
Lecture 8: 
Spectroscopies and thermal analysis 

• Spectroscopic methods

– Infrared and Raman spectroscopy

– Solid-state NMR spectroscopy

– X-Ray spectroscopies (XRF, XANES, etc.)

– Electron spectroscopies (XPS, etc.)

• Thermal analysis

– Thermogravimetry (TG)

– Differential thermal analysis (DTA)

– Differential scanning calorimetry (DSC)

• The final three slides summarize the most 
important characterization methods 
discussed on the course
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Spectroscopies
• Information on local structure. Some spectroscopies can be used for fingerprinting.

• Investigate bonding and defects / impurities

• Structural characterization when structure cannot be (fully) solved by XRD

– Solid solutions, amorphous materials, thin films, complex hybrid materials
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Infrared spectroscopy (IR)
• Materials have vibrational energy levels that can be excited with IR radiation

• IR spectrometer measures how much the material absorbs IR radiation

– One can also measure the inverse quantity, transmission 

• Typical energy range: 40−4000 cm−1 (1−100 THz)

– The IR wavenumbers below have been calculated for a gas-phase water 
molecule (at DFT-PBE0/TZVP level of theory)

– Jmol can visualize vibrational modes (MyCourses -> Software -> Jmol docs)
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Vibrational spectroscopy: Raman
• In Raman spectroscopy, the material is excited by laser

• Most of the emitted photons have the same energy as the original photons
(elastic scattering)

• Some of the emitted photons are shifted with respect to the laser wavelength 
due to coupling with vibrational levels -> Raman scattering

– Raman spectrometer measures the shift of the emitted photons

• The studied vibrational excited states are similar as in IR spectroscopy
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Selection rules (1)
• IR and Raman spectra of a material can be rather different

– The two techniques are governed by different selection rules

– Only those vibrational modes that are IR or Raman active can be observed

• In H2O, all three modes are IR and Raman active, but the intensities differ
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• A vibrational mode is IR active if the dipole moment of the system changes

– Consequently, centrosymmetric vibrational modes are IR inactive

– For example, symmetric C–H stretching of methane (CH4) is not IR active

– The larger the change of the dipole moment, the higher the intensity

• A vibrational mode is Raman active if the polarizability of the system changes

– Polarizability = the ability to form instantaneous dipoles

– The symmetric C – H stretching of methane CH4 is Raman active

– The larger the change of polarizability, the higher the intensity

• For selection rules of point groups, see http://symmetry.jacobs-university.de/

– IR active representations possess a linear function (x/y/z)

– Raman active representations possess a quadratic function

• Interpretation of solid-state IR/Raman spectra is not as easy as for molecules

– Nowadays facilitated by quantum chemical calculations

Selection rules (2)
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Interpretation of 
Raman and IR spectra: Ba(BrF4)2
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Experiment
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(DFT-PBE0/SVP)

Ba(BrF4)2 Raman

Pseudo-Voigt broadening
(FWHM 16 cm−1)
Grey peaks show the raw 
data without broadening
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Ba(BrF4)2 Raman and IR interpretation
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Solid-state NMR spectroscopy (1)
• Nuclear Magnetic Resonance (NMR) is an extremely important specroscopic tool

for the determination of molecular structure

– Bonding, coordination numbers, next nearest neighbors, etc.

• NMR utilizes the magnetic spin energy of atomic nuclei

– The magnetic energy levels split into two groups, depending on whether the 
nuclear spins are aligned parallel or antiparallel to applied magnetic field

– The energy difference between the parallel and antiparallel spin states is in 
the radiofrequency region of the electromagnetic spectrum

– The magnitude of the energy change and the associated frequency of 
absorption depends on the element and its chemical environment

10
Figure: Wikipedia

1. Nuclear spins are aligned
with an external magnetic field
2. The spins are
excited by radiofrequencies
3. The energy difference ΔE is 
measured

https://commons.wikimedia.org/wiki/File:NMR_splitting.gif


Solid-state NMR spectroscopy (2)
• Solid-state NMR is not as routine as solution-state NMR

– In solution there is thermal motion of molecules and atoms, resulting in 
averaged NMR spectra that are rather straightforward to interpret

– In solid state, the averaging effect of thermal motion is much smaller

• Solid-state NMR is enabled by Magic Angle Spinning (MAS)

– The sample is rotated at a high velocity at a critical angle of 54.74° to the 
applied magnetic field

– Chemical shifts are averaged so that interpretation becomes possible

– First applications were on silicates (29Si, J. Am. Chem. Soc., 1980, 102, 4889)
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Solid-state NMR for A8Al8Si38

(A=K, Rb, Cs)
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8 Al atoms distributed in 46 framework sites



27Al MAS NMR spectra

• Si and Al cannot be distinguished by XRD 
due to similar X-Ray scattering 
(neighboring elements, 13/14 electrons)

• Combination of neutron diffraction, MAS 
NMR, and computational solid-state NMR 
(DFT-PBE) enables the complete structural 
characterization of the Si/Al occupancy
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Electron spin resonance 
spectroscopy (ESR) 

• The ESR technique, also known as electron paramagnetic resonance (EPR), is 
closely related to NMR

• Detects changes in electron spin configuration

• ESR depends on the presence of permanent magnetic dipoles (for example, 
unpaired electrons in many transition metal ions)

• The reversal of spin of the unpaired electrons in a magnetic field is recorded

• From ESR spectra, one can obtain information on the paramagnetic ion and its 
immediate environment in the host structure

– The oxidation state, electronic configuration and 
coordination number of the paramagnetic ion

– Structural distortions such as Jahn–Teller

– The extent of any covalency in bonds between 
the paramagnetic ion and its surrounding anions or ligands

14
Ref: West p. 301

The ESR spectrum of 
CrO4

3− in Ca2PO4Cl at 77 K



X-Ray and electron spectroscopies
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• The X-ray region of the electromagnetic spectrum is extremely useful for structural 
studies, analysis and characterisation of solids 

• Emission: Utilize the characteristic X-ray emission spectra of elements generated 
by bombardment with high-energy X-Rays or electrons. 

– The spectra are mainly used for chemical analysis

– They also have some uses in determination of local structure and coordination

• Absorption: measure the absorption of X-rays by samples, especially at energies in 
the region of absorption edges. 

– Powerful techniques for studying local structure but usually require a high-
energy X-ray source such as a synchrotron

16

X-Ray spectroscopies (1)



X-Ray spectroscopies (2)
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Electronic transitions responsible for emission and absorption X-ray
spectra. Wavelength values are for Cu.



X-Ray emission spectroscopies
• X-ray fluorescence spectroscopy (XRF, see Solid State Chemistry Wiki)

– A solid sample is bombarded with high-energy X-Rays 

– The resulting emission spectrum is recorded

– From the spectral peak positions, the elements present can be identified

– From their intensities, a quantitative analysis can be made

• Peak positions vary slightly with local environment

– Determination of local structure such as coordination numbers, bond distances

• XRF is a bulk technique, while and micron- or submicron-sized particles can be 
analyzed with Analytical Electron Microscopy, AEM (EPMA / EDAX / EDS)

– In conjunction with SEM / TEM measurement, utilizing emitted X-Rays
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X-Ray absorption spectroscopies (1)
• Atoms give characteristic X-ray absorption spectra 

in addition to characteristic emission spectra

• X-ray Absorption Near Edge Structure (XANES)

– (Absorption edge fine structure, AEFS)

– The exact peak positions depend on details of 
oxidation state, site symmetry, surrounding 
ligands and the nature of the bonding
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• Extended X-ray Absorption Fine Structure (EXAFS) examines the variation of 
absorption with energy over a much wider range compared to XANES

– From the absorption edge to higher energies by up to ∼1 keV

– See Solid State Chemistry Wiki

• The absorption usually shows a ripple, known also as the Kronig fine structure, 
from which information on local structure and bond distances may be obtained

• Often used to determine interatomic distances in amorphous materials
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X-Ray absorption spectroscopies (2)
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https://wiki.aalto.fi/pages/viewpage.action?pageId=132216712


Electron spectroscopies (1)
• Based on the kinetic energy of electrons that are emitted from matter as a 

consequence of bombarding it with ionizing radiation or high-energy particles

• Electron Spectroscopy for Chemical Analysis (ESCA)

– X-Rays as ionizing radiation -> XPS (X-ray photoelectron spectroscopy)

– UV-light as ionizing radiation -> UPS (ultraviolet photoelectron spectroscopy)

– Auger electron spectroscopy (AES)

– Electron energy loss spectroscopy (EELS, particularly useful for light atoms)
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Electron spectroscopies (2)
• XPS can be used to probe the local structure of solids (see Solid State Chemistry Wiki)

• This is possible because the binding energies of electrons may vary depending on the 
immediate environment of the particular atom and its charge or oxidation state

• In sodium thiosulfate, Na2S2O3, the two types of S atom may be distinguished. 

• Peaks are of equal height, indicating equal numbers of each. Assignment of the peaks 
of higher kinetic energy to the terminal S atom is made on the basis that this atom 
carries more negative charge than the central atom and is, therefore, easier to ionize
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Electron spectroscopies (3)
• KCr3O8 is a mixed valence compound better written as KCrIII(CrVIO4)2. Its XPS 

spectrum shows doublets for Cr 3s and 3p electrons. 

• The intensities are in the ratio 2:1 and the peaks are assigned to the oxidation states 
CrVI and CrIII. 

• This fits with the formula and with the expectation that ionization potential is greater 
for CrVI than for CrIII (the latter is easier to ionize, emitted e− more energetic)
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Thermal analysis (TA)
• Measurement of certain physical and chemical properties as a function of T

– Mainly enthalpy, heat capacity, mass, and coefficient of thermal expansion

• In solid state chemistry, thermal analysis can be used for the study of:

– Solid state reactions

– Thermal decompositions

– Phase transitions

– Determination of phase diagrams. 

• The main thermal analysis techniques are:

– Thermogravimetry (TG), which records the mass of a sample as a function of 
temperature or time.

– Differential thermal analysis (DTA), which measures the difference in 
temperature between a sample and an inert reference material as a function of 
temperature (-> detects changes in heat content).

– Differential scanning calorimetry (DSC) is a technique closely related to DTA. In 
DSC, the equipment is designed for a quantitative measurement of the enthalpy 
changes that occur.
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Thermogravimetry (1)
• TG measures the change in mass of a substance as a function of T or time

• The results appear as a continuous record as shown in Figure below

• The sample is heated at constant rate and has a constant mass Mi, until it begins to 
decompose at temperature Ti.

• Under conditions of dynamic heating, decomposition usually takes place over a 
range of temperatures, Ti to Tf, and a second constant-mass plateau is observed 
above Tf, which corresponds to the mass of the residue Mf.

• The masses Mi and Mf and the difference ΔM are fundamental properties of the 
sample and can be used for quantitative calculations of compositional changes, etc.

• By contrast, the temperatures Ti and Tf depend on variables such as heating rate, 
nature of the solid (e.g. its particle size) and atmosphere above the sample
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Thermogravimetry (2)
• In multistage decomposition processes, TG, either alone or in conjunction with 

DTA, may be used to separate and determine the individual steps

• Figure below illustrates the decomposition of calcium oxalate monohydrate

• Decomposition occurs in three stages giving, as intermediates, anhydrous calcium 
oxalate and calcium carbonate
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Differential thermal analysis (DTA)
• In DTA, the temperature of a sample is compared with that of an inert reference 

material during a programmed change of temperature

• The temperatures should be the same until some thermal event, such as melting, 
decomposition, or change in crystal structure, occurs

• In this case, the sample temperature either: 

– Lags behind the reference temperature (if the change is endothermic) or 

– Leads the reference temperature (if the change is exothermic)
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Strategy to identify, analyze, and 
characterize unknown solids

• The next two slides summarize how various characteriation methods can be 
applied to find out the composition and structure of an unknown solid

• The table does not include any property measurement techniques and their uses 
for the characterization of solids, for example:

– Magnetic properties such as magnetic moment give information on the 
unpaired spins (-> electronic structure)

– Electrical properties such as conductivity give information on the electronic 
structure, oxidation states, and the effect of dopants or defects

– Optical property measurements can also give information on oxidation states 
and d / f electron configurations

• Numerous physical property measurement techniques are not discussed here. Just 
to list a few examples:

– Mechanical/elastic properties (elastic moduli, hardness, …)

– Permittivities, refractive indices

– Thermo-, piezo-, pyro-, and ferroelectric properties

– Thermal conductivity, thermal expansion, heat capacity
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