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ABSTRACT

Molecular structure determination represents a cornerstone of modern chemistry, biochemistry, and
materials science. Over the past century, spectroscopic techniques have evolved from simple analytical tools
to sophisticated methods capable of elucidating molecular structures at atomic resolution. This
comprehensive review examines the major spectroscopic approaches employed in molecular structure
determination, including nuclear magnetic resonance (NMR) spectroscopy, vibrational spectroscopy
(infrared and Raman), mass spectrometry, X-ray crystallography, electron diffraction, and optical
spectroscopies. We critically evaluate the principles, capabilities, and limitations of each technique,
highlighting recent advances such as microcrystal electron diffraction (MicroED), serial crystallography,
and artificial intelligence-enhanced structure prediction. The integration of multiple spectroscopic methods
with computational approaches has revolutionized structure determination, enabling the characterization of
increasingly complex molecular systems from nanogram quantities of material. This review provides a
roadmap for selecting appropriate spectroscopic techniques based on sample characteristics, desired
structural information, and practical constraints, while identifying emerging trends that promise to further
transform the field of molecular structure elucidation.

Keywords:- Spectroscopy, NMR, X-ray crystallography, Mass spectrometry, Raman spectroscopy, Electron
diffraction, Molecular structure, Structure determination

1. INTRODUCTION

The determination of molecular structure has been fundamental to advancing chemical and biological sciences
since the early 20th century. Spectroscopic techniques exploit the interaction between electromagnetic radiation
and matter to provide detailed information about molecular composition, connectivity, conformation, and three-
dimensional arrangement [1]. Unlike destructive chemical degradation methods, modern spectroscopic
approaches enable non-invasive or minimally invasive structure elucidation while preserving sample integrity.
The evolution from simple absorption measurements to sophisticated multi-dimensional techniques has
dramatically expanded our ability to characterize molecular systems of increasing complexity.

Contemporary molecular structure determination relies on complementary information from multiple
spectroscopic modalities. Nuclear magnetic resonance (NMR) spectroscopy provides unparalleled insights into
molecular connectivity and dynamics in solution. X-ray crystallography and electron diffraction yield atomic-
resolution structures of crystalline materials. Vibrational spectroscopies (infrared and Raman) reveal functional
group composition and molecular vibrations [2], while mass spectrometry delivers precise molecular weight
information and fragmentation patterns. Each technique possesses distinct advantages and limitations regarding
sample requirements, information content, and applicability to different molecular classes.

Recent technological advances have transformed the landscape of spectroscopic structure determination. The
development of cryogenic electron microscopy (cryo-EM) and microcrystal electron diffraction (MicroED) has
enabled structure determination from submicron crystals [3]. Serial crystallography at X-ray free-electron lasers
(XFELSs) permits damage-free data collection from nanocrystals. Artificial intelligence and machine learning
algorithms now complement experimental data to accelerate structure prediction and validation. These
innovations have expanded the accessible molecular weight range, reduced sample quantity requirements, and
enabled structure determination of previously intractable systems including membrane proteins, transient
intermediates, and heterogeneous mixtures.
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Figure 1. Comparison of major spectroscopic techniques for molecular structure determination. (A) Spatial
resolution capabilities, showing X-ray crystallography and electron diffraction achieving sub-angstrom
precision. (B) Minimum sample requirements, demonstrating the exceptional sensitivity of mass spectrometry
compared to other techniques.

2. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Nuclear magnetic resonance spectroscopy has evolved into one of the most powerful techniques for molecular
structure determination in solution and solid states. NMR exploits the magnetic properties of atomic nuclei to
provide detailed information about molecular connectivity, conformation, and dynamics [4]. Modern NMR
experiments can determine three-dimensional structures of proteins and provide insights into molecular
properties through two-dimensional parameters including chemical shifts and coupling constants. The
technique’s non-destructive nature and ability to probe molecular dynamics make it invaluable for studying
conformational changes, protein folding, and ligand binding interactions.

The development of multidimensional NMR techniques revolutionized structural analysis by dramatically
improving spectral resolution and information content. Two-dimensional experiments such as COSY, TOCSY,
NOESY, and HSQC enable systematic assignment of nuclear resonances through correlation of chemical shifts.
Three- and four-dimensional heteronuclear NMR experiments exploit *C and *N labeling to extend structure
determination capabilities to larger macromolecules. Recent advances in fast magic-angle spinning solid-state
NMR enable structural studies of membrane proteins, amyloid fibrils, and other systems unsuitable for solution
NMR [5]. The integration of residual dipolar couplings (RDCs) and paramagnetic relaxation enhancements
(PRES) provides long-range distance restraints that significantly improve structural precision.

Computational advances have further enhanced NMR’s utility in structure determination. Machine learning
algorithms now assist in automated resonance assignment, peak picking, and spectral analysis. Quantum
chemical calculations of NMR chemical shifts enable validation and refinement of structural models [6]. The
combination of NMR data with complementary techniques permits rapid validation of computationally
predicted structures while revealing dynamic regions. Recent developments in dissolution dynamic nuclear
polarization dramatically enhance sensitivity, enabling structure determination from previously inaccessible
low-concentration samples. Despite these advances, NMR remains challenged by molecular weight limitations
and relatively low sensitivity compared to other spectroscopic techniques.

3. VIBRATIONAL SPECTROSCOPY: INFRARED AND RAMAN

Vibrational spectroscopy encompasses infrared (IR) absorption and Raman scattering techniques that probe
molecular vibrations to reveal structural information about functional groups, bonding, and molecular
conformation. Fourier transform infrared (FTIR) spectroscopy detects molecular vibrations through absorption
of infrared radiation and provides characteristic fingerprints for structural analysis [7]. Raman spectroscopy
measures inelastic scattering of monochromatic light, offering complementary information through well-known
bands that correlate with secondary structure content [8]. The non-destructive nature and minimal sample
preparation requirements make vibrational spectroscopy particularly valuable for analyzing complex mixtures,
polymers, and materials unsuitable for crystallographic methods.

Recent technological advances have dramatically expanded the applications of vibrational spectroscopy in
structure determination. Surface-enhanced Raman spectroscopy (SERS) achieves enhanced detection
capabilities through plasmonic enhancement on nanostructured metal surfaces [9]. Coherent Raman scattering
microscopy enables label-free chemical imaging of biological samples with high spatial and temporal resolution.
Time-resolved vibrational spectroscopy combined with molecular dynamics simulations provides insights into
reaction mechanisms and structural dynamics. The integration of vibrational spectroscopy with machine
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learning enables automated identification of complex molecular structures and facilitates high-throughput
screening applications.

Density functional theory (DFT) calculations have become indispensable for interpreting vibrational spectra and
assigning spectral bands to specific molecular vibrations. Computational approaches enable prediction of IR and
Raman spectra from optimized molecular geometries, facilitating structure elucidation when combined with
experimental data [10]. The synergy between experimental vibrational spectroscopy and computational
chemistry permits determination of molecular conformation, tautomeric forms, and stereochemistry [11]. Recent
studies demonstrate that vibrational circular dichroism (VCD) and Raman optical activity (ROA) provide
stereochemical information for chiral molecules, complementing traditional chiroptical methods [12]. Despite
their power, vibrational techniques typically provide less detailed structural information than NMR or X-ray
crystallography, requiring integration with other methods for complete structure determination.

4. MASS SPECTROMETRY FOR STRUCTURAL ELUCIDATION

Mass spectrometry has emerged as an indispensable tool for molecular structure determination, offering
exceptional sensitivity and the ability to analyze complex mixtures without prior separation. Modern mass
spectrometry provides accurate molecular weight determination, enabling unambiguous molecular formula
assignment for compounds. Tandem mass spectrometry (MS/MS) techniques generate diagnostic fragmentation
patterns that reveal structural connectivity and functional group positions. The development of soft ionization
methods such as electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) has
extended mass spectrometry applications to large biomolecules including proteins, nucleic acids, and synthetic
polymers [1].

Advanced mass spectrometry approaches enable detailed structural characterization beyond simple molecular
weight determination. lon mobility spectrometry coupled with mass spectrometry (IMS-MS) separates ions
based on their collision cross-sections, providing information about molecular shape and conformational
heterogeneity. Native mass spectrometry preserves non-covalent complexes during analysis, enabling
characterization of protein-ligand interactions, oligomeric states, and macromolecular assemblies. Hydrogen-
deuterium exchange mass spectrometry (HDX-MS) maps protein dynamics and solvent accessibility without
requiring isotopic labeling. Cross-linking mass spectrometry provides distance restraints for structural modeling
of protein complexes that are challenging to crystallize.

The integration of mass spectrometry with complementary techniques has revolutionized structural analysis.
Cryo-EM structures can be validated and refined using data from native mass spectrometry and cross-linking
experiments. Imaging mass spectrometry enables spatial mapping of molecular distributions in tissues while
preserving structural context. Recent developments in infrared multiphoton dissociation (IRMPD) and electron-
based fragmentation methods provide more informative fragmentation patterns for structure elucidation [13].
Machine learning algorithms trained on large spectral databases now enable automated structure prediction from
MS/MS spectra, accelerating compound identification in metabolomics and natural product discovery [14].
Despite these advances, mass spectrometry alone typically cannot provide complete three-dimensional structural
information, necessitating integration with other spectroscopic methods.

5. X-RAY CRYSTALLOGRAPHY AND ELECTRON DIFFRACTION

X-ray crystallography remains the gold standard for high-resolution structure determination of crystalline
materials, having elucidated over one million structures. Single-crystal X-ray diffraction provides atomic-
resolution structures by measuring the diffraction pattern produced when X-rays scatter from the periodic
electron density of crystals. The technique routinely achieves resolutions better than 1 A, enabling precise
determination of bond lengths, angles, and stereochemistry. Modern synchrotron radiation sources and advanced
detectors enable data collection from increasingly smaller crystals, while cryogenic temperatures minimize
radiation damage during measurement.

Electron diffraction has emerged as a powerful complement to X-ray crystallography, particularly for
nanocrystals too small for conventional analysis. Microcrystal electron diffraction (MicroED) and three-
dimensional electron diffraction (3D ED) techniques enable structure determination from crystals as small as
100 nanometers [3]. Electrons interact much more strongly with matter than X-rays, allowing diffraction data
collection from submicron crystals that would be invisible to X-ray sources. Serial electron crystallography
combines the advantages of electron diffraction with dose fractionation strategies to minimize radiation damage,
enabling structure determination of beam-sensitive organic compounds and pharmaceuticals. Recent advances
have demonstrated electron diffraction structure determination directly from intracellular protein crystals,
bypassing traditional purification requirements.

The integration of crystallographic methods with computational approaches has enhanced structure
determination capabilities. Machine learning algorithms assist in crystal identification, data processing, and
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structure solution from incomplete or low-quality data. Quantum crystallographic techniques combine
experimental diffraction data with theoretical calculations to obtain electron densities and wavefunctions. Serial
crystallography at X-ray free-electron lasers (XFELS) enables time-resolved studies of protein dynamics and
enzyme catalysis. Recent developments in room-temperature serial crystallography preserve physiologically
relevant conformational states while avoiding artifacts introduced by cryogenic cooling. The combination of 4D
scanning transmission electron microscopy with conventional electron diffraction provides simultaneous real-
space and reciprocal-space information [15].

" Evolution of Spectroscopic Techniques for Molecular Structure Determination
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Figure 2. Evolution of spectroscopic techniques for molecular structure determination. The timeline illustrates
the acceleration of methodological advances in recent decades, particularly in diffraction methods and
computational approaches.

6. OPTICAL AND UV-VISIBLE SPECTROSCOPIES

Ultraviolet-visible (UV-Vis) spectroscopy, though primarily used for quantitative analysis, provides valuable
structural information through electronic transition patterns. UV-Vis absorption spectroscopy reveals the
presence of conjugated systems, aromatic rings, and chromophoric functional groups. Electronic circular
dichroism (ECD) and optical rotatory dispersion (ORD) provide stereochemical information for chiral
molecules, enabling absolute configuration determination when combined with quantum chemical calculations
[12]. Time-dependent density functional theory (TD-DFT) calculations enable prediction of UV-Vis and ECD
spectra, facilitating structure elucidation through comparison of experimental and computed spectral properties
[11].

Fluorescence spectroscopy offers enhanced sensitivity compared to absorption methods and provides
information about molecular environments and interactions. Intrinsic fluorescence from aromatic amino acids
enables conformational studies of proteins without external labels [16]. Advanced fluorescence techniques
including time-resolved fluorescence, fluorescence correlation spectroscopy, and single-molecule fluorescence
enable investigation of molecular dynamics, binding interactions, and heterogeneity in complex systems. The
development of super-resolution fluorescence microscopy methods overcomes diffraction limits, enabling
molecular-scale imaging in biological contexts.

Recent advances in optical spectroscopy have expanded structural characterization capabilities. Nonlinear
optical techniques such as second harmonic generation and sum frequency generation probe interfaces and
oriented systems [17]. Photoacoustic spectroscopy extends optical spectroscopy to opaque samples by detecting
acoustic waves generated from absorbed light. The integration of optical spectroscopy with microfluidic devices
enables high-throughput screening and analysis of limited samples. While optical methods typically provide less
detailed structural information than NMR or crystallography, their speed, simplicity, and compatibility with
complex matrices make them valuable complementary techniques in comprehensive structural characterization
workflows.
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7. INTEGRATED AND EMERGING APPROACHES

The complexity of modern molecular systems increasingly requires integration of multiple spectroscopic
techniques to achieve comprehensive structure determination. Hybrid approaches combining experimental data
from orthogonal methods yield more accurate and complete structural models than any single technique [1]. For
example, combining NMR spectroscopy with small-angle X-ray scattering (SAXS) enables structure
determination of large, flexible biomolecular complexes that resist crystallization. The integration of cryo-EM
density maps with NMR chemical shifts permits atomic-resolution structure determination of megadalton
assemblies. Cross-validation between independent structural methods increases confidence in the resulting
models and reveals discrepancies that may indicate dynamic behavior or experimental artifacts.

Artificial intelligence and machine learning have revolutionized computational structure prediction, creating
new paradigms for structure determination. AlphaFold2 and related systems predict protein structures with high
accuracy directly from amino acid sequences. These predictions provide starting models for experimental
structure determination and enable validation of spectroscopic data. Machine learning algorithms trained on
large spectral databases automate structure elucidation from NMR, MS, and vibrational spectroscopy data. Deep
learning approaches enhance spectral quality, automate peak assignment, and accelerate data processing across
multiple spectroscopic modalities. The synergy between experimental spectroscopy and computational
prediction promises to dramatically accelerate structure determination while reducing sample requirements.
Emerging technologies continue to expand the frontiers of spectroscopic structure determination. Quantum
crystallography combines experimental diffraction data with quantum mechanical calculations to obtain electron
densities and wavefunctions with unprecedented accuracy. Hyphenated techniques coupling chromatographic
separation with multiple spectroscopic detectors enable structure determination from complex mixtures without
prior purification [18]. Ambient ionization mass spectrometry methods enable direct analysis of surfaces and
materials with minimal sample preparation. The development of compact, portable spectroscopic instruments
promises to extend high-quality structural analysis beyond specialized laboratories. As these technologies
mature and become more accessible, spectroscopic structure determination will continue to accelerate scientific
discovery across disciplines.

Applicability of Spectroscopic Techniques Across Different Domains
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Figure 3. Applicability of major spectroscopic techniques across different application domains. NMR and mass
spectrometry excel in metabolomics applications, while X-ray/electron diffraction dominates structural biology.

8. COMPARATIVE ANALYSIS OF SPECTROSCOPIC TECHNIQUES

The selection of appropriate spectroscopic techniques for molecular structure determination depends on multiple
factors including sample properties, desired information, and practical constraints. NMR spectroscopy offers
comprehensive structural information for molecules in solution, revealing detailed connectivity,
stereochemistry, and dynamics [4]. However, NMR requires relatively large sample quantities and faces
molecular weight limitations. X-ray crystallography and electron diffraction provide the highest spatial
resolution but require crystalline samples, though recent advances enable structure determination from
increasingly smaller crystals [3].
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Table 1. Comparative Analysis of Major Spectroscopic Techniques for Molecular Structure Determination

. . Sample MW . Main
Technique Resolution Amount Range Time Key Advantages Limitations
Solution structure, MW limit, low
NMR 0.1-0.2 A ug-mg <100 Hours- dynamics, no sensitivity,
kDa Days .
crystals needed expensive
X-ray ) . . Requires
Minutes- Atomic resolution,
Crystallograp 0.1-2 A ng-pg Any Hours well-established _ c_rystals,
hy radiation damage
. Radiation
DIiEflfr(iatgtczgn 0.1-1A pg-ng Any Minutes Nanggrr]gisttsii’ high damage, limited
Y availability
Seconds- Rapid, minimal Limited 3D info,
IR/Raman 1-2A ng-pg <10 kDa Mi prep, functional overlapping
inutes
groups bands
. e Limited 3D info,
Mass 0.01-0.1 pg-ng <1 MDa Se(_:onds- ng_h sensitivity, fragmentation
Spectrometry Da Minutes mixtures OK needed
. i i Very rapid, simple, Very limited
UV-Vis 1-5A ng-ug Any Seconds cheap structural info

Mass spectrometry provides exceptional sensitivity and molecular weight accuracy but typically requires
fragmentation analysis or complementary techniques for complete structure elucidation. Vibrational
spectroscopies offer rapid analysis with minimal sample preparation, making them ideal for high-throughput
screening and quality control, though they provide less detailed structural information than NMR or
crystallography [19]. The choice among these techniques must consider the specific research question, available
instrumentation, sample limitations, and required level of structural detail.

Recent methodological advances have begun to blur traditional boundaries between spectroscopic techniques.
Serial crystallography approaches combine aspects of crystallography with single-particle analysis principles.
Hybrid mass spectrometry-NMR techniques provide complementary information about molecular structure and
dynamics. The integration of spectroscopic data with computational modeling enables structure determination
that exceeds the capabilities of individual methods [1]. As these integrated approaches mature, the future of
molecular structure determination lies in their synergistic combination to address increasingly complex
structural problems.

Table 2. Application-Specific Technique Recommendations

Complementary

Application Methods

Primary Technique Key Considerations

Small Molecule

Structure X-ray/Electron Diff.

NMR, MS, IR/Raman Crystal quality, sample purity

Molecular weight,

NMR, MS o
crystallization

Protein Structure X-ray/Cryo-EM

Drug-Receptor Binding NMR, Cryo-EM MS, Fluorescence Time scale, affinity
Natural Product ID NMR, MS IR/Raman, UV-Vis Sample quantity, complexity
Membrane Proteins Cryo-EM, ssNMR Mass Spec, IR Stability, size
Metabolite Profiling MS, NMR IR/Raman Throughput, sensitivity

Polym_er _ NMR, IR MS, Raman Molecular We_lght,
Characterization heterogeneity
Conformational NMR, Fluorescence Cryo-EM, MS Time resolution required

Dynamics

9. FUTURE PERSPECTIVES AND CHALLENGES

The field of spectroscopic structure determination stands at an inflection point, with several transformative
technologies poised to reshape the landscape. Artificial intelligence and machine learning will increasingly
automate data acquisition, processing, and interpretation across all spectroscopic modalities. Deep learning
algorithms already demonstrate superior performance in some structural prediction tasks, and their capabilities
will expand as training datasets grow. The integration of quantum computing with molecular simulation
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promises to enable accurate prediction of spectroscopic properties for systems currently beyond the reach of
classical computers.

Hardware advances will continue to enhance spectroscopic capabilities. Next-generation synchrotron sources
and X-ray free-electron lasers will enable faster data collection with reduced radiation damage. Improvements in
electron microscopy detectors and optics will extend resolution and reduce sample requirements for cryo-EM
and electron diffraction. Novel pulse sequences and hyperpolarization methods will enhance NMR sensitivity,
potentially enabling structure determination from nanogram quantities. Miniaturization of mass spectrometers
and optical spectrometers will bring high-quality structural analysis to point-of-care and field applications.
Despite these advances, significant challenges remain. Membrane proteins, intrinsically disordered proteins, and
other flexible biomolecules resist structure determination by traditional methods. Heterogeneous samples and
dynamic conformational ensembles require new analytical frameworks that go beyond static structural models.
The growing complexity of biological systems under study demands integration of structural information across
multiple length and time scales. Addressing these challenges will require continued innovation in both
experimental techniques and computational methods, along with development of standardized protocols for data
validation and quality assessment. As the field matures, the democratization of advanced spectroscopic tools
through automation, cost reduction, and training programs will accelerate scientific discovery across disciplines.

10. CONCLUSION

Spectroscopic techniques for molecular structure determination have undergone remarkable evolution over the
past century, transforming from qualitative analytical tools into sophisticated methods capable of atomic-
resolution structural characterization. This review has examined the major spectroscopic approaches including
NMR spectroscopy, X-ray crystallography, electron diffraction, vibrational spectroscopy, mass spectrometry,
and optical methods, highlighting their complementary strengths and limitations. NMR provides comprehensive
solution-state structural information and dynamics [4], X-ray crystallography and electron diffraction deliver
atomic-resolution structures from crystalline samples [3], mass spectrometry offers exceptional sensitivity and
molecular weight accuracy, while vibrational and optical spectroscopies enable rapid analysis with minimal
sample preparation [7].

The integration of multiple spectroscopic techniques with computational approaches represents the future of
molecular structure determination. Hybrid experimental-computational workflows leverage the complementary
nature of different methods to achieve more complete and accurate structural models than possible with
individual techniques [1]. Recent innovations including MicroED, serial crystallography, cryo-EM, and Al-
assisted structure prediction have dramatically expanded the scope of addressable structural problems. These
advances have reduced sample requirements from milligrams to picograms, extended molecular weight
capabilities from small molecules to megadalton assemblies, and enabled structure determination of previously
intractable systems including membrane proteins and heterogeneous complexes.

Looking forward, the field continues to advance on multiple fronts. Technological improvements in detectors,
radiation sources, and computational hardware will enhance sensitivity, resolution, and throughput across all
spectroscopic modalities. Machine learning and artificial intelligence will increasingly automate structure
determination workflows while improving accuracy and reliability. The development of integrated, multi-modal
spectroscopic platforms will streamline comprehensive structural characterization. As these technologies mature
and become more accessible, spectroscopic structure determination will accelerate scientific discovery in
chemistry, structural biology, materials science, and pharmaceutical development, ultimately contributing to our
understanding of molecular function and enabling rational design of molecules with desired properties.

11.REFERENCES

[11 M. Alberts, O. Schilter, F. Zipoli, N. Hartrampf, and T. Laino, “Unraveling molecular structure: A
multimodal spectroscopic dataset for chemistry,” Neural Information Processing Systems, 2024.

[2] H. T, Y.JY, N. SP, and X. MY, “Applications of infrared spectroscopy in polysaccharide structural
analysis: Progress, challenge and perspective.” 2021.

[31 A. Wagner et al., “Structure determination of biogenic crystals directly from 3D electron diffraction
data,” Crystal Growth & Design, 2024.

[4] G.PM etal., “Review on NMR spectroscopic data and recent analytical methods of aristolochic acids
and derivatives in aristolochia herbs.” 2025.

[5] K. JE, C. C, and S. RE, “Tailoring NMR experiments for structural characterization of amorphous
biological solids: A practical guide.” 2020.

[6] L.D,L.C,N.C,L. TK,S. M, and A. AA, “Synergy of theory, NMR, and rotational spectroscopy to
unravel structural details of d-altroside puckering and side chain orientation.” 2025.

ASHO011 www.ijiird.com

71



International Journal of Interdisciplinary Innovative Research & Development (1J11RD)

[7]
(8]
(9]
[10]

[11]
[12]

[13]
[14]

[15]

[16]

[17]

(18]

[19]

ISSN: 2456-236X
Vol. 11 Special Issue 02 | 2026

A-A. K, K. M, M. MTRB, and S. H. M, “Fourier transform infrared spectroscopic technique for
analysis of inorganic materials: A review.” 2025.

P.C.M,M.P,A.D,V.L, C. N, and R. A, “Prediction of secondary structure content of proteins using
raman spectroscopy and self-organizing maps.” 2025.

L. A, L.-C. F, and B. D, “Surface-enhanced raman spectroscopy semi-quantitative molecular profiling
with a convolutional neural network.” 2025.

A. Gozutok, A. Karakas, A. Yilmaz, S. Ozkan, and M. Karakaya, “Synthesis, spectroscopic studies and
quadratic nonlinear optical characterisation of methoxy and aldehyde-substituted calix[4]arene,”
Molecular Physics, 2024.

V.V and G. S, “Following flavin”s vibrational modes to probe anharmonicities and low-lying conical
intersections.” 2025.

P. PL et al., “A single chiroptical spectroscopic method may not be able to establish the absolute
configurations of diastercomers: Dimethylesters of hibiscus and garcinia acids.” 2011.

H.K,B. A, T. A, and B. JT, “TIHI toolkit: A peak finder and analyzer for spectroscopic data.” 2024.

R. B et al., “Cyanobacteria join the kahalalide conversation: Genome and metabolite evidence for
structurally related peptides.” 2025.

S. Aet al., “Reuniting crystallography with real space: Ab initio structure elucidation with 4D-STEM.”
2025.

C. Gebhardt, M. Lehmann, M. Reif, M. Zacharias, G. Gemmecker, and T. Cordes, “Molecular and
spectroscopic characterization of green and red cyanine fluorophores from the alexa fluor and AF
series**,” Wiley, 2021.

G. Anand, M. Sivasubramanian, I. Manimehan, P. Jagdish, P. Paramasivam, and R. K. Asmitha,
“Molecular docking, electronic properties, quantum chemical analysis (PES, MEP, HOMOLUMO,
FMO, NLO) and spectroscopic (FTIR, FTRAMAN, UVVisNIR) investigations of quinoxaline,”
Journal of scientific research, 2025.

W.D, V.M, and J. M, “A process analyzer assembly for real-time automated near-infrared, raman, and
proton nuclear magnetic resonance spectroscopic monitoring enhanced by heterocovariance
spectroscopy and chemometry applied to a schiff base formation.” 2025.

R. Pandiselvam et al., “Recent applications of vibrational spectroscopic techniques in the grain
industry,” Food reviews international (Print), 2021.

ASHO011 www.ijiird.com

72



