
spectroscopy
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Deciding on a technique

ÅOrganic vs. Inorganic
ïCarbon-based or not

ïMany compounds of interest are organic including 
drugs, some toxins, synthetic fibers

ÅQuantitative vs. Qualitative
ïQualitative = Is substance present?

ïQuantitative = How much of a substance is 
present?
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Atomic Spectra
·Electron excitation

·The excitation can occur at different 
degrees 
·low E tends to excite the outmost e-Ωǎ ŦƛǊǎǘ

·when excited with a high E (photon of high v) 
an e- can jump more than one levels

·even higher E can tear inner e-Ωǎ ŀǿŀȅ ŦǊƻƳ 
nuclei  

·An e- at its excited state is not stable 
and tends to return its ground state

·3If an e- jumped more than one 
energy levels because of absorption 
of a high E, the process of the e-

returning to its ground state may 
take several steps, - i.e. to the 
nearest low energy level first then 
Řƻǿƴ ǘƻ ƴŜȄǘ Χ
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Atomic Spectra
·Atomic spectra

·The level and quantities of energy 
supplied to excite e-Ωǎ Ŏŀƴ ōŜ ƳŜŀǎǳǊŜŘ 
& studied in terms of the frequency 
and the intensity of an e.m.r. - the 
absorption spectroscopy 

·The level and quantities of energy 
emitted by excited e-ΩǎΣ ŀǎ ǘƘŜȅ ǊŜǘǳǊƴ 
to their ground state, can be measured 
& studied by means of the emission 
spectroscopy 

·The level & quantities of energy 
absorbed or emitted (v & intensity of 
e.m.r.) are specific for a substance

·Atomic spectra are mostly in UV 
(sometime in visible) regions
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What is spectroscopy?

A method used to identify and/or quantify 

elements, atoms, molecules, matter, molecular 
structure 

by observing  absorption, emission or scattering 
interactions 

ǿƛǘƘ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ǊŀŘƛŀǘƛƻƴ όάƭƛƎƘǘέύ
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What is electromagnetic radiation?
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Electromagnetic Radiation
Equation: C = v l

ÅSpeed of light, C= 3 x 1010 cm/sec

ÅFrequency, v = cycles per second in Hz

ÅWavelength, l= distance between adjacent wave crests in cm

ÅWave number, W = inverse of Wavelength in cm-1
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What is a spectrum?

ÅGraphical representation of what is happening to 
the electromagnetic radiation. 

ÅEx. Infrared Spectrum (Aniline)
ïX: wavenumbers, y: transmittance
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Spectroscopy

Absorption of a photon of electromagnetic 
radiation can trigger several event depending 
on the energy (wavelength) of the photon.
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Spectroscopy
The energy of the electromagnetic radiation can 

be expressed in terms of energy or 
wavelength:
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Typical interactions

ÅAbsorption (Absorbance, Transmittance)

ïάƭƛƎƘǘέ ƎƻŜǎ ƛƴΣ ŘƻŜǎƴΩǘ ŎƻƳŜ ƻǳǘ

ÅEmission (flame, spark, ICP)

ïάƭƛƎƘǘέ ƛǎ ƎƛǾŜƴ ƻŦŦ

ÅScattering (Raman)

ïǇŀǘƘ ƻŦ άƭƛƎƘǘέ ƛǎ ŘƛŦŦŜǊŜƴǘ ǘƘŀƴ ǿƘŀǘ ǿŜƴǘ ƛƴΣ 
frequency may be different too
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Spectroscopy
Some potential outcomes 

of the interaction of 
energy with matter.  If 
emission results from 
the relaxation of M* Ą
M, it will be in all 
directions.

Particular outcomes of 
interactions at a 
surface, particularly 
reflections. Dr. Arman Sedghi     "New methods for 

chemical analysis of materials" 



Spectroscopy
A sample, M, may absorb energy and consequently 

be promoted to some type of excited state M*.  
As a result of the promotion, the transmitted 
signal is attenuated and reduced in proportion to 
ǘƘŜ ǎŀƳǇƭŜΩǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ǘƘŜ ǇŀǘƘ ƭŜƴƎǘƘ ƻŦ 
the signal, and the molar absorptivity of the 
sample.

.ŜŜǊΩǎ [ŀǿA=Elc  
(A=absorption, E=constant, 

l = path length, c=concentration)
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Spectroscopy
Spectrometers are typically designed with a 
Ŏƻƴǎǘŀƴǘ ǇŀǘƘ ƭŜƴƎǘƘΦ  ¢ƘŜǊŜŦƻǊŜ άƭέ ōŜŎƻƳŜǎ ŀ 
constant:

.ŜŜǊΩǎ [ŀǿA=kc  

(A=absorption, k=E+l=constant, c=concentration)
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Spectroscopy
.ŜŜǊΩǎ [ŀǿΥ A=kc  

The relationship between absorption and 
concentration is linear:

y=mx+b (where b=0)

Therefore, the value of the constant k is equal to 
the slope of the line.
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Spectroscopy
All absorptive processes are governed by the 

1st law of thermodynamics (Do you remember 
it?), all involve the excitation of a sample M in the 
ground state to a higher energy excited state M*.

The energy absorbed, ɲE, must be sufficient to 
bridge the gap in energy between the two levels.  
The excited state could be the result of the 
ejection or promotion of an electron or a change 
ƛƴ ǘƘŜ ŜƭŜŎǘǊƻƴΩǎ ǾƛōǊŀǘƛƻƴŀƭ ƻǊ Ǌƻǘŀǘƛƻƴŀƭ ǎǘŀǘŜΦ
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Spectroscopy

Regardless, the 
excited state is 
unstable and 
the system must 
decay back to 
the more stable 
state.
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Spectroscopy

The excess energy that is released upon decay 
can be dissipated by one of three processes:

1. Electrons can collide and convert their excess 
energy to kinetic energy, a process favored in 
ǎƻƭǳǘƛƻƴΦ  ¢Ƙƛǎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀ άǊŀŘƛŀǘƛƻƴƭŜǎǎ 
ǘǊŀƴǎƛǘƛƻƴέ ōŜŎŀǳǎŜ ƴƻ ǊŀŘƛŀǘƛƻƴ ƛǎ ŜƳƛǘǘŜŘΦ
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Spectroscopy

The excess energy that is released upon decay 
can be dissipated by one of three processes:

2. The M* ĄM transition can result in the 
emission of a photon with energy equal to the 
energy of the original absorbed photon if that 
is how the excited state was generated.  This 
ǇǊƻŎŜǎǎ ƛǎ ŎŀƭƭŜŘ άŜƳƛǎǎƛƻƴέΦ
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Spectroscopy

The excess energy that is released upon decay 
can be dissipated by one of three processes:

3. A combination of radiationless transition and 
emission can occur, resulting in the emission of 
a photon of lower energy that corresponds to 
the smaller energy gap traversed in the 
relaxation.  The emission may be immediate 
(emission)or delayed (fluorescence or 
phosphorescence).
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Spectroscopy

Phosphorescence typically involves a longer delay 
time relative to fluorescence. 

Also, phosphorescence generally lasts longer.
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Spectroscopy

Fluorescence is exploited in many areas of 
forensic science, including DNA typing and 
fingerprint visualization.  

However, traditional fluorescence spectroscopy is 
not frequently used.
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Spectroscopy

In forensic analytic chemistry, UV/VIS/IR and 
elemental spectroscopy is favored whereas 
other kinds, such as nuclear magnetic 
resonance (NMR) spectroscopy and 
rotational spectroscopy are rarely employed.
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Spectroscopy vs. Spectrometry

Spectroscopy:

ÅMeasures the response of chemical species to 
electromagnetic radiation (energy).

ÅRelates responses to atom type and/or molecular 
structure.

ÅInvolves the absorption, emission, or diffraction of 
radiation.

ÅNMR, IR, UV/VIS, X-Ǌŀȅ ŘƛŦŦǊŀŎǘƛƻƴΣ άƳƛŎǊƻǎŎƻǇȅέΦΦΦΦΦΦΧΦΦ
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Spectroscopy vs. Spectrometry

Spectrometry:

ÅDoes not involve electromagnetic radiation.

ÅMass spectrometry
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Spectroscopy vs. Spectrometry

However, the terms are often used 
interchangeably. 
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Spectroscopy  types

{ǇŜŎǘǊƻǎŎƻǇȅ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ άŀǘƻƳƛŎέ 
όŜƭŜƳŜƴǘŀƭύ ŀƴŘ άƳƻƭŜŎǳƭŀǊέ όƘŀǾƛƴƎ ǘƻ Řƻ ǿƛǘƘ 
compounds) spectroscopy.

Atomic spectroscopy ςAA, Graphite furnace (GF), 
X-Ray Fluorescence (XRF), Atomic Emission 
(ICP-AES)

Molecular spectroscopy ςUV/VIS, IR, Raman, 
άbawέ
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Some common techniques of 
molecular spectroscopy 

ÅRaman (1930s/1960s)

ÅUV/Vis (1941)

ÅIR (1951)

ÅNMR (1952)
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Raman Spectroscopy

Scatteringof Infrared light due to 
molecular bond vibrations.

Key Parameters: 

peak location 

peak shape 

peak strength

wave numbers 

transmittance
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Ultraviolet/ Visible Spectroscopy 
(UV/Vis)

Absorptionof Ultraviolet and Visible 
light due to electrons moving to 
higher energy levels

Key Parameters: 

molar absorptivity (e)extinction 
coefficientmaximum absorption 
(l max)

absorbance
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Infrared Spectroscopy (IR)

Absorptionof  Infrared light due to 
molecular bond vibrations.

Key Parameters: 

peak location

peak shape

peak strength

wave numbers

transmittance
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Absorption Spectrometry
ÅUltraviolet (100 - 400 nm)

ÅVisible (400 - 700 nm)

ÅInfrared (>700 nm)
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Atoms have a number of excited 
energy levels accessible by 
visible-UV optical methods

ÅMust have atoms (break up molecules)

ÅOptically transparent sample of 
neutral atoms (flames, electrical 
discharges, plasmas)

ÅMetals accessible by UV-Vis, non-
metals generally less than 200nm 
where vacuum UV needed)
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measure the amount of light transmitted through a solution

Ultraviolet and Visible Spectrophotometry 
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UV-Vis Spectra

ÅOne instrument can measure both wavelengths

ÅRelated to how many alternating double and 
single bonds a compound has

Å.ŜŜǊΩǎ [ŀǿ

ïA = ecl

ÅAbsorbance = A

Åe = molar absorptivitycoefficient

Åc = concentration

Ål = path length
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UV-Vis
ÅCompounds can be identified based on 

wavelength of maximum absorbance 

Å/ƻƴŎŜƴǘǊŀǘƛƻƴ Ŏŀƴ ōŜ ŎƻƳǇǳǘŜŘ ŦǊƻƳ .ŜŜǊΩǎ 
Law
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IR spectrum is vibrational
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ÅMolecules absorb light 

at different wavelengths 

in the IR region 

depending on what types 

of bonds they contain.

ÅThis light = energy

ÅThe energy causes the 

bonds to vibrate



IR spectrum of cyclohexanol
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UV and IR spectroscopy 

1. Applied on solid or liquid samples

2. Samples are usually organic

3. Atomization or Ionization not need for these 
spectroscopies
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Nuclear Magnetic Resonance (NMR)

Absorption of radio waves in the presence of a 
strong magnetic field used to determine 
molecular structure

Nucleus types:H, C, F, P, N

Key Parameters: 

chemical shift: d(delta),Tau

frequency: ppm or hz

coupling constant

integrals 
Dr. Arman Sedghi     "New methods for 
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Library Resources for 
Spectroscopy

ÅIndices to Articles

ÅHandbooks 

ÅSpectra Libraries & Software

ÅEncyclopedias & Texts

ÅWeb Sites
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Graphs, text and tables

spectra: graph

From Sigma-Aldrich
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ò1H NMR (CDCl3) 
d3.24 (s, 3H, CH 3N)ó  

from J. Org Chem V59 
(1994) p 479

articles & handbooks:
text and tables



Sigma-Aldrich Print
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Sigma-Aldrich Reference Books

3̧-Volume sets of 
spectra
V

13C and 1H NMR spectra for 
over 12,000 compounds

V IR spectra for over 18,000 
compounds

A̧lso available in 
electronic formats



Analysis of Inorganic Substances

ÅHeavy metal poisons

ÅExplosives

ÅMetal composition of bullets

ÅMain analytical technique used for inorganic 
substances is:

Atomic spectroscopy
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Atomic spectroscopy

Å Atomic emission

ïZero background (noise) 

Å Atomic absorption

ïBright background (noise)

ïMeasure intensity change

ïMore signal than emission

ïTrace detection
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Compare Emission and Absorption 
Spectra
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Signal is proportional top number of atoms
AES - low noise (background)
AAS - high signal

The energy gap for emission is exactly the same as for absorption.

All systems are more stable at lower energy. Even in the flame, most of the atoms will be in 
their lowest energy state.
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Characteristics of Atomic Spectroscopy

ÅInvolves EMR in the UV and visible regions of 
the EMR spectrum

ÅBased on excitation of a (valence) electron to 
an excited state

ÅInvolves atoms or ions in the gaseous state

ÅLƴǾƻƭǾŜǎ ŀ ǇǊƻŎŜǎǎ ŎŀƭƭŜŘ άŀǘƻƳƛȊŀǘƛƻƴέ

ÅCapable of analyzing ~ 70 elements
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Atomic Spectroscopy

Å Types:

1. Atomic Absorption Spectrometry (AAS)

2. Atomic Fluorescence Spectrometry (AFS)

3. Atomic Emission Spectrometry (AES)

4. Atomic Mass Spectrometry (many types)*
¸ Inductively coupled plasma mass spectrometry (ICP-MS)

¸ Thermal Ionization Mass Spectrometry (TIMS)

¸ Secondary Ion Mass Spectrometry (SIMS)

¸ Laser Microprobe Mass Spectrometry (LMMS)

5. Atomic X-Ray Spectrometry*
¸ Absorption, fluorescence, and emission forms
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Atomization

ÅA process by which molecular constituents 
(analyte) of a sample are simultaneously 
decomposed and converted to atoms (and 
ions) in the gaseous state

ÅAtomic spectroscopy methods are categorized 
based on the type of atomization

Å¢ƘŜ ŀǘƻƳƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎ ƛǎ ǘƘŜ άǎƛƎƴŀƭ 
ƎŜƴŜǊŀǘƻǊέ
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Atomization and Excitation

ÅThe excitation step involves promotion of an electron 
to a higher energy state
ÅExcitation can occur several ways, including
ïFlame
ïElectrical discharge
ïInductively coupled plasma
ïAbsorption of EMR

ÅInvolves outer bonding electrons
ÅSeveral transitions are possible
ÅExcitation involves discrete spectral lines
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Atomization and Excitation

Atomic Emission Spectroscopy

ÅThe heat from a flame or an 
electrical discharge promotes an 
electron to a higher energy level

ÅAs the electron falls back to 
ground state, it emits a 
wavelength characteristic of the 
excited atom or ion
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Atomization and Excitation

Atomic Absorption 
Spectrometry

ÅA photon of light 
promotes an outer 
electron to a higher 
energy level

ÅAbsorption only occurs 
in the gas phase

Å Involves both atoms and 
ions

Å Involves discrete energy 
transfers
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