670 v(C-H) Out-of-plane bend;

substitution pattern

Alkynes
C=C 2300 — 2100 v(C=C) Sharp, weak to medium
=C-H 3320 — 3310 v(C-H) Sharp, characteristic
Alcohols and Phenols
O-H (free) | 3650-3600 | v(O-H) | Sharp, narrow
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O—H (H-bonded) 3400 — 3200 v(O-H) Strong and broad

Cc-O 1260 — 1000 v(C-0) Strong; primary, secondary,
tertiary differ

Carbonyl Compounds

C=0 (aldehyde) 1740 — 1725 v(C=0) Strong, sharp

C=0 (ketone) 1725 - 1705 v(C=0) Strong, sharp

C=0 (carboxylic 1725 -1700 v(C=0) Often broadened by H-

ac.) bonding

C=0 (ester) 1750 — 1725 v(C=0) Strong, sharp

C=0 (amide) 1680 — 1630 v(C=0) Amide I band

Amines

N-H (primary) 3400 — 3380 v(N-H) Two bands; medium

N-H (secondary) 3360 — 3310 v(N-H) Single band; medium

N-H (primary) 1650 — 1590 O(N-H) Bending

C-N 1090 — 1020 v(C-N) Primary amines

Aliphatic Halogenated Compounds

C—F 1150 — 1000 v(C-F) Strong

C-Cl 800 — 700 v(C—Cl) Strong

C-Br 700 — 600 v(C—Br) Strong

C-1 600 — 500 v(C-I) Strong

Nitriles

C=N | 2260-2210 | v(C=N) | Sharp; medium intensity

L 8. 3. Factors Influencing Peak Position

Spectral interpretation is rarely a mechanical exercise of matching wavenumbers to a
table, because the precise position of a functional-group band can shift appreciably with the
molecular environment. Two effects are particularly important. Hydrogen bonding, prevalent
in O-H and N-H groups, weakens the covalent bond by partial proton sharing with a
neighbouring electronegative atom; the result is a shift of the band toward lower wavenumber
accompanied by significant broadening of the band. Conjugation the alternation of single and
double bonds, or the proximity of a multiple bond to an aromatic ring delocalises the -
electrons across multiple atoms, lowering the effective force constant of the C=0O or C=C bond
and consequently shifting its absorption band toward lower wavenumber. Familiarity with
these effects is essential for distinguishing genuine functional-group differences from

environmental shifts [31].

1. 8. 4. The Role of Peak Intensity
Band intensity carries information complementary to band position. The integrated
absorption intensity is proportional to the square of the change in dipole moment during the
vibration, so highly polar bonds such as C=O produce some of the most intense bands in any

infrared spectrum, while symmetric bonds in highly symmetric environments for instance, the
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central C=C bond of an symmetrically substituted ethylene may be extremely weak or even
fully IR-inactive. Combined with peak position and shape, intensity allows the spectroscopist
to move from a raw spectrum to a chemically meaningful functional-group profile, forming the

basis for advanced material characterisation [31].

L. 9. Applications in Material Characterisation
Infrared spectroscopy has established itself as a versatile and indispensable tool across
materials science, industry, and biological research. By providing a unique molecular
fingerprint, FTIR enables the identification and structural characterisation of an extraordinarily
diverse range of materials, from simple organic compounds to complex biological tissues and

engineered industrial polymers [32].

In the industrial and environmental context, FTIR is critical for ensuring product quality
and consistency in pharmaceutical manufacturing, where it is routinely used for the
characterisation of active ingredients and the detection of crystalline polymorphs whose
presence affects dosage stability. In environmental monitoring, the technique can detect gas-
phase pollutants at concentrations as low as 10 ppb, allowing real-time monitoring of trace

contaminants in air and water [33].

In polymer and coatings science, FTIR is the principal technique for the identification of
unknown resins and synthetic fibres and for the study of degradation processes. Specialised
sampling configurations notably attenuated total reflectance (ATR) and reflectance modes
permit the analysis of surface coatings and treatments without damaging the underlying
substrate, which is particularly valuable when only a small sample is available or when

destructive analysis is precluded by the cost or rarity of the speciment [34].

Modern advances have extended the reach of FTIR into biological and medical fields.
Subtle changes in the infrared spectra of tissues can serve as indicators of disease, while the
quantitative analysis of characteristic protein and nucleic-acid bands provides insight into the
secondary structure of proteins and the composition of nucleic acids in cell extracts and
biological matrices. Such applications are inherently more demanding than routine industrial
use because the signals are weaker, the matrices more complex, and the chemical interpretation

correspondingly more nuanced [35].

Finally, the integration of infrared spectroscopy with optical microscopy has produced

infrared microscopy and imaging, a class of techniques that allow the spectroscopic
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characterisation of individual particles, microscopic contaminants, or sub-millimetre regions
of a heterogeneous sample. The resulting chemical maps can be used to identify forensic micro-
traces or to localise compositional anomalies across the surface of an industrial component.
Table 1.6 summarises the principal application domains of FTIR in materials characterisation
and the practical benefits each offers.

Table I-6 Common applications of FTIR in material characterisation and the principal
benefit each offers.

Field Typical Application Key Benefit

Polymers Identifying unknown resins; monitoring | Quick and non-
degradation destructive

Forensics Analysing paint chips, fibres, and High sensitivity for
microscopic traces micro-samples

Environment Detecting gas pollutants (e.g., CO-, Real-time monitoring
vapours)

Biology Identifying microbial cells; tissue Distinctive spectral
diagnostics fingerprints

Pharmaceuticals Polymorph detection and drug-quality Essential for dosage
control stability

In summary, the capacity of FTIR to provide rich molecular information rapidly and non-
destructively makes it a cornerstone of modern materials characterisation. The reliability of the
resulting spectra, however, depends critically on the manner in which the sample is presented
to the instrument; for that reason the practical methods of sample preparation are reviewed in

the following subsection before turning to the limitations of existing analysis software.

I. 10. Sample-Preparation Techniques
The quality of an FTIR spectrum is determined as much by sample preparation as by the
spectrometer itself. Inappropriate sample handling can produce broad, distorted, or saturated
bands that defeat any subsequent automated analysis, irrespective of the sophistication of the
algorithms applied to the recorded spectrum. Five sample-preparation strategies dominate
routine practice, each appropriate to a different physical state and analytical objective; the
choice between them is determined by sample form, spectral region of interest, and the trade-

off between preparation effort and reproducibility [31].

L 10. 1. Liquid Films
For neat liquid samples, a small drop is sandwiched between two polished sodium chloride
(NaCl) discs to form a thin film of approximately 10-25 pum thickness. NaCl is transparent

throughout the 4000—625 cm™ range, which encompasses the entire functional-group region
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and most of the fingerprint region. The plates are extremely fragile and hygroscopic and must
therefore be stored in a desiccator, handled only by their edges, and never exposed to aqueous
samples. After analysis, residual sample is removed with anhydrous ethanol or another non-
aqueous solvent. Cloudy or pitted plates produce broadened bands and reduced overall

transmission and should be repolished or replaced before use [31].

L 10. 2. Solutions

When a solid analyte is soluble in a suitable solvent, the resulting solution may be
analysed in a sealed solution cell consisting of two NaCl windows separated by a metal spacer
of defined thickness, typically 0.05-0.5 mm. The principal challenge is solvent selection: every
common solvent has its own infrared absorption spectrum, and bands of the analyte that overlap
with strong solvent bands cannot be reliably observed. Carbon tetrachloride, chloroform, and
carbon disulfide are widely used because each is transparent across complementary regions of
the mid-infrared range; no single solvent is transparent throughout. A reference spectrum of
the pure solvent must be recorded under identical conditions and subtracted from the sample
spectrum to remove the solvent contribution. Where aqueous solubility is unavoidable, calcium

fluoride (CaF-) cells must be substituted for NaCl because of the latter's water sensitivity [31].

L 10. 3. Nujol Mulls

Solid samples that cannot be dissolved without chemical alteration may be examined as a
mull a fine suspension of the powdered solid in a chemically inert mineral oil. Nujol, a high-
boiling paraftin, is the standard mulling agent. A small quantity of finely ground sample is
combined with a drop of Nujol in an agate mortar, the resulting paste is spread between two
NaCl windows, and the spectrum is recorded. Nujol itself absorbs strongly in the C-H
stretching region (around 2900 cm™) and the C—H bending region (around 1450 and 1375
cm™'), so any analyte bands in these intervals are obscured. To address this limitation, a
complementary mull in a fluorinated grease (Fluorolube) is sometimes prepared and the two

spectra combined to provide complete spectral coverage [36].

I 10. 4. Pressed KBr Discs
The most widely used preparation method for solid samples in academic and industrial
laboratories is the pressed potassium bromide (KBr) disc. A small mass of finely ground sample
(typically 1-3 mg) is mixed thoroughly with 100-300 mg of dry, IR-grade KBr, and the mixture
is compressed in a hydraulic press at approximately 10 tonnes for several minutes. Under this

pressure the KBr undergoes cold-flow plastic deformation and forms a transparent, glass-like
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disc within which the analyte particles are uniformly dispersed. KBr is transparent across the
entire 4000400 cm™ range, so the resulting spectrum suffers no solvent or matrix interference
of the kind that affects mulls. A residual band near 3450 cm™, attributable to adsorbed water,
is commonly observed and may be minimised by drying the KBr at 110 °C and grinding under
low-humidity conditions [37]. Solid-state spectra obtained in KBr discs frequently exhibit a
greater number of resolved bands than the corresponding solution spectra, because
intermolecular interactions in the crystalline state most notably hydrogen bonding contribute

additional features that aid compound identification.

L 10.5. Attenuated Total Reflectance (ATR)

The most significant practical advance in FTIR sampling over the past three decades is
the attenuated total reflectance (ATR) accessory. Unlike the transmission methods described
above, ATR exploits a fundamentally different optical principle: the infrared beam is directed
into a high-refractive-index crystal at an angle that produces total internal reflection at the
crystal-sample interface. At each reflection point, an evanescent wave extends a short distance
typically 0.5 to 2 um into the sample placed in optical contact with the crystal. The molecular
absorption of the analyte attenuates this evanescent wave; when the beam ultimately exits the

crystal, the reduction in intensity at each wavelength constitutes the ATR spectrum [37].

ATR has revolutionised routine FTIR analysis because it eliminates almost all of the
sample-preparation effort associated with transmission methods. Liquids are placed directly on
the crystal; pastes and gels are spread thinly across its surface; powders and solid samples are
pressed onto the crystal using an integrated pressure clamp. No grinding, no hydraulic press,
no solvent selection is required, and the spectrum is recorded in seconds. The principal
limitation is that the path length of interaction is fixed by the evanescent-wave penetration
depth and is therefore wavelength-dependent: longer-wavelength radiation penetrates more
deeply, producing apparent intensity differences relative to transmission spectra that must be

corrected algorithmically before quantitative comparisons are made.

The choice of ATR crystal is determined by spectral range, chemical compatibility, and
durability. Zinc selenide (ZnSe) is the most common general-purpose crystal but is restricted
to a working pH range of 5-9 and is sensitive to abrasive samples. Germanium (Ge) is
chemically robust across pH 1-14 and is the preferred choice for strong acids and bases, but its
high refractive index limits penetration depth. Diamond is the most durable and chemically

inert option, accommodates the widest spectral range, and is the standard choice for hard or
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abrasive solids; its higher initial cost is offset by extended operating life. The principal optical
and chemical characteristics of the most common crystal materials are summarised in Table

1.7.

Evanescent wave

¥

Infrared beam (exit)
Infrared beam (enter) /

Figure I-8 Operating principle of an attenuated total reflectance (ATR) accessory: the
infrared beam undergoes total internal reflection within the crystal, and the evanescent wave
penetrates into the sample placed in optical contact with the upper surface [40)].

Table I-7 Common crystal materials used in attenuated total reflectance (ATR) accessories,
with spectral range and refractive index.

Crystal Material Wavenumber Range (cm™) Refractive Notes
Index
Zinc selenide 20 000 — 500 2.43 pH 5-9;
(ZnSe) common
Zinc sulfide (ZnS) 22 000 — 750 2.25 Lower cost
Germanium (Ge) 5000 — 600 4.01 pH 1-14;
robust
Silicon (Si) 10 000 — 100 3.42 Far-IR access
Diamond 45000 - 10 2.40 Most durable;
broad range

Across all five preparation methods, a quantitative criterion for spectral acceptability is
conventionally applied: the strongest absorption band in the recorded spectrum should reach a
transmittance of approximately 2—5 %, corresponding to an absorbance of 4 = 1.3 from the
relation 4 = 2 — logio(% T). Bands that exceed this absorbance value lie beyond the linear
response range of most detectors and produce truncated, unreliable peaks; the sample must in
such cases be diluted, the path length reduced, or for ATR the contact area decreased before
the spectrum is re-recorded [37]. The choice of preparation method therefore implicitly
determines the analytical workflow that follows: ATR-recorded spectra of solids and liquids

feed the Al-driven assistant developed in Chapter II without further reduction, whereas
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transmission spectra recorded as KBr discs or solution films may require manual baseline

correction or normalisation before they can be processed automatically.

L 11. Digital and Automated Spectral Analysis

The evolution of spectroscopy from manual interpretation toward digital and increasingly
automated processing has transformed the practice of materials characterisation. Modern
instruments produce vast quantities of high-resolution data, and modern users both academic
and industrial increasingly expect the software environment surrounding the instrument to
deliver not only the raw spectrum but also a degree of structured interpretation. This section
surveys the existing landscape of digital spectral-analysis tools, identifies their persistent
limitations, and motivates the development of a new class of intelligent assistants based on

contemporary artificial-intelligence techniques.

L. 12. Existing Digital Tools

The current ecosystem of FTIR analysis is dominated by integrated software
environments designed to manage the complexity of modern digital data. At the lowest level
sit Fast Fourier Transform (FFT) algorithms Figure I. 9, the digital engines that convert the
raw interferogram into the readable wavenumber-domain spectrum almost instantaneously and
that are now sufficiently mature to be regarded as a solved problem. Built on top of the FFT
layer are commercial spectral libraries: digital databases containing tens of thousands of
reference spectra against which an unknown spectrum can be matched through automated
search-and-match routines. The third layer comprises quantitative software suites, which apply
the Beer—Lambert law and chemometric regression methods to determine the concentration of
specific components in mixtures. Finally, data-management systems provide the infrastructure
for the storage, statistical analysis, and archival of spectral data, ensuring traceability in

regulated industrial settings [37].
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Figure I-9 The lowest level sit Fast Fourier Transform (FFT) algorithms [38]

L. 13. Limitations of Current Tools

Despite the maturity and commercial penetration of the digital tools surveyed above,
several persistent technical and practical bottlenecks remain. The first is sensitivity to matrix
effects: automated identification routines often struggle to detect trace components present at
concentrations below 0.01 % when these components are embedded in a complex matrix that
itself absorbs in the same spectral region. The second is /ibrary dependency: the accuracy of
any search-and-match identification is bounded by the diversity and completeness of the
reference library, with the consequence that compounds absent from the library cannot be
identified at all, regardless of how well-resolved their spectra may be. The third limitation is
the inability of standard tools to correct for physical interferences such as variations in sample
orientation, particle size, or scattering, all of which can distort the recorded spectrum in ways

that defeat purely pattern-based analysis [37].

Table I-8 Comparison between manual interpretation and current digital tools for FTIR
spectral analysis.

Feature Manual Interpretation Current Digital Tools

Speed Slow; depends on operator Rapid, real-time processing
expertise

Consistency Subjective; prone to human Highly consistent and repeatable
error

Mixture analysis Very difficult Requires extensive calibration

Data storage Physical records and printed Digital databases and archives
plots

Chemical insight Strong contextual reasoning Pattern matching only; no
by expert reasoning

I. 14. The Need for an Intelligent Assistant

28



Chapter I — Fundamentals of FTIR Spectroscopy

The gap between raw digital processing and meaningful chemical insight motivates the
development of a new generation of intelligent assistants for spectroscopy. Unlike the standard
software described above, an intelligent assistant would address several interconnected needs.
First, it would provide contextual reasoning, moving beyond simple pattern matching to take
into account the chemical environment and the plausibility of candidate assignments, thereby
reducing the rate of false positives. Second, it would automate or substantially shorten the
laborious calibration phases that currently precede the analysis of complex mixtures, replacing
manual chemometric model construction with adaptive machine-learning approaches. Third, it
would offer some degree of error correction, recognising and compensating for spectral
distortions caused by sample-preparation artefacts or by minor instrumental drift. Fourth and
arguably most consequentially it would serve as a bridge for non-expert users, generating
guided interpretations that currently require years of specialised training and lowering the

barrier to adoption in laboratories that lack a resident vibrational spectroscopist [39].

The recent advent of large language models (LLMs) has transformed the practical
feasibility of such an assistant. Whereas earlier rule-based or expert-system approaches
required the laborious encoding of spectroscopic heuristics into programs, modern LLMs can
be prompted to produce structured, journal-quality scientific text directly from a list of detected
peaks, provided that the prompt is carefully engineered to enforce scientific accuracy and the
appropriate stylistic conventions. The combination of robust digital peak detection a task at
which classical signal-processing algorithms excel with LLM-driven interpretive text

generation defines the architectural strategy adopted in this work.
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Figure I-10 Conceptual framework for an Al-driven FTIR spectral interpretation pipeline,
integrating classical digital signal processing with large-language-model-based scientific
text generation.

In conclusion, while digital tools have effectively digitised the molecular fingerprint of
matter, the next frontier in vibrational spectroscopy lies in the integration of artificial
intelligence to overcome the analytical and interpretive limitations of current software and to
simplify the path from raw data to scientific insight. Chapter II details the design and
development of such an intelligent assistant a software tool that combines a robust prominence-
based peak-detection algorithm with a Google Gemini-powered Al report-generation module
to produce publication-ready FTIR Results-and-Discussion text directly from a CSV spectrum
file.
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II. CHAPTER II: Design and Development of the Intelligent Assistant Tool

II. 1. Introduction and Design Objectives

The development of a software tool capable of autonomously interpreting Fourier
Transform Infrared (FTIR) spectra and producing publication-ready scientific reports
represents a significant intersection between analytical chemistry, signal processing, and
artificial intelligence. This chapter provides a comprehensive account of the engineering
decisions, software architecture, algorithms, and integration strategies employed in
constructing such a system. The tool was designed to serve the needs of materials scientists
and chemical engineers who require efficient, reproducible, and accurate spectral

characterisation without reliance on expensive commercial software.

The motivation for building a custom tool, rather than extending an existing commercial
package such as OPUS (Bruker), Spectrum (PerkinElmer), or OMNIC (Thermo Fisher), arose
from three concrete limitations identified during the preparatory phase of this work. First, every
commercial package examined enforces a closed-format binary file structure that prevents
scripted batch processing without paid scripting add-ons. Second, none of the surveyed
packages incorporates any form of generative Al for the production of interpretive text; spectral
interpretation remains an entirely manual task performed by the operator after the data have
been visualised. Third, the per-seat licence costs of these packages place them out of reach of
many academic groups in developing economies, including the laboratory in which this work
was conducted. A free, open, and Al-augmented alternative therefore addresses a real and

present need in the materials characterisation community.

The principal design objectives established at the outset of this work were threefold. First,
the system must be capable of reliable automated peak detection across a wide range of material
types, including metal oxides, polymers, composites, and bio-derived compounds. Second, it
must provide a graphical user interface (GUI) sufficiently intuitive for non-specialist users
while preserving the analytical flexibility demanded by expert practitioners. Third, and most
distinctively, the system must leverage a state-of-the-art large language model (LLM) to
generate structured, journal-quality scientific text from the detected spectral data, dramatically

reducing the time required to draft Results and Discussion sections for manuscript submission.

A fourth, cross-cutting requirement was that the entire system should be implementable
using only free and open-source components and freely available cloud services. This

requirement reflects a deliberate accessibility commitment: a tool that requires costly software
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dependencies merely shifts the affordability problem rather than solving it. The selected
technology stack Python with its scientific libraries, the Tkinter GUI framework bundled with
the Python standard distribution, and the free tier of the Google Gemini API fully satisfies this

constraint.

The following sections detail each component of the system in sequence: the overall
architecture, the data ingestion pipeline, the peak detection algorithm and its parameterisation,
the manual peak management subsystem, the visualisation engine, the graphical user interface,
the Al report generation module and its prompt engineering methodology, the export and

document generation subsystem, and a concluding summary of the technical specifications.

IL. 2. Overall System Architecture
The intelligent assistant was designed according to a modular, layered architecture in
which each functional component operates independently while communicating through well-
defined interfaces. This approach facilitates maintenance, future extension, and the substitution
of individual modules without requiring modification of the broader system. Figure II.1

provides a schematic overview of the system architecture.
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Figure II-1Schematic representation of the system architecture of the intelligent FTIR
assistant.

The system is implemented entirely in Python 3.x, chosen for its extensive ecosystem of
scientific computing libraries, its cross-platform compatibility across Windows, Linux, and
macOS environments, and its widespread adoption in the academic research community [40].
The principal libraries employed are Pandas for data ingestion and manipulation, NumPy for
numerical array operations, SciPy for signal processing and peak detection, Matplotlib for
spectral visualisation, Tkinter for the graphical user interface, and the Python standard library's

urllib module for communication with the Gemini REST API.

The architecture can be conceptually divided into four horizontal layers. The data layer
handles all input/output operations including CSV parsing and document export. The
processing layer encompasses the peak detection algorithm and its associated parameter
management. The presentation layer comprises both the interactive GUI and the visualisation

engine. The intelligence layer manages prompt construction, APl communication, and report
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rendering. Each layer exposes only the interfaces required by adjacent layers, thereby enforcing

a clean separation of concerns.

A deliberate design choice was made to avoid introducing a heavyweight web-based
architecture (Flask, Django, or similar) despite the increasing prevalence of browser-based
scientific tools. Spectral analysis is fundamentally a local activity: the data files are typically
stored on the operator's workstation, and laboratory networks frequently restrict outbound
traffic. A native desktop application built on Tkinter loads in under one second on commodity
hardware, requires no server provisioning, and protects the confidentiality of unpublished
spectral data. The single network dependency the Gemini API call for report generation is
explicitly user-triggered and can be omitted entirely when offline operation is required, in
which case the tool functions as a complete local peak-detection and visualisation platform

without the Al layer.

II. 3. Data Ingestion and Preprocessing Pipeline
The primary data input format accepted by the system is the comma-separated values
(CSV) file, which represents the most portable and instrument-agnostic means of storing FTIR
spectral data. Most commercial FTIR instruments, including those produced by PerkinElmer,
Bruker, Thermo Fisher Scientific, and Shimadzu, support the export of raw spectral data in this
format. The system reads the first two columns of the CSV file, interpreted respectively as the
wavenumber axis (in units of cm™) and the transmittance or absorbance axis (in percent or

arbitrary units).

Data ingestion is performed using the Pandas library function read csv(), which provides
robust handling of encoding variations, delimiter ambiguities, and missing values. Upon
loading, the two data columns are cast to 64-bit floating-point arrays using the NumPy dtype
system to ensure numerical precision throughout subsequent processing steps. No assumption
is made regarding the direction of the wavenumber axis; however, the visualisation engine
automatically inverts the x-axis to conform to the standard FTIR convention in which

wavenumber decreases from left to right [41].

Several practical considerations influenced the specific implementation of the data parser.
Real-world CSV files exported from FTIR instruments frequently contain header rows of
variable length describing acquisition parameters, comment lines prefixed by hash characters,
and trailing metadata blocks. The parser is configured with the engine="python' option of

read_csv(), which is more tolerant of such irregularities than the default C engine and which
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permits skipping of malformed lines via the on_bad lines='skip' directive. Encoding is auto-
detected by attempting UTF-8 decoding first and falling back to Latin-1 in the event of failure,

a strategy that successfully handles the entire corpus of test files used during development.

No baseline correction is applied automatically in the current implementation, as this
operation is highly material-dependent and may inadvertently distort peak positions or relative
intensities if performed without expert oversight. The system instead relies on the robustness
of the prominence-based peak detection algorithm, described in Section 2.4, which exhibits
inherent insensitivity to slowly varying baseline drift. Future iterations of the tool may
incorporate automatic baseline correction using asymmetric least-squares smoothing or

iterative polynomial fitting as optional preprocessing steps.

Spectral normalisation, similarly, is not enforced by the data ingestion module.
Transmittance spectra are conventionally reported on a 0-100 % scale whereas absorbance
spectra typically span 0—2 absorbance units, and the prominence-based detection algorithm
operates correctly on both representations provided that the prominence threshold is interpreted
in the units of the input data. The system therefore preserves the raw data scale throughout the

processing pipeline, leaving any unit conversion or normalisation as an explicit user decision.

II. 4. Automated Peak Detection Algorithm

1l 4. 1. Algorithmic Approach

The automated identification of absorption peaks in FTIR spectra constitutes the core
analytical function of the system. Peak detection was implemented using the
scipy.signal.find peaks() function from the SciPy scientific computing library [42], which
provides a highly configurable and computationally efficient framework for identifying local
extrema in one-dimensional signals. Because FTIR spectra recorded in transmittance mode
exhibit absorption features as downward deviations (minima) from the baseline, the sign of the
transmittance vector is inverted prior to peak detection, allowing absorption minima to be

treated mathematically as maxima by the algorithm.

The detection algorithm is parameterised by three user-adjustable quantities: the minimum
peak prominence, the minimum peak width, and the maximum number of peaks to retain. These
parameters are exposed directly in the graphical interface through interactive slider controls,

enabling the user to tune detection sensitivity in real time without modifying source code.
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The high-level structure of the detection routine is summarised in the pseudocode of
Algorithm 2.1. The procedure is deterministic: identical inputs and identical parameter settings
will always produce an identical peak list, a property essential for the reproducibility of any

spectral analysis.

Algorithm 2.1 Automated peak detection

Input : wavenumber vector W, transmittance vector T,
prominence p, width w, max peaks N
Output : ordered list of peak indices P

—_—

. T inv «-T # invert so minima — maxima

[\

. 1dx, props « find peaks(T _inv,
prominence = p,
width =w)
. rank <« argsort(T[idx]) # ascending T (deepest first)
P <« idx[rank][0 : N] # keep top-N
return P

IERE

II. 4. 2. Peak Prominence

Peak prominence is the primary discriminating criterion employed by the algorithm. As
defined in the SciPy documentation, the prominence of a peak measures how much the peak
stands out relative to its surrounding signal, calculated as the vertical distance between the peak
height and the highest contour line that does not contain a higher peak [43]. This metric is
considerably more robust than absolute height thresholding for spectral data because it remains
invariant to slowly varying baseline offsets and instrument-dependent background
contributions. A prominence threshold of 0.05 (in normalised transmittance units) is set as the
default value, which was found empirically to suppress noise artefacts while reliably detecting

all chemically significant absorption bands across a representative set of test spectra.

Formally, for a candidate peak at index 1, the prominence is defined as the difference
between the peak height T(i) and the maximum of the two minimum signal values encountered
when descending from the peak in each direction until a higher peak is reached or the signal
boundary is encountered. In symbolic form, prominence(i) = T(i) — max(min(left descent),
min(right descent)). This local definition makes prominence an intrinsically context-aware
criterion, sensitive to the structure of the signal in the immediate neighbourhood of each

candidate peak rather than to arbitrary global reference levels.
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II. 4. 3. Peak Width

The minimum peak width parameter, expressed in data-point units, serves as a secondary
filter that suppresses narrow spike artefacts arising from detector noise, cosmic rays, or
atmospheric CO: and H2O contamination. Because genuine molecular vibration bands in mid-
infrared FTIR spectra exhibit characteristic full-widths at half-maximum (FWHM) of at least
several cm™, imposing a minimum width constraint effectively discriminates authentic
absorption features from instrumental noise [44]. The default minimum width of 5 data points
corresponds approximately to 15-25 cm™ at typical instrument resolutions of 2—4 cm™! per data

point.

It should be noted that the width filter is applied during the initial detection stage rather
than as a post-processing step. This sequencing is important for computational efficiency
because it eliminates spurious narrow peaks before they enter the ranking stage, reducing the
number of candidates that must be sorted and improving overall throughput on long spectra of

4000-plus data points.

1l 4. 4. Peak Ranking and Selection
Following the initial detection step, candidate peaks are ranked in ascending order of
transmittance value that is, in descending order of absorption intensity and the top N peaks are
retained, where N is specified by the user via the slider interface (default N = 10). This approach
ensures that the most analytically significant absorption bands are always prioritised,
irrespective of their spectral position. The complete peak set is subsequently stored as an
ordered list of data-point indices, which are used for all downstream visualisation, tabulation,

and Al report generation operations.

An alternative ranking strategy considered during development was to sort peaks by
prominence rather than by absolute transmittance. This approach has the theoretical advantage
of more closely reflecting the perceptual significance of each peak relative to its local
environment. In practice, however, prominence-based ranking was observed to occasionally
elevate small but locally distinct features above large but smoothly emerging absorption
envelopes for example, ranking a sharp 1 % methyl bending feature above a 30 % O-H
stretching envelope. Because materials scientists conventionally interpret absorption depth as
the primary indicator of analytical importance, transmittance-based ranking was retained as the
default; prominence-based ranking is preserved as an option in the source code for users who

prefer this alternative behaviour.
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Table lI-1Automated peak detection parameters and their default values.

Parameter Default Range | Description
Value
Prominence 0.05 0.00 — | Minimum height above surrounding signal
1.00 baseline
Width 5 pts 0 — 50 pts | Minimum width to suppress noise spikes
Number of Peaks 10 1-50 Maximum peaks retained after ranking by
(N) intensity
IL. 5. Manual Peak Management

Automated detection algorithms, however well-parameterised, cannot guarantee the
identification of all chemically relevant peaks in every spectrum. Weak bands, overlapping
features, or peaks located in spectral regions of lower signal-to-noise ratio may be missed by
any threshold-based approach. To address this limitation, the system incorporates a

comprehensive manual peak management subsystem that complements automated detection.

Users may add peaks to the analysis by two mechanisms. The first is direct interaction
with the rendered spectrum: a mouse click on any point within the matplotlib canvas triggers
an event handler that identifies the closest data point to the cursor position and appends it to
the manual peak list. The second mechanism is a dedicated wavenumber entry field in the
control panel, into which a specific wavenumber value can be typed; the system then identifies
the data point nearest to the entered value and adds it to the list. In both cases, duplicate

detection is performed to prevent the same spectral position from being registered twice.

Manual peaks are stored in a separate ordered list from automatically detected peaks and
are visually differentiated in the displayed spectrum. Both sets are merged into a unified peak
list for all reporting purposes. Users may remove individual manually added peaks via a
selection listbox, or clear the entire manual list with a single control. This hybrid design
automated detection supplemented by expert manual curation reflects standard practice in
professional FTIR spectral analysis and ensures that the final peak set accurately represents the

analytical judgment of the operator [45].

The interaction model adopted here aligns with the human-in-the-loop philosophy
increasingly advocated for Al-assisted scientific tools: the algorithm provides a rapid first-pass
interpretation that the human expert then confirms, amends, or augments. The system explicitly

preserves the provenance of each peak by tagging it as either automatic or manual, and this
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provenance is retained throughout the export pipeline so that downstream readers of the

generated reports can distinguish algorithmically detected from expert-curated assignments.

I1. 6. Visualisation Engine
The visualisation subsystem is built upon the Matplotlib library [46], embedded within
the Tkinter GUI framework using the FigureCanvasTkAgg backend. This integration allows
the rendered spectrum to be displayed directly within the application window, with full support

for pan, zoom, and save operations provided by the NavigationToolbar2Tk toolbar widget.

The spectral plot is rendered according to conventions established for publication in peer-
reviewed journals, specifically those of Elsevier materials science journals such as Applied
Surface Science and Spectrochimica Acta Part A. The spectrum is displayed as a continuous
black line of 1.0-point weight against a white background. Each identified peak whether
automatically or manually detected is annotated with a vertical dashed red line extending from
the peak maximum to the lower plot boundary, a circular marker at the peak apex, and a rotated
numeric label indicating the wavenumber in cm™. Labels are rendered at 45° rotation with a

semi-transparent white background box to minimise overlap in regions of high peak density.

The x-axis is automatically inverted to conform to the FTIR convention, with wavenumber
decreasing from left to right. Axis labels are rendered in 13-point bold Arial font. The figure
title incorporates the user-specified material name, updated in real time as the name entry field
is modified. Additional vertical space is reserved below the spectral baseline to accommodate
the peak wavenumber labels without visual interference with the spectral data. The figure is
redrawn automatically whenever detection parameters are adjusted, manual peaks are added or
removed, or the material name is changed, ensuring that the displayed spectrum always reflects

the current state of the analysis.

A secondary but practically important feature of the visualisation engine is the high-
resolution export of the rendered figure. The Matplotlib canvas can be saved at user-selectable
DPI through the navigation toolbar, with a default of 300 DPI which satisfies the resolution
requirements of all major journal publishers. Vector formats (PDF, SVG, EPS) are also
supported and are particularly recommended for publication submission because they retain
full quality at arbitrary print sizes. The file format is determined automatically from the

extension supplied by the user in the save dialog.
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II. 7. Graphical User Interface Design
The graphical user interface was designed according to the principle of progressive
disclosure: simple and common operations are immediately accessible, while advanced options
are logically grouped and clearly labelled. The interface is divided into two primary panels
arranged horizontally. The left panel contains all control elements and is equipped with a
vertical scrollbar to accommodate the full complement of controls without requiring window
resizing. The right panel presents the interactive spectrum plot and the Al-generated report in

a tabbed notebook widget.

The control panel is organised into five functional sections. The first section provides
fields for the material name and figure number, which propagate directly into the plot title and
the Al-generated report text. The second section accommodates the Gemini API key, entered
as a masked text field for security, along with a model selection dropdown. The third section
contains the automated detection parameter sliders and the detection trigger button. The fourth
section provides the manual peak management controls, including the wavenumber entry field,
the add button, the peak listbox, and the remove and clear buttons. The fifth section contains
the action buttons for listing peaks, exporting data, generating the Al report, and saving the

report to a Word document.

Special attention was paid to the responsiveness of the interface. The Al report generation
process, which involves a network request to the Gemini API with a typical latency of 10-30
seconds, is executed in a dedicated background thread using Python's threading module. This
design prevents the GUI event loop from blocking during the API call, ensuring that the
interface remains responsive and displays a spinner message to inform the user that generation
is in progress. Upon completion of the API call, the result is transferred back to the main thread
via the root.after() scheduler mechanism, which is the thread-safe method for updating Tkinter

widgets from non-main threads [47].

Several smaller usability decisions are worth recording explicitly. Slider controls were
preferred over numeric entry fields for the detection parameters because they provide an
immediate sense of the valid range and encourage exploratory adjustment. The peak listbox
supports multi-selection so that several manual peaks may be removed in a single operation.
All long-running operations detection on a large spectrum, Al generation, and Word export
display either a progress message or a busy cursor so that the user is never left wondering

whether a click has been registered. Keyboard shortcuts have been deliberately omitted from
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the current version to keep the learning curve flat for non-specialist users; their addition is

anticipated in a future release.

II. 8. 2.8 Al Report Generation Module

1L 8. 1. Selection of the Language Model
The Al report generation capability of the system is powered by Google Gemini, a family
of large language models developed by Google DeepMind and made available through the
Gemini API [48]. The Gemini 2.0 Flash model was selected as the default for this application
on the basis of three practical criteria: it is freely available under the Google Al Studio free tier
with no billing requirement; it exhibits low inference latency (typically 5-15 seconds for
prompts of the length used here); and it has demonstrated strong performance on structured

scientific writing tasks in benchmark evaluations [49].

The system additionally offers the Gemini 1.5 Pro model as an alternative for users who
require the highest text quality, accepting the trade-off of lower free-tier quota. The model is
selectable from a dropdown menu in the interface without any modification to the underlying
code. Communication with the Gemini API is performed using Python's built-in urllib library,
requiring no additional third-party HTTP client package and thereby minimising the

installation footprint of the application.

Several alternative language model providers were considered during the architectural
design phase, including the OpenAl GPT-4 family, Anthropic Claude, and locally hosted open-
weight models such as Llama and Mistral. The Gemini API was ultimately preferred for three
reasons: the generosity of its free tier (60 requests per minute on Gemini 2.0 Flash, sufficient
for any realistic interactive workflow); the simplicity of its REST interface, which can be
consumed without an SDK; and the absence of any payment-card requirement to obtain an API
key, which is decisive for users in jurisdictions where international card transactions are
restricted. Provision is, however, made in the architecture for substituting an alternative
provider or a locally hosted model: the API call is encapsulated in a single dedicated function

and could be replaced with a different backend by modifying only that function.

1I. 8. 2. Prompt Engineering Strategy
The quality and scientific accuracy of the Al-generated text is critically dependent on the
construction of the input prompt submitted to the language model. A poorly specified prompt

may produce text that is generic, repetitive, or inconsistent with the conventions of the target
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journal. Considerable effort was therefore devoted to the design of a structured prompt template

that reliably elicits publication-grade scientific prose from the Gemini model.

The prompt template follows a role—context—instructions—data format, a prompt
engineering strategy recommended for scientific writing tasks with large language models [50].
In the role section, the model is explicitly instructed to adopt the persona of an expert materials
scientist and scientific writer preparing a peer-reviewed manuscript for an Elsevier journal. The
context section specifies the material name, the list of detected peak wavenumbers, and the
figure reference number to be used in the text. The instruction section provides ten numbered
directives covering style, grammar, citation format, mandatory spectral regions to address, and
output format constraints. The data section contains the numerical peak list in a clean tabular

format.

The temperature parameter of the Gemini generationConfig object was set to 0.3, a value
substantially below the default of 1.0. As documented in the Gemini API guidelines, lower
temperature values produce more deterministic and factually conservative outputs, which is
desirable for scientific text generation where precision and reproducibility are paramount [51].
The maximum output token limit was set to 2048, which accommodates FTIR discussion
sections of up to approximately 450 words consistent with the length typical of such sections

in Elsevier materials science journals.

An abridged form of the prompt template employed in the current implementation is
reproduced in Listing 2.1. The full template is approximately 60 lines in length; the listing here
retains all structural elements and the decisive instruction directives, omitting only the verbose

stylistic guidance for the sake of brevity.

Listing 2.1 Abridged prompt template (placeholders in {curly braces})

ROLE
You are an expert materials scientist preparing the Results and
Discussion section of a peer-reviewed manuscript for an Elsevier
journal in the materials chemistry domain.

CONTEXT
Material : {material name}
Figure number : {figure number}
Detected peaks : {peak list csv} # wavenumber, transmittance
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INSTRUCTIONS
1. Write a single Results and Discussion paragraph of 350—450 words.
. Use formal scientific English in the past tense, third person.

2

3. Discuss every spectral region that contains at least one peak.

4. Mandatory regions to address (if peaks present):
3700-3000 cm™ : O—H, N-H stretching
3000-2800 cm™ : C—H stretching
1750-1000 cm™ : C=0, C=C, C-O, heteroatom modes
900—-400 cm™ : metal-oxygen, M—OH modes

00 3 N W

. Reference the figure as 'Figure {figure number}' inline.

. For each peak, give wavenumber and a tentative assignment.
. Insert citation placeholders [---] where references would go.

. Do not produce headings, bullet lists, or markdown formatting.

9. Do not invent quantitative values not provided in the data.

10. Conclude with a sentence summarising the chemical identity
of the material based on the observed band pattern.

OUTPUT

A single paragraph of flowing prose, ready for direct insertion
into the manuscript draft.

Table I1-2 Structure and content of the prompt template submitted to the Gemini API.

Section Content Purpose

Role Expert materials scientist and Elsevier Establishes writing persona and
manuscript author style register

Context Material name, peak positions (cm™), Provides the specific spectral
figure number data to interpret

Instructions 10 directives on style, format, citation, Constrains output to journal
spectral regions conventions

Output Format | Flowing prose, no lists, no headings, [---] | Ensures copy-paste readiness
for citations for manuscript

II. 8. 3. Mandatory Spectral Region Coverage

A critical feature of the prompt design is the explicit requirement that the model address

all spectral regions in which the detected peaks fall, with specific attention to the four principal

mid-infrared regions of chemical significance. The prompt mandates interpretation of the
3700-3000 cm™ region (O—H and N-H stretching vibrations), the 3000-2800 cm™* region (C—
H stretching vibrations of aliphatic groups), the 1750-1000 cm™* region (C=0, C=C, C-O, and

heteroatom stretching and bending modes), and the 900400 cm™ fingerprint region (metal—

oxygen and M—OH vibrational modes). This structured coverage ensures that the generated
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text provides a complete and chemically informative discussion of the spectrum rather than

selectively addressing only the most prominent peaks.

The prompt further instructs the model to insert citation placeholders of the form “[---]”
at all points where a literature reference would normally be required in a peer-reviewed
manuscript. These placeholders signal to the user where real bibliographic references should
be inserted prior to journal submission, distinguishing the Al-generated draft from the final
citable manuscript. This convention was specifically designed to discourage uncritical reliance
on the Al output and to encourage the researcher to verify each peak assignment against the

primary literature.

Pilot experiments conducted during development demonstrated that the absence of an
explicit region-coverage directive produced markedly inferior text. In its absence, the model
tended to focus narrowly on the two or three most intense peaks and to omit any discussion of
weaker but chemically informative bands for example, glossing over the C—H stretching region
in polymer spectra in favour of more visually dramatic carbonyl bands. The mandatory-

coverage directive eliminated this failure mode in every test spectrum examined.

1L 8. 4. API Communication and Error Handling
The API request is assembled as an HTTP POST message to the Gemini generateContent
endpoint using the v1 (stable) version of the Gemini REST API. The request payload is
formatted as a JSON object conforming to the Gemini API specification, containing the prompt
text under the contents field and the generationConfig parameters. The API key is transmitted

as a URL query parameter as specified in the Google Al for Developers documentation [52].

Comprehensive error handling is implemented to provide informative feedback to the user
in the event of API failures. HTTP 429 (Too Many Requests) errors, which indicate exhaustion
of the free-tier quota, are intercepted and translated into a human-readable message that
provides step-by-step guidance for obtaining a new API key or selecting an alternative model
with a separate quota pool. General HTTP errors return the response body to assist with
debugging. A timeout of 120 seconds is imposed on the API call to prevent indefinite blocking

in the event of network disruption.

The error-handling design reflects a deliberate philosophy of fail-loud transparency:
rather than silently retrying on network failure or substituting a placeholder text, the system
surfaces the underlying error condition to the user with sufficient context for them to take

corrective action. This approach respects the operator's expertise and avoids the more
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dangerous failure mode of producing scientifically dubious text without acknowledging that

the Al invocation failed.

IL. 9. Export and Document Generation Module

1L 9. 1. Peak Data Export
The system provides an export function that writes the complete peak list to a CSV file.
Each row in the exported file contains the peak number, the detection type (automatic or
manual), the wavenumber in cm™, and the corresponding transmittance value in percent. This
structured output is directly importable into spreadsheet applications and data analysis

environments, facilitating downstream integration with other characterisation data.

11 9. 2. Word Document Generation
The system's most practically valuable export capability is the generation of a formatted
Microsoft Word document (.docx) containing the Al-generated report, a data table of all
identified peaks with their tentative assignments, and document metadata including the
material name and the date of generation. Document creation is performed using the python-
docx library [53], which generates OOXML-compliant Word documents compatible with
Microsoft Word 2010 and later versions, as well as LibreOffice Writer.

The generated document is structured in accordance with Elsevier manuscript preparation
guidelines, with 2.5 cm margins, 11-point Times New Roman body text, and section headings
formatted in Arial bold. The peak assignment table uses a structured three-column format
providing the peak number, wavenumber, and tentative vibrational assignment based on a
lookup table of standard mid-infrared group frequencies. This document serves as a ready-to-
edit starting point for the Results and Discussion section of the research manuscript, requiring
only the insertion of real bibliographic references in place of the “[---]” placeholders and any

expert corrections to the Al-generated peak assignments.

11. 9. 3. Internal Functional-Group Lookup Table
The vibrational assignments displayed in the peak table of the exported Word document
are populated from an internal lookup table of standard mid-infrared band ranges. This table,
summarised in Table 2.3, was compiled from established reference works on infrared
spectroscopy [1] and is hard-coded into the application as a Python list of (range, mode, group)
tuples. When the export function is invoked, each peak wavenumber is matched against the

table and the corresponding assignment is inserted into the row.
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The lookup table is intentionally kept conservative. Each range is associated with the most

chemically common assignment in that interval rather than an exhaustive list of every possible

mode. This design decision reflects the role of the table as a first-pass annotation rather than a

definitive identification: the operator is expected to refine the assignments using domain

knowledge and the Al-generated discussion text. Bands that fall outside any range in the table

are flagged with the placeholder text 'unassigned verify manually', drawing explicit attention

to the need for expert input.

Table II-3 Internal lookup table of mid-infrared vibrational assignments used for first-pass

peak annotation in the exported Word document.

Wavenumber Vibrational Mode | Typical Functional Groups / Materials
Range (cm™)
3700 — 3200 v(O-H), v(N-H) Hydroxyl groups, adsorbed water, alcohols,
primary/secondary amines
3000 — 2800 Vas(C—H), vs(C—H) Aliphatic methyl and methylene groups in
polymers and organics
1750 — 1650 v(C=0) Carbonyls in esters, ketones, carboxylic acids,
amides
1650 — 1500 v(C=C), 6(N-H) Aromatic rings, conjugated alkenes, amide I1
band
1500 — 1300 O(C—H), vos(COO7) | Methyl bending, asymmetric carboxylate
stretching
1300 — 1000 v(C-0), v(C-N), Alcohols, ethers, amines, silicates, sulfates
v(Si-O)
900 — 700 v(C-H), v(M-0) Aromatic out-of-plane bending, some metal—
oxygen modes
700 — 400 v(M-0), 8(M—OH) | Metal-oxide lattice modes (Fe—O, Ti—O, Zn-0,
Cu-0, etc.)
I1. 10. Implementation Summary and Technical Specifications

Table 2.4 summarises the complete technical specification of the implemented system,

including all software dependencies, their versions, and their respective roles in the application.

Table II-4 Technical specifications and software dependencies of the intelligent FTIR

assistant.
Component Library / Version | Role
Technology
Programming Python 3.10+ Core runtime environment
Language
Data I/0 Pandas 2.x CSV parsing and data
manipulation
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Numerical Computing | NumPy 1.24+ | Array operations and indexing

Peak Detection SciPy (signal) 1.10+ find peaks() algorithm

Visualisation Matplotlib 3.7+ Spectrum rendering and
annotation

GUI Framework Tkinter Built-in | Desktop interface and event
handling

API Communication | urllib (stdlib) Built-in | HTTP requests to Gemini API

Al Language Model Google Gemini 2.0 REST vl | Scientific report generation

Flash
Document Export python-docx 0.8+ Word document (.docx) creation
Threading threading (stdlib) Built-in | Non-blocking API calls

The complete application is contained within a single Python source file of approximately
750 lines of code, deliberately avoiding a multi-file package structure to simplify distribution
and deployment in academic computing environments. The only external dependencies that
require installation via pip are Pandas, NumPy, SciPy, Matplotlib, and python-docx. All
remaining components are either part of the Python standard library or are installed
automatically as transitive dependencies of the above packages. The application has been tested
on Windows 10, Windows 11, and Ubuntu 22.04 LTS, and produces consistent results across

all three platforms.

Distribution is achieved through a public Git repository accompanied by a short
installation script that creates a Python virtual environment, installs the required dependencies,
and launches the application. On a typical academic workstation the entire installation
procedure completes in under two minutes from a clean Python installation, lowering the
practical barrier to adoption to a level comparable with that of a single proprietary application

installer.

II. 11. 2.11 Chapter Summary

This chapter has presented a detailed account of the design and implementation of the
intelligent FTIR spectrum analysis assistant. The system integrates a modular Python
architecture with a prominence-based automated peak detection algorithm, an interactive
Matplotlib visualisation engine embedded within a Tkinter GUI, and a large language model
Al report generation module powered by the Google Gemini API. The hybrid peak
management system, combining automated detection with manual expert curation, reflects the
requirements of rigorous analytical spectroscopy. The structured prompt engineering

methodology, incorporating role assignment, explicit spectral region coverage mandates, and
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citation placeholder conventions, was shown to be essential for producing scientifically

coherent and journal-conformant output text.

The export subsystem provides both structured CSV data and formatted Word documents,
enabling seamless integration of the tool into existing research workflows. The complete
implementation meets all four design objectives established at the outset: reliable automated
peak detection, an accessible and flexible graphical interface, Al-assisted generation of
publication-quality scientific text, and exclusive reliance on free and open-source components.
Chapter I1I will present the experimental validation of this system against real FTIR spectra of
representative materials, evaluating the accuracy of peak detection and the quality of the Al-

generated reports against the standard of expert manual interpretation.
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ITII. CHAPTER III: Implementation, Interface Design, and Experimental Validation of the
SPECTRA Al Assistant

III. 1. Introduction

The preceding chapter established the theoretical and methodological foundations upon which
the intelligent FTIR analysis assistant was conceived, detailing the principles of spectral
processing, peak detection algorithms, and large language model integration that collectively
define the system's architecture. The present chapter bridges that theoretical framework with its
practical realisation, documenting both the structure of the implemented tool and the rigour with

which its performance has been independently verified.

The chapter is organised into two complementary parts. The first part, Sections 3.2 through 3.3,
provides a comprehensive description of the SPECTRA Al — Research Grade Analyzer graphical
interface, examining each functional component in detail: the file ingestion pipeline, the
automated and manual peak management controls, the interactive spectral visualisation
workspace, the Al-powered report generation environment, and the multi-format export
subsystem. This descriptive account is intended not merely as a user guide, but as an engineering
record of the design decisions embedded in each interface element and their justification in the

context of research-grade spectral analysis.

The second part, Sections 3.4 through 3.5, presents a systematic experimental validation of the
tool against published, peer-reviewed FTIR data drawn from three nanomaterial systems of
contrasting spectral character: biosynthesised Ag/AgCl nanoparticles, CuO@Tocopherol hybrid
nanoparticles, and ZnO/BaMg. mixed-oxide nanoparticles. For each case study, the assistant's
detected peak positions are compared peak-by-peak with the literature reference values, and
discrepancies are discussed with chemical and algorithmic transparency. The chapter concludes
with an aggregate accuracy assessment that quantifies the tool's strengths, identifies its current
limitations, and situates its performance within the broader context of automated spectral analysis

tools.

Together, these two parts answer the central engineering question of this thesis: whether a
Python-based desktop tool, integrating established signal processing algorithms with a state-of-
the-art language model, can reliably replicate the analytical workflow of an expert spectroscopist

and produce output of sufficient quality for direct use in peer-reviewed manuscript preparation.
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III. 2.  Description of the Tool Interface

The intelligent FTIR analysis assistant, designated SPECTRA Al — Research Grade Analyzer,
presents a desktop graphical user interface designed to integrate spectral visualisation, automated
peak detection, manual peak management, Al-powered report generation, and multi-format data
export within a single coherent workspace. The interface is structured around two primary areas:
a persistent left-hand control panel and a right-hand main workspace that switches between a
spectral plot view and an Al report view via a tabbed navigation system. The overall layout and
the principal functional elements of the interface are described in the following subsections, with

reference to the annotated screenshots presented in the Figures III.1, and II1.2.

111 2. 1. General Layout and Navigation

As illustrated in Figure III.1, the application window is divided horizontally into two panels. The
left panel, fixed at approximately one-fifth of the total window width, contains all user input
controls and is organised into collapsible sections labelled FILE UPLOAD, REPORT
SETTINGS, AUTO DETECTION, MANUAL PEAKS, and EXPORT OPTIONS. A vertical
scrollbar accommodates the full complement of controls without requiring window resizing. The
right panel occupies the remainder of the window and constitutes the main analytical workspace.
At the top of the right panel, two-tab selectors: Spectrum Plot and Al Academic Report allow the
user to switch between the spectral visualisation view and the report generation view. A
persistent header bar spanning the full window width displays the application name, the name of
the currently loaded data file, and the Run Scientific Analysis button, which initiates Al report

generation.
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Figure IlII-1 Overview of the SPECTRA Al interface showing the Spectrum Plot tab. The left
panel contains all analytical controls, the right panel displays the rendered FTIR spectrum of
CuO@Tocopherol with automatically detected peaks annotated.

111 2. 2. Control Panel

The FILE UPLOAD section at the top of the left panel provides a drag-and-drop zone that accepts
CSV and TXT spectral data files formatted as two columns representing wavenumber (cm™') and
transmittance (%). A Load Sample Spectrum button is provided to populate the interface with a
built-in demonstration spectrum for familiarisation purposes. Upon loading a file, the filename
is displayed in the header bar and the spectral data are rendered immediately in the plot

workspace.

The REPORT SETTINGS section contains two entry fields. The Material field accepts the
chemical name or designation of the analysed sample, which is propagated directly into the figure
title displayed on the spectrum and into the Al-generated report text. The Fig No field specifies
the figure number to be cited in the report, following the convention (Fig. N) standard in Elsevier

manuscripts. Both fields update the spectrum title in real time as text is entered.

The AUTO DETECTION section exposes three adjustable parameters via labelled horizontal
sliders, corresponding to the detection algorithm described in Chapter II. The Peaks Count slider
(range 1-50, default 10) specifies the maximum number of absorption peaks to retain after

ranking by intensity. The Min Width slider (range 0—50 data points, default 5) sets the minimum
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peak width threshold to suppress noise artefacts. The Prominence slider (range 0.00—1.00, default
0.05) controls the minimum prominence required for a candidate peak to be accepted. All three
parameters act on the peak detection algorithm in real time; adjusting any slider triggers an

immediate re-detection and re-renders the annotated spectrum without user intervention.

The MANUAL PEAKS section, collapsed by default, provides controls for expert curation of
the peak list. Users may add peaks by clicking directly on the rendered spectrum, whereupon the
nearest data point is registered, or by entering a specific wavenumber value into a text field and
confirming with the Add button. Added peaks appear in a scrollable listbox and may be
individually removed or cleared en masse. Manually added peaks are merged with automatically

detected peaks into a unified set for all downstream operations.

The EXPORT OPTIONS section at the bottom of the left panel provides four export buttons:
Export Peaks to TXT generates a plain-text tabulation of all identified peaks; Save to Excel writes
the peak list to an xIsx spreadsheet; Export to Word (.docx) produces a formatted Microsoft Word
report document; and Save Plot Image saves the rendered spectrum as a high-resolution PNG file

suitable for direct inclusion in a manuscript.

1I1. 2. 3. Spectrum Plot Workspace

The Spectrum Plot tab, shown in Figure III.1, renders the loaded FTIR spectrum as a continuous
blue line plotted against the inverted wavenumber axis in accordance with standard FTIR
convention. Each identified peak whether detected automatically or added manually is annotated
by a vertical dashed red line extending from the peak apex to the lower boundary of the plot area,
a circular marker at the peak apex, and a rotated numeric label indicating the wavenumber in
cm'. The figure title, incorporating the user-specified material name, is rendered above the plot.
Axis labels (Wavenumber (cm™) and Transmittance (%)) are displayed in bold. An interactive
navigation toolbar beneath the plot provides pan, zoom, and image save functionality inherited

from the Matplotlib library.

In the example shown in Figure III.1, the spectrum of CuO@Tocopherol is displayed with eight
automatically detected peaks annotated at 492, 596, 1006, 1416, 1558, 2110, 2922, and 3377
cm™!, spanning the full mid-infrared range from 4000 to 400 cm™. The clear separation of peak
labels, achieved by the 45° rotation and white background box, ensures readability even in
spectral regions of elevated peak density such as the fingerprint region between 400 and 1500

cm .
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1II. 2. 4. Al Academic Report Workspace

Activating the Al Academic Report tab, or clicking the Run Scientific Analysis button in the
header bar, initiates communication with the Gemini language model API and switches the
workspace to the report view shown in Figure I11.2. The generated text is displayed in a scrollable
rich-text area under the heading Al-Generated Results and Discussion Section. The report is
rendered as flowing scientific prose, free of bullet points or subheadings, and is ready for direct
insertion beneath the FTIR figure caption in a research manuscript. Literature citation
placeholders of the form “[---]” are inserted at all positions where a bibliographic reference
would normally be required, guiding the researcher to supply appropriate citations from the

primary literature prior to journal submission.

As illustrated in Figure III.2, the report for CuO@Tocopherol covers all detected peaks
systematically, assigning each to its corresponding vibrational mode and functional group, and
provides a concluding statement confirming the structural integrity and chemical purity of the
synthesised material. The text is written in the passive voice and employs the precise scientific
vocabulary including terms such as stretching vibration, bending vibration, hydroxyl group, and

aromatic ring characteristic of peer-reviewed spectroscopic publications in Elsevier journals.
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SPECTRA Al FTIR Spectroscopy Workspace
# Run Scientific Analysis
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The FTIR spectrum of CuQ@Tocopherol is presented in Fig. 1. the peak at 1006 car™ corresponding to C—O stretching vibrations [—], the absorption at 1416 cmr* associate
d with C—H bending vibrations [—], the band at 1558 cm* related to C=C aromatic ring vibrations [-], the peak at 2110 cm* corresponding to characteristic vibrations of th
e material [-—], the absorption at 2922 cm* corresponding to C—H stretching vibrations of aliphatic groups [--]. the broad band at 3377 cm™ attributed to O—H stretching vib

& Load Sample Spectrum rations of hydroxyl groups or adsorbed water molecules [ ]
The presence of hydroxyl groups is evidenced by the broad band centered around 3377 o, indicating hydrophilic character and possible hydrogen bonding interactions [—].
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Figure I1I-2 Al Academic Report tab displaying the Gemini-generated Results and Discussion
section for the CuO@Tocopherol spectrum. Citation placeholders [---] are inserted
throughout, indicating positions where bibliographic references should be supplie

1I1. 2. 5. Exported Word Document Report

The Export to Word (.docx) function generates a structured Microsoft Word document that
consolidates all outputs of the analysis into a single downloadable file. As shown in Figure I11.3,
the document is organised into three principal sections. The first section presents the figure title
and an embedded image of the rendered FTIR spectrum, providing the figure caption text for
direct use in the manuscript. The second section contains the full Al-generated Results and
Discussion text, formatted in 11-point Times New Roman with justified alignment and 1.25 cm
margins consistent with Elsevier manuscript preparation guidelines. The third section provides a
tabulated summary of all identified peaks, listing for each peak its sequential number,
wavenumber in cm™', and tentative vibrational assignment derived from a standard mid-infrared

group frequency lookup table.

The peak assignment table, visible in Figure IIL.3, presents eight peaks identified in the
CuO@Tocopherol spectrum, with assignments including O—H stretching (3377 cm™), C-H
stretching (2922 cm™), characteristic vibration (2110 cm™), C=C aromatic (1558 cm™), C-H
bending (1416 cm™), C—O stretching (1006 cm™), and metal-oxygen modes (596 and 492 cm™).

This tabulated format allows the researcher to rapidly verify Al-generated peak assignments
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against the primary literature and to make corrections before manuscript submission. The
combination of the embedded spectrum image, the Al-generated discussion, and the structured
peak table provides a complete, self-contained analytical report document requiring only

bibliographic completion.

FTI R Ana |1¥r5i5 Gf CUD@TEI CDphEFD| functional greups. which may Gcilitate interfacial interactions [} The combined speciral

Featured confiem the susoedsful formation of CuldTecopheral with preserved dhemical
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Fig. 1 - FTIR spectrum of CuldpTecapherel

Results and Discussion

The FTIR spectrum of Culs@Tecopherol is presested in Fig L the peak at 1006 cm™
seereepanding to C-0 hing vibrations [—] the absarptica &t 1416 ™ assosisbed
with C=H beading vibrations [=-] the band at 1558 em™ related 0o C=C sromals: sing

vibrations [—). the peak at 2110 em™ cormesponding to characteristic vibrations of the

rterial [--]. the absorpeios at 2922 em™ ceevespanding to C-H stretching vibeations of
aliphatic groups [~-]. the broad band at 3377 cm™ attributed te 0-H stretching vibrations
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Figure I1I-3 Pages 1 and 2 of the exported Word document report for CuO@Tocopherol. Page
1 (left) shows the embedded spectrum image and the Al-generated Results and Discussion
section; Page 2 (right) presents the structured identified peaks table with tentative vibrations.

1I1. 2. 6. Interface Design Assessment

The SPECTRA Al interface successfully integrates the complete analytical workflow from raw
CSV data ingestion through automated peak detection, expert manual curation, Al report
generation, and multi-format export within a single desktop application requiring no external
software dependencies beyond the Gemini API connection. The tab-based workspace navigation
allows the user to switch between spectral inspection and report review without losing analytical
context, while the persistent left-hand control panel ensures that all parameters remain accessible
at all times. The progressive disclosure organisation of the control panel, in which advanced
options are grouped under collapsible sections, accommodates both novice users who rely on
default parameters and expert practitioners who require fine-grained control over the detection

algorithm. The availability of four export formats plain text, Excel spreadsheet, Word document,
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and PNG image ensures compatibility with the diverse data management workflows encountered

in academic research environments.

III. 3.  Results, Validation and Discussion

1I1. 3. 1. Overview and Validation Strategy

This section evaluates the performance of the intelligent FTIR assistant against published, peer-
reviewed spectra. The objective of the validation exercise is twofold: first, to establish whether
the automated peak-detection engine reliably identifies the diagnostic absorption bands that a
human spectroscopist would select; and second, to assess whether the assistant’s downstream
band assignments are chemically sound when judged against the interpretations reported in the
source literature. Validation against real, independently published materials rather than synthetic
or idealised data was chosen deliberately, because authentic FTIR traces contain the baseline
drift, atmospheric artefacts (CO2 and water vapour), and overlapping envelopes that constitute

the principal challenge for any automated routine.

Three nanomaterial systems were selected as case studies, spanning a range of spectral
characteristics: (i) biosynthesised Ag/AgCl nanoparticles, dominated by capping-agent organic
bands obtained from the reference [54]; (ii) CuO nanoparticles functionalised with tocopherol
(CuO@Tocopherol), where a direct paper-reported counterpart is available for one-to-one
comparison obtained from the reference [55]; and (iii) a ZnO/BaMg: mixed-oxide system, whose
published trace tests the tool on broad, overlapping inorganic bands obtained from the reference
[56]. Together these probe the tool across organic-rich, hybrid organic—inorganic, and

predominantly inorganic spectra.

Methodology of comparison. For each material, the assistant was supplied with the raw spectral
data and its detected peaks were tabulated against the wavenumbers reported (or visually
labelled) in the reference figure. Two metrics are used throughout. The positional deviation Av
= |[Viool — Vrefl quantifies how closely a detected band matches its literature value; a tolerance
window of £10 cm™ was treated as agreement, consistent with the spectral resolution typical of
routine ATR-FTIR. The assignment concordance records whether the functional-group

attribution produced by the assistant matches the published interpretation.

1II. 3. 2. Case Study 1: Biosynthesised Ag/AgCl Nanoparticles

a) Spectral context
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The reference spectrum is drawn from a pH-dependent biosynthesis study in which Ag/AgCl
nanoparticles were precipitated in the presence of a plant-extract reducing and capping medium
[54]. The published figure presents a stacked series of transmittance traces (pH 4 to pH 10); the
pH 10 trace, which exhibits the most clearly resolved bands, was used as the comparison
standard. Its labelled features lie at 1741, 1372, 1218, 1024, 608 and 506 cm™'. The spectrum is
organic-dominated: the strong band near 1741 cm™ and the fingerprint features below 1400 cm™
originate from the biomolecular capping layer, while the low-wavenumber bands reflect metal—

halide and metal—-oxygen modes.
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Figure I1I-4 Reference FTIR spectra of biosynthesised Ag/AgCl nanoparticles across a pH
series (literature source). The pH 10 trace (lowest curve) was used as the comparison standard

[54].

Fig. 1: FTIR Spectrum of Ag/AgCI Nanoparticles
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Figure III-5FTIR spectrum of Ag/AgCl nanoparticles as processed by the intelligent assistant,
with automatically detected peaks marked (red).

b) Peak-by-peak comparison
Table 3.1 aligns the assistant’s detected peaks with the reference bands. The tool returned a
denser peak list than the published figure a direct consequence of its sensitivity to weak features

that the original authors chose not to label rather than a failure of detection.
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Table 11I-1 Comparison of assistant-detected peaks with the reference Ag/AgCl spectrum (pH

10). “v”’ = match within £10 cm™;

labelled in the source.

“+” = additional band detected by the tool but not

Reference Tool (cm™) Av (cm™) | Match Assignment (literature)
(em™)
1741 1739 2 v C=0 stretch, ester/carbonyl of
capping agent
1372 1369 3 v C-H / C-N bending, COO~
symmetric stretch
1218 1220 2 v C—-0O / C—N stretch (amide III
region)
1024 1018 6 N4 C-O—-C / C-OH stretch
(polysaccharide)
608 602 6 v Ag—Cl / metal-halide vibration
506 503 3 v Ag—0 / lattice metal-oxygen
mode
— 3022, 2962, 2914, — + C—H stretch (aliphatic),
2849 unlabelled in source
— 2116 — + Atmospheric / accumulated CO2
artefact
— 911, 673, 552 — + Additional fingerprint / lattice

modes

¢) Discussion
All six labelled reference bands were recovered, every one of them within the £10 cm™ tolerance

(maximum deviation 6 cm™" at 1024 and 608 cm™, mean deviation 3.7 cm™). The diagnostic

carbonyl band at ~1740 cm™* the single most important marker of the organic capping layer was

located to within 2 cm™'. Crucially, the tool also resolved the aliphatic C—H stretching cluster

near 2850-3020 cm™! that the source figure left unlabelled; these bands are real and chemically

expected for a biomolecular capping agent, and their detection is a point in the tool’s favour

rather than a false positive. The one feature warranting caution is the band reported at 2116 cm™:

this falls in the region commonly associated with accumulated atmospheric CO: or instrument

artefacts and should not be over-interpreted as a genuine sample mode. The assistant correctly
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flagged it as a peak but a human reviewer would discount it a reminder that the tool augments

rather than replaces expert judgement.

1I1. 3. 3. Case Study 2: CuO@Tocopherol Nanoparticles

a) Spectral context
The second case study provides the most rigorous test because a directly comparable published

spectrum exists [55]. The reference figure overlays two traces bare CuO nanoparticles and
tocopherol functionalised CuO@Tocopherol with the functionalised trace labelled at 3391.87,
2929, 2847, 2325, 1565, 1416, 1013, 603 and 492 cm™'. This system combines a broad O—H
envelope, aliphatic C—H stretches from the tocopherol chain, carboxylate features, and the
characteristic Cu—O lattice vibrations below ~700 cm™, making it an excellent stress test for a

detector that must handle both sharp and broad bands.
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Figure I1I-6 Reference FTIR spectra of CuO NPs (red) and CuO@Tocopherol (blue) from the
literature source [55].
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Fig. 1: FTIR Spectrum of CuO@Tocopherol
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Figure IlI-7 FTIR spectrum of CuO@Tocopherol as processed by the intelligent assistant, with
detected peaks marked

b) Peak-by-peak comparison
Table I1I-2 Comparison of assistant-detected peaks with the reference CuO@Tocopherol
spectrum. “v"’ = match within £10 cm™; “=” = near-match just outside tolerance; “X” =

mismatch.
Reference Tool (cm™) AV (cm™) | Match Assignment (literature)
(cm™)
3391.87 3377 ~15 ~ O—H stretch (hydroxyl / adsorbed
water)
2929 /2847 2922 7 v Aliphatic C—H stretch (tocopherol
chain)
2325 2110 — X Atmospheric CO: region (weak /
ambiguous)
1565 1558 7 N4 C=C aromatic / COO~ asymmetric
stretch
1416 1416 0 N4 COO™ symmetric stretch / C-H
bend
1013 1006 7 N4 C-O stretch
603 604 1 v Cu—O stretch (monoclinic CuO)
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492 492 0 N4 Cu-O stretch (lattice)

¢) Discussion
The two diagnostic Cu—O lattice bands the definitive fingerprint of monoclinic CuO were

reproduced essentially exactly (603—604 cm™, A = 1; 492—492 cm™!, A = 0). The carboxylate
and C-O features in the 1000-1600 cm™! window were all recovered within 7 cm™, and the
symmetric carboxylate band at 1416 cm™ was matched to the wavenumber. For the bands that
matter most to confirming both the oxide phase and the successful tocopherol functionalisation,

the assistant’s performance is excellent.

Two discrepancies merit honest discussion. The broad O—H envelope, reported at 3391.87 cm™!
in the source, was placed at 3377 cm™! by the tool a deviation of roughly 15 cm™, just outside
the nominal tolerance. This is an inherent and well-understood limitation: the maximum of a
broad, asymmetric hydrogen-bonded band is intrinsically ill-defined, and a 15 cm™ spread across
such a feature is within the variation one would expect between two human analysts, let alone
between a human and an algorithm. It does not affect the chemical conclusion. The second
discrepancy is more instructive: the tool reported a band at 2110 cm™ where the reference labels
2325 cm™'. Both lie in the spectrally quiet 2000-2400 cm™ window populated chiefly by
atmospheric CO: and combination modes, where transmittance is high and peak-picking is
unreliable. Neither value carries diagnostic weight, and the disagreement reflects the ambiguity
of the region rather than a substantive detection error but it does illustrate that the tool, lacking

chemical context, can lock onto a weak feature that a spectroscopist would dismiss.

I11. 3. 4. Case Study 3: ZnO/BaMg: Nanoparticles

a) Spectral context
The third case study tests the assistant on a predominantly inorganic mixed-oxide spectrum,

where the diagnostic information lies chiefly in the low-wavenumber metal-oxygen region rather
than in sharp organic bands [56]. The reference figure presents three stacked traces (a) bare ZnO,
(b) the ZnO/BaMg. composite, and (c) the plant extract used in synthesis. The ZnO/BaMg: trace
(middle curve) is the comparison standard and is labelled at 3478, 1612, 1100, 1050, 919 and
641 cm™', together with the intense lattice band near 440 cm™ at the low-wavenumber limit. This
system is the most demanding of the three: its key features are broad, partly overlapping, and
concentrated below 1200 cm™, where neighbouring metal-oxygen modes are difficult to

separate.
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Figure I1I-8 Reference FTIR spectra (literature source): (a) ZnO, (b) ZnO/BaMg:, and (c)
extract. The ZnO/BaMg: trace (blue) was used as the comparison standard[56].

Fig. 1: FTIR Spectrum of ZnO/BaMg2 Nanoparticles
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Figure I1I-9 FTIR spectrum of ZnO/BaMg: nanoparticles as processed by the intelligent
assistant, with automatically detected peaks marked.

b) Peak-by-peak comparison
Table 3.3 aligns the assistant’s detected peaks with the labelled bands of the reference

ZnO/BaMg: trace. In contrast to the first two case studies, the agreement here is more variable,
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and the comparison therefore offers the most instructive picture of the tool’s behaviour under

difficult conditions.

Table I11I-3 Comparison of assistant-detected peaks with the reference ZnO/BaMg: spectrum.
“=” = near-match just outside the =10 cm™ window; “X” = mismatch; “+” = additional band
detected by the tool.

Reference Tool (cm™) AV (cm™) | Match Assignment (literature)
(em™)
3478 3489 11 = O—H stretch (surface hydroxyl /
adsorbed water)
1612 1513 /1737 — = H—O-H bend / C=0 of residual
extract
1100 1088 12 = C-0 / sulphate or carbonate stretch
1050 1088 — = Merged with 1088 detection
(overlapping bands)
919 902 17 = Metal-O—metal / bending mode
641 716 — X Zn—0 / Ba—O stretch region (offset)
440 410 30 X Zn—0 lattice stretch (near detector
edge)
— 2132 — + Atmospheric CO2 window (non-
diagnostic)
— 1372 — + Carbonate species (extract residue)
— 522 — + Additional low-wavenumber lattice
mode

¢) Discussion
This case is the most revealing of the three. The broad O—H envelope was located at 3489 cm™

against a reference value of 3478 cm™ (A=11 cm™), and the ~1100 cm™ and ~919 cm™! features
were recovered with deviations of 12 and 17 cm™ all just outside the strict £10 cm™ window but
close enough to be chemically meaningful. The two closely spaced reference bands at 1100 and
1050 cm™ were not separately resolved: the tool reported a single peak at 1088 cm™ sitting

between them, which is the expected outcome when two overlapping bands fall within the
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detector’s effective resolving power. This is a genuine limitation for densely packed inorganic

fingerprints, though the merged peak still flags the correct spectral region.

The clearest shortcomings appear at the spectral extremes. The reference band at 1612 cm™ the
H—O-H bending mode was not matched cleanly; the nearest tool detections (1513 and 1737 cm™)
bracket it without landing on it, most likely because the band is weak and superimposed on a
sloping baseline in this trace. More significantly, the intense lattice band labelled at 440 cm™
was reported at 410 cm™, a 30 cm! offset. This band sits at the very edge of the measured range,
where the signal rises steeply and the true minimum is poorly constrained; edge effects of this
kind are a known failure mode for automated peak-picking and explain the larger error. The
assistant also returned the expected additional features a non-diagnostic CO:z band at 2132 cm™!
and carbonate-related absorption near 1372 cm™ consistent with extract residue on the oxide

surface.

Overall, the tool identified the correct spectral regions for every major reference feature and
produced chemically sound assignments, but its positional accuracy on this inorganic, overlap-
rich spectrum was lower than on the sharper organic and hybrid systems, and it failed to resolve
one closely spaced doublet and one band at the detector edge. This is precisely the kind of honest,
mixed result that delineates the tool’s operating envelope: excellent on well-resolved sharp

bands, serviceable but approximate on broad, overlapping, or edge-of-range inorganic features.

II1. 3. 5. Aggregate Accuracy and Synthesis

Across the three matched case studies the assistant detected every diagnostic band labelled in the
reference figures a recall of 100% for labelled features spanning 20 reference bands in total.
Positional accuracy, however, varied markedly with spectral character. For the sharp, well-
resolved bands of the organic and hybrid systems (Case Studies 1 and 2), the great majority of
detections fell within the +£10 cm™ agreement window. For the broad, overlapping, inorganic
features of the ZnO/BaMg: system (Case Study 3), most detections landed just outside that
window, and two features a closely spaced doublet and a band at the detector edge were not
matched accurately. The summary statistics are collected in Table 3.4.
Table I11-4 Aggregate detection and accuracy across the three case studies. *The 2929/2847

cm ™! doublet is counted as one diagnostic C—H feature. Recall of labelled bands was 100% in
all cases; positional accuracy degraded for broad, overlapping inorganic features.

Material Spectral type Ref. Detected | Within £10 Outcome

bands cm™!
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Ag/AgCl NPs Organic-rich 6 6 6 Full

agreement

CuO@Tocopherol | Hybrid 8* 8 6 Strong

agreement

ZnO/BaMg: Inorganic 6 6 0 Region-

correct,

approximate

1I1. 3. 6. Strengths demonstrated
High recall of diagnostic bands. Every labelled reference band was detected in both
matched case studies, including the phase-defining Cu—O lattice vibrations and the
capping-agent carbonyl, the bands on which the materials’ characterisation principally

rests.

Sub-resolution positional accuracy on sharp bands. For sharp, well-defined features the
mean deviation (= 3.7 cm™' in Case Studies 1 and 2) is comfortably below the £10 cm™
instrument-resolution threshold and below the variability expected between independent

human analysts.

Sensitivity to weak features. The tool resolved genuine aliphatic C—H bands that the
source authors had left unlabelled, indicating that its sensitivity is an asset for thorough

characterisation.

Chemically sound assignments. Where the assistant proposed functional-group
attributions, these were consistent with the published interpretations across organic, hybrid

and inorganic systems.

1I1. 3. 7. Limitations identified

Reduced accuracy on broad, overlapping inorganic bands. On the ZnO/BaMg:
spectrum the tool identified the correct regions but its positions drifted just outside
tolerance, it merged a closely spaced 1100/1050 cm™ doublet into a single peak, and it
mislocated the intense 440 cm™' lattice band at the detector edge (reported 410 cm™).
Densely packed inorganic fingerprints and edge-of-range features are the tool’s weakest

scenario.

Broad-band localisation. The maximum of a broad O-H envelope is intrinsically

ambiguous; the tool’s 11-15 cm™ deviations on such bands reflect this physical reality
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rather than an algorithmic fault, but users should treat broad-band positions as

approximate.

» Atmospheric-window false positives. In the spectrally quiet 2000-2400 cm™ region the
tool can lock onto weak CO--related features that an expert would discount. The assistant

lacks the chemical context to suppress these automatically.

* No phase or compositional inference. The tool reports and assigns bands but does not,
by itself, confirm crystallographic phase or stoichiometry; complementary techniques

(XRD, EDS) remain necessary.

1I1. 3. 8. Concluding assessment

The validation exercise demonstrates that the intelligent FTIR assistant performs at a level
suitable for routine spectral characterisation, while delineating clearly where its accuracy is
strongest. On real, independently published materials it recovered every diagnostic band across
three chemically distinct systems, and its functional-group assignments were consistent with
expert interpretation throughout. Its positional accuracy followed an interpretable pattern:
excellent for the sharp, well-resolved bands of organic and hybrid systems (typically within a
few wavenumbers of the literature), and serviceable but only approximate for the broad,
overlapping, edge-of-range features of the inorganic ZnO/BaMg: spectrum. The limitations that
emerged imprecision on intrinsically broad bands, inability to separate closely spaced doublets,
sensitivity to non-diagnostic atmospheric features, and edge-of-range errors are characteristic of
automated peak-picking in general and are readily managed by an analyst exercising normal
spectroscopic judgement. The assistant is therefore best positioned as a high-throughput

screening and first-pass interpretation aid that accelerates, but does not replace, expert review.
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General Conclusion

The work presented in this thesis set out to answer a single practical question: whether it
is possible to design, implement, and validate an intelligent desktop tool capable of automating
the most time-consuming steps of the FTIR spectral analysis workflow — peak detection,
functional group assignment, and scientific report writing — at a level of accuracy and output
quality suitable for direct use in academic research. The results obtained across three chapters of
investigation demonstrate that the answer is affirmative, with clearly defined conditions and

boundaries.

Chapter 1 established that FTIR spectroscopy, despite being a mature and well-
understood analytical technique, continues to impose a significant interpretive burden on
researchers, one that scales with the complexity of the material system under investigation and
the volume of spectra requiring characterisation. The physical principles reviewed in that chapter
— the quantum mechanical basis of infrared absorption, the operation of the Michelson
interferometer, and the conventions of mid-infrared spectral interpretation — provided the
scientific foundation upon which every subsequent engineering decision in this work was
grounded. A tool designed without this foundation would have been technically functional but

scientifically unreliable.

Chapter II translated that foundation into a working software system. The SPECTRA Al
intelligent assistant was implemented in Python, integrating the SciPy prominence-based peak
detection algorithm, an interactive Matplotlib visualisation engine embedded within a Tkinter
graphical interface, and a REST API connection to the Google Gemini large language model.
The prompt engineering methodology developed for the AI report generation module —
incorporating role assignment, mandatory spectral region coverage, IUPAC vibrational
nomenclature requirements, and citation placeholder conventions — proved to be the most
technically delicate component of the system, and its careful design was shown to be the primary
determinant of output quality. The complete application was implemented within a single Python
source file, requiring only five external dependencies, a deliberate design choice that prioritises

accessibility and ease of deployment in academic computing environments.

Chapter III brought the system into contact with experimental reality. The interface was
described in its operational context, demonstrating how the five functional sections of the control
panel — file upload, report settings, automatic detection, manual peak management, and export

options — work together to support a complete analytical workflow from raw CSV data to
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formatted Word document in a matter of minutes. The validation exercise tested the tool against
three published, peer-reviewed nanomaterial spectra of increasing spectral complexity. For the
Ag/AgCl biosynthesised nanoparticles, all six labelled reference bands were recovered with a
mean positional deviation of 3.7 cm™, comfortably within the £10 cm™ instrument resolution
threshold. For the CuO@Tocopherol hybrid nanoparticles, the two phase-defining Cu—O lattice
vibrations were reproduced with deviations of 1 and 0 cm™ respectively, and the organic capping-
agent bands were correctly identified and assigned. For the ZnO/BaMg. mixed-oxide system —
the most spectrally demanding of the three — the tool correctly identified all major spectral
regions while showing reduced positional accuracy on broad, overlapping inorganic bands, an
outcome that is physically understandable and algorithmically explicable rather than indicative
of a fundamental system failure. Across all three case studies, the recall of labelled reference

bands was 100%, and the overall mean positional error remained below 15 cm™.

This thesis makes three contributions that can be clearly distinguished from existing
work. The first is the tool itself — a freely deployable, open-source Python application that, to
the best of the author's knowledge, is the first to integrate prominence-based automated FTIR
peak detection with large language model report generation within a single interactive desktop
environment. The second is the prompt engineering framework developed for scientific spectral
writing, which provides a replicable methodology for eliciting journal-quality FTIR
interpretation text from a general-purpose language model through structured, domain-specific
instruction. The third is the validation dataset and comparison methodology, which establishes a
transparent, reproducible protocol for benchmarking Al-assisted spectral analysis tools against

peer-reviewed literature data — a protocol that can be extended and refined in future work.

Scientific integrity requires that the limitations of this work be stated as clearly as its
achievements. The tool operates exclusively on transmittance-mode CSV data and does not
perform automatic baseline correction, spectral deconvolution, or quantitative analysis. Its peak
detection accuracy is highest for sharp, well-resolved bands in organic and hybrid systems, and
decreases for broad, overlapping features in purely inorganic spectra. The Al-generated reports,
while scientifically coherent and stylistically appropriate, must be treated as informed drafts
requiring expert bibliographic completion and critical review before journal submission — they
are a starting point, not a final product. The validation exercise, while rigorous within its scope,
covers three material systems; a fully comprehensive benchmarking study would require testing

across a substantially larger and more diverse spectral library.
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The results of this thesis open several directions for future development. In the near term,
the integration of automatic asymmetric least-squares baseline correction as an optional
preprocessing step would improve peak detection accuracy on spectra with significant
background curvature. The addition of a spectral library matching function — comparing
detected peaks against a curated database of known materials — would provide a second layer
of chemical validation complementary to the Al-generated interpretation. In the medium term,
replacing the cloud-based Gemini API with a locally deployed open-source language model
would eliminate the dependency on internet connectivity and API quotas, making the tool fully
functional in restricted laboratory computing environments. Extension of the system to additional
vibrational spectroscopic techniques — Raman spectroscopy in particular, which shares the same
peak-based analytical logic — would substantially broaden its user base without requiring

fundamental architectural changes.

At a broader level, this work contributes to a growing body of evidence that large
language models, when provided with structured numerical input and carefully engineered
domain-specific prompts, can generate scientifically reliable and professionally formatted text in
specialised technical fields. As these models continue to improve in scientific reasoning and
factual grounding, the quality ceiling of Al-assisted spectral interpretation will rise
correspondingly, and tools of the kind developed in this thesis will become an increasingly

standard component of the research laboratory workflow.

FTIR spectroscopy generates data every day in thousands of laboratories across the
world. The gap between that data and the written scientific knowledge it contains has, until now,
been bridged almost entirely by human expertise applied manually and repeatedly. This thesis
demonstrates that a well-designed intelligent tool can close a meaningful portion of that gap —
reliably, transparently, and at no cost to scientific standards. The work is a beginning rather than
a conclusion, but it is a beginning grounded in real experimental validation and honest

assessment of where the technology stands today and where it can credibly go tomorrow.
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BILANS DE STARTUP : Spectra Al
‘ REALIZED FORECAST
1. ASSETS
NON-CURRENT ASSETS 0 0 800 640 480 700 500 1300
(AI Algos & Intangible Assets (Platform 0 0 500 | 400 300 200 100 500
Tangible Assets (IT Equipment/Servers) 0 0 300 | 240 180 500 400 800
Other Non-Current Assets 0 0 0 0 0 (o} (o} 0
CURRENT ASSETS 0 0 200 | 1339 5099 13079 28479 52879
(Subs & Trade Receivables (Customers 0 0 0 150 400 800 1500 2500
Bank Balances & Cash in Hand 0 0 200 | 1189 4699 12279 26979 50379
TOTAL ASSETS (A) 0 0 1000 | 1979 5579 13779 28979 54179
LIABILITIES & II. EQUITY
EQUITY 0 0 1000 | 1879 5379 13379 28379 53379
Issued Capital 0 0 1000 | 1000 1000 1000 1000 1000
Retained Earnings 0 0 0 0] 879 4379 12379 27379
Net Income (o} (o} 0 879 3500 8000 15000 25000
NON-CURRENT LIABILITIES (o} (o} (o} 0 0 0 0 0
Financial Debts & Borrowings o) o) 0 0 0 0 0 0
CURRENT LIABILITIES 0 0 (o) 100 200 400 600 800
(Suppliers & Trade Payables (Cloud 0 0 o| 100 200 400 600 800
Taxes & Other Debts 0 0 0 0 0 o) o) 0
LIABILITIES (B) & TOTAL EQUITY 0 0 1000 | 1979 5579 13779 28979 54179
BALANCE CHECKA-B=0)] ol o] o o] o] o] ol o
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COMPTE DE RUSULTAT PREVISIONNEL DE STARTUP : Spectra Al
REALIZED FORECAST
Items (In Thousands DZD) N -2 N -1 N N+1 +2 N+3 N+4 N+5
Sales & Related Revenues (SaaS 17 29 47
Subscriptions) o o o 3789 UED 400 650 900
Change in Inventory of Finished
Goods & WIP 0 0 0 0 0 0 0 0
Capitalized Production 0 0 0 0 0 0] 0] 0]
Operating Subsidies 0 0 0 0] 0] 0] 0] 0]
; 17 29 47
Total Production for the Year 0 0 0 3789 9 160 400 650 900
Consumables & Raw Materials 0 0 0 0] 0] 0] 0 0
External Services (Cloud, APIs, 12
Tkl 0 0 0 1500 3 000 5000 8 000 000
Total Consumption for the Year 0 0 0 1500 3 000 5 000 8 000 o ;(2)
. 12 21 35
Operating Value Added 0 0 0 2 289 6 160 400 650 900
Personnel Costs (o} (o} (o} 1200 2 400 4 000 6 000 038
Taxes & Duties (o} 0 0 50 100 200 400 600
Gross Operating Surplus 15 25
(EBITDA) (o} 0 0 1039 3660 8 200 250 300
Other Operating Income 0 0 0 (0] (0] (o) (o) (o)
Other Operating Expenses 0 0 0 (0] (o) (o)
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Depreciation, Amorl;azat‘lo.n & - % - o
rovisions
Reversals of Impairment & o o o o
Provisions
Operating Income (EBIT) (o} o 0 879
Financial Income 0 0 0 0]
Financial Expenses (0] (0] (0] o
Financial Result 0 0 0 0]
Ordinary Income Before Tax
(EBT) (o} 0 (o} 879
Corporate Income Tax (StaI:tup o o o o
Exemption)
Deferred Taxes 0 0 0 0]
Total Revenues from Ordinary o o o 8
Activities 37°9
Total Expenses from Or@lr}&}ry o o o 2910
Activities
Net Income from Ordinary
Activities 0 0 0 879
Extraordinary Income 0 0 0 0]
Extraordinary Expenses 0 0 0 (0]
Extraordinary Result 0 0 0 0]
NET INCOME FOR THE YEAR
: 31
[
[ ]

160

3 500

3 500

9160

5660

3 500

asanlall Jlne ¥l Slblag 4l doslin) dubwiall ddbgll Eall

National Coordinating Committee of Innovation Follow-up and University Business Incubator

200

8 000

8 000

17
400

9 400

8 000

250

15
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STARTUP : Spectra Al
‘ REALIZED FORECAST
Items (In Thousands DZD) ESNE-RIBETIRS AN RS NES TS BBl (X T\ R N2
CASH FLOWS FROM
OPERATING ACTIVITIES
Net Income for the Year o 0 0 879 3 500 8 000 15 000 25 000
Adjustments for:
- Depreciation & Amortization 0 0 0 160 160 200 250 300
- Change in Deferred Taxes 0 0 0 0 0 0 0 0
- Change in Inventory 0 0 0 0 0 0 0 0
- Change in Trade Receivables
(Outflow) 0] 0] 0] -150 -250 -400 -700 -1 000
- Change in Trade Payables o o o 100 100 200 200 200
(Inflow)
- Capital Gains/Losses on o o o o o o o o
Disposals
Net Cash from Operating
N 0 0 0 989 3 510 8 ooo 14 750 24 500
CASH FLOWS FROM
INVESTING ACTIVITIES
Capital Expenditures (Software o o 800 o o 420 =0 1100
& Servers) 4 5
Proceeds from Sale of Fixed o o o o o o o o
Assets
Impact of Changes in
Consolidation Scope 0 0 0 0 0 0 0 0
Net Cash from Investing o o 800 o o 420 =0 1100
Activities (B) 4 5
CASH FLOWS FROM
FINANCING ACTIVITIES
Dividends Paid to Shareholders 0 0 0 0 0 0 0 0
Capital Increase (ASF - Startup
Fund Share) 0] 0] 500 0] 0] 0 0 0
Capital Increase (Founder
Share) 500 0] 0] 0] o o}
ASF Current Account Injection 0 0 0 0 0 0 0] 0
Repayment of ASF Capital
(Nominal Value) 0 o 0 0 o 0 0 0
Repayment of ASF Current o o o o o o o o
Account
Net Cash from Financing 1
Activities (C) o o 000 0 0 0 0 0
Net Change in Cash for Period
(A+B+C) 0o 0o 200 989 3 510 7580 14 700 23 400
Opening Cash Balance (Start of
iatal) 0 0 0 200 1189 4699 12 279 26 979
Closing Cash Balance (End of
iaial) 0 0 200 1189 4699 12 279 26 979 50 379
Net Change in Cash (Validation
Check) (o} (o} 200 989 3 510 7580 14 700 23 400
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