Spectroscopic Techniques
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. Vibrational Spectroscopy (IR and Raman)

UV-vis spectroscopy

Nuclear Magnetic Resonance (NMR)
Electron Spin Resonance (ESR)
X-ray spectroscopy

Electron spectroscopy

Mossbauer spectroscopy

Mass spectroscopy

Thermal analysis



Electromagnetic Radiation

Spectroscopic techniques all work on the principle of that, under
certain conditions, materials absorb or emit energy
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Electromagnetic Spectrum

Different spectroscopic techniques operate over different, limited
frequency ranges within this broad spectrum, depending on the
processes and magnitudes of the energy changes.
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Visible and Ultraviolet Spectroscopy

e Transitions in the electronic energy levels of the bonds of a molecule
and results in excitation of electrons from ground state to excited state

* Energy changes: 104 to 10° cm™! or 100 to 1000 kJ mol-!

ENERGY

(iv)

e

L T\ Ao

BAND
GAP

Four types of transitions:

i)

i)

iii)

iv)

Within the same atom e.g. d-d or f-f
transition

To adjacent atom (charge transfer)

To a delocalized energy band,
conduction band (photoconductivity)

Promotion of an electron from
valence band to conduction band
(bandgap in semiconductors)



Beer-Lambert Law

incident radiation transmitted radiation
! I= 051,

—\/\/\/\——> 50% absorption of I, —\/\/\/\__>

log(I,/1) = ecl
e=A/cl

e: extinction coefficient I,: incident radiation

c:. concentration I: transmitted radiation

[: path length A: absorbance

¢ value determine transition is allowed or forbidden



Recording and Interpreting UV-vis Spectra
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Vibrational Spectroscopy

Atoms in solids vibrate at frequencies of 1012 to 10'% Hz

Stretching Bending
Hooke’s Law: v=(1/2n) v(k/p
H=m;m,/(m, + m,)
u: reduced mass v: vibrational frequency

m: atomic mass k: force constant

Identify the functional groups !



Fundamental Vibrational Modes

XY, compounds: STRETCHING MODES

| BENDING MODES

scissoring rocking twisting wagging

Linear molecule: 3N-5 normal modes of vibration

Non-linear molecule: 3N-6 normal modes of vibration

 Fundamental frequencies

* Overtone bands (multiples of fundamental vibrations)



Infrared Spectroscopy

* Frequency of the incident radiation is varied and the quantity of radiation
absorbed or transmitted by the sample is obtained

e 4000 - 400 cm-! (2.5 — 25 um)
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Solid: e finely ground powder mixed with one or two drops of nujol

 solid mixed with dry KBr powder to make a pressed disc



Infrared Spectra

100
%T |(b)
4000-2500 ___ |,
region (X-H)
0

— fingerprint region,
not possible to

have any two

2500-1900 cm™!
region (triple or

cumulated double

bond)

e I[dentification

e Structural information

» Estimation of sample purity

Selection rule for IR active transition:

vemo

1900-1500 cm! region
(C=C or C=0 bonds)

; different
compounds to
have exactly the
same IR
spectrum

e Calculation of force constant
* Monitor the progress of reaction

e Study of hydrogen bonding

Vibrations involve a change of dipole moment!



Raman Spectroscopy

Sir C.V. Raman:

“When a beam of strong radiation of a definite frequency is passed through a
transparent substance, the radiation scattered at right angles has not only the
original frequency (Rayleigh Scattering) but also some other frequencies, which
are generally lower (Stokes line) and occasionally higher (anti-Stokes line) than
that of the incident radiation”

Radiation !
Sample —— Non-scattered
source ! ;
L (transmitted)
radiation
Focusing slit
\
Scattered radiation
‘/— Slit of spectrograph
L— Prism
Spectrograph —»

sy P NOtographic plate

Raman active: involve a change of polarizability



Origin of Raman Scattering

Quantum theory: E; + “omv? + hv; = E + 2mv 3 + hvg
E, + hv;= E_ + hv,
ve=V; t (E,— E)/h

Rayleigh scattering: E = E_; Stokes lines: E, < E; anti-Stokes lines: E > E_
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the particular state E : N, = CNg,e

i
------------- Virtual
'l Stede
A
Anti-Stoles
SSEGI{ES Scatter
Energj.r . catter _
Incident Incdent
Fhoton Fhoton
¥ Fined Tniticd Vib ratianal
Inifial ¥ Find Levels

(a) (h)



Raman Scattering

Frequency

v

. Rayleigh line
Raman frequency shift: .

4

Av = v, - v,

Stokes lines Anti-Stokes lines

The frequency difference is constant and characteristic of the substance exposed to
radiation and is completely independent of the incident radiation

e Raman lines are symmetrically displaced about the parent line

* Intensity of Stokes lines > anti-Stokes lines

 Raman shifts represent the frequencies of absorption bands of substance
» Identical with absorption frequencies obtained from IR spectrum

 Complementary to IR spectroscopy (symmetrical bonds are Raman active)



Raman vs. IR

Raman spectra

IR spectra

Originate from scattering of
radiation

Originate from absorption of
radiation

Change in molecular
polarizability

Change in dipole moment

Weak in intensity

Strong in intensity

Water can be used as solvent

Water lead to strong absorption
and attack the holder

Optical system: Glass, quartz

Optical system: NaCl, KBr

Record by using a beam of
monochromatic radiation

Record by using a beam of
radiation having a large number
of frequencies

Homonuclear diatomic molecules
are Raman active

Homonuclear diatomic molecules
are IR inactive




Surface Enhanced Raman Spectroscopy (SERS)

SERS is a Raman spectroscopic technique that provides greatly enhanced
Raman signal from Raman active analyte molecules that have been adsorbed

onto certain metal nanoparticles

« Enhancement: 10%- 10°, up to 10#

e Electromagnetic enhancement and chemical enhancement

1 v b= aE «— electromagnetic field
induced dipole moment T
polarizability

2 The formation of a charge-transfer complex between the surface and
analyte molecule - resonance enhancement



Single Molecule SERS

Probing Single Molecules and Single
Nanoparticles by Surface-Enhanced
Raman Scattering

Shuming Nie™ and Steven R. Emory

Optical detection and spectroscopy of single molecules and single nanoparticles have
been achieved at room temperature with the use of surface-enhanced Raman scattering.
Individual silver colloidal nanoparticles were screened from a large heterogeneous pop-
ulation for special size-dependent properties and were then used to amplify the spec-
troscopic signatures of adsorbed molecules. For single rhodamine 6G molecules ad-
sorbed on the selected nanoparticles, the intrinsic Raman enhancement factors were on
the order of 10" to 10"%, much larger than the ensemble-averaged values derived from
conventional measurements. This enormous enhancement leads to vibrational Raman
signals that are more intense and more stable than single-molecule fluorescence.

180 : -
A j Fluorescence
7 170 I ’LI .
5 115«.‘1E ,r’}: III II |'I 1 3
e Silver colloidal nan rticl AN . |
Silver colloidal nanoparticles Emﬁ A Mo A N ]
 Enhancement factor ~1014 to 101° J'E’ma 10 20 30 40 50 60 70 80 20
, Z 1000+ B h
* More intense and stable than 800 |-~ Raman
single-molecule fluorescence E E I Fluorescence
. . 0 .
* Molecular information ) _ —
10 20 30 40 50 60 70 &0
Pixel number

* No photobleaching
S. Nie and S. R. Emory, Science 275 1102 (1997)



Coherent Anti-Stokes Raman Spectroscopy (CARS)

* Non-linear optical process (three wave
mixing)

e Stronger signal (~10°) than spontaneous
Raman response

e Blue shift

* Intrinsic vibrational contrast

e Strong signal

e Enable 3D imaging

» Higher frequency than fluorescence

e Little scattering and absorption of the
near-infrared excitation beams (deep
penetration and reduced photodamage)

Prof. Sunney Xie (Harvard University)



Nuclear Magnetic Resonance Spectroscopy (NMR)

Absorption spectroscopy: radio-frequency region 3 MHz to 30000 MHz

Transition between magnetic energy levels of the nuclei

Atomic nuclei possess spin (angular momentum, with half integer spin
number)

Mass Atomic Spin number Examples
number number !
Odd Odd or even 7| & i Wl il 9= i
_%_ E 1B 35¢) 370, 9Br, 81Br
sillis= 127y 17
5 £ | Wi @) j
Even Even 0 i il ® Wi il
(no spin)
Even 0dd 1] g 1N, H (or D)
L
3)E log




Theory of NMR

Spinning nuclei behave like a tiny bar magnet with a magnetic moment u

Aligned against the field
CP CP CP (P (P CP] =gt

Magnetic dipole

Axis of rotation

- 1 13
(nuclear axis) AE, hv = = 2uH, for "H and ~C

uH
I
Aligned with the field / = + -%. , O-spin state

[ R B A

Applied magnetic field H,

.@ v=yH,/2x
CI)@Cb y=27:z/h1

)
e q)q) Q hv = AE = uH,/I = 2uH,

Energy E ———»

Spinning nucleus




Theory of NMR

wy = yH,
Nuclear magnetic dipole u

Wy = 27v
Axis of rotation
Spinning nucleus 2ry = }/H 0

The precessional frequency of spinning
nucleus is exactly equal to the frequency

Direction of of EM radiation necessary to induce a
magnetic field transition from one nuclear spin state to
another

@ — @AE/RT

N, & N : population of o and B spin states
p

N

* Probability of observing absorption of energy is quite small

e Larger H, and lower T lead to higher sensitivity



Shielding =» Chemical Shift

Nucleus ) Chemical shift:
(proton) Induced magnetic

field

chemical shift (Hz)
d (ppm) = x 10°

oscillator frequency (Hz)

Circulating clectrons S = (V — vV

of & bond ”I

Applied field Hy

ref> /Vref
Reference compound: TMS

Circulating electron cloud:

e Shield or deshield applied field

 Resonance at different frequencies

Differences in the chemical environment modify the electron density
and distribution about nuclei



NMR Spectra

400 300 200 100 0 Hz
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e Chemical shift: chemical environment
e Coupling: how nuclei interact with each other

* Intensity: number of nuclei



Solid State NMR

Magic angle spinning technique:

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

2

29Si NMR: 0|
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Electron Spin Resonance (ESR) Spectroscopy

It detects changes in electron spin configuration in substance
containing one or more unpaired electrons

Absorption spectroscopy, operate at microwave frequency 104 — 106
MHz (~1.0 J mol)

Stable paramagnetic substances: simple molecules (e.g. NO, O,) and
ions of transition metals and their complexes e.g. Fe3*, [Fe(CN)¢]>-

Unstable paramagnetic substances: free radicals

my =+ 4+
w E; =+ u.Hy
4] 1 s
- + — -
8 i & AE = 2u,Hy = hv
o b
& No applied field
Ey=-u.H, L
m,=—1
J -

Applied field H,



Theory of ESR

Absorption of energy occurs at:

H,: applied magnetic field
[ AE = hv = gf.H, ] Bohr magneton:
B.=eh/4rmc=9.273 x 1024 JT-!

g factor (g): depends on the particular ion, its
oxidation state and coordination number

Determination of g values of free radicals:

Reference substance: g = 2.0036 :

9= Grer [ 1_(AH0/H) ] @ NOz



ESR Spectrum

First derivative of the absorption
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ESR Spectrum

Energy E ——»

Methyl radical

my=x12

Effect of applied field
and spins of three

hydrogen nuclei
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Field strength ——»

Associated with the unpaired electrons of
the isotope, for example

Naturally occurring Cr is a mixture of >2>Cr (nucleus
spin I = 0) and °3Cr (nucleus spin I = 3/2)



NMR vs. ESR

NMR spectroscopy

1. Different energy states are produced

due to the alignment of theq nuclear
magnetic moments relative to the
applied magnetic field and a
transition between these energy
states occurs on the application of
an appropriate frequency in the radio
frequency region.

. NMR absorption positions are

expressed in terms of{chemical shifts.

. Nuclear spin-spin coupling causes
the splitting of NMR signals.

ESR Spectroscopy

1. Different energy states are produced

due to the alignment of thelelectronic

magnetic moments relative to the
applied magnetic field and atransition
between these energy states occurs
on the application of an appropriate
frequency in the microwave region.

. ESR absorption positions are

expressed in terms off g values.

. Coupling of the electronic spin with

nuclear spins (hyperfine coupling)
causes the splitting of ESR signals.



X-ray Spectroscopy

X-ray: Diffraction, Emission and Absorption

XRD, ED EM
X
Diffraction (:’.;;“Q EELS
&
bé'.b
SOURCE - ELECTRON YA
GUN, FILAMENT, <=4 SO S ESCA (XPS, UPS]]
SYNCHROTRON, etc %, & ot
/, &, & ot
,’ = | AEFS, EXAFS |
s 13
d Emission of
XRF, AEM radiation
Emission of
secondary

electrons

AUGER




X-ray Emission

X-ray Fluorescence (XRF)

q

Counts (Log)

X-Ray Fluorescence of Lead from "™ Cd
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Peak positions vary slightly with local environment of atoms such as

coordination numbers and bond distances
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Absorption Techniques
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Electron may leave the atom
with a net kinetic energy: E=hv-E,



X-ray Absorption Near Edge Structure (XANES)

ABSORPTION —=

9.03 8.95
—<«— ENERGY (keV)

Fine structures on the an absorption edge

The peak positions depend on details of oxidation state, site symmetry,
surrounding ligands and the nature of bonding



Extended X-ray Absorption Fine Structure (EXAFS)
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In-situ electron diffraction event
Coordination number and bond distance
Equally suitable for non-crystalline and crystalline materials

Local environment of each element may be determined



Electron Spectroscopics

Measure the kinetic energy of electrons that are emitted from matter
as a consequence of bombarding it with ionizing radiation

Kinetic energy —*E = hv - E_«— lonization
T potential
Incident radiation (characteristic)

(X-ray or UV)

lonized
electrons ESCA
Atoms in Radiation
m’/"ﬁohd, efc. i X-rays, UV
IR Excited,

ionized atoms
Secondary
jonized AES

electrons




ESCA and Auger Process

radiation
Atom A > At* + XPS
AUGER

2p
XPS
s
15 jk
// /F/ /// _

Auger Process:A** > ATt + e
7/

(Auger e]‘eCtron) KINETIC ENERGY, £—>

—~<—— BINDING ENERGY, £y

INTENSITY

XPS or UPS: A** » At + hv

Vacuum $
200006006 2000 006
—_ee T, W —_oe

v
v

ionization
__eoe K _OoOe



X-ray Photoelectron Spectroscopy (XPS)

Study surface properties (ionized electron energy << 1 keV)
2 to S nm from the surface

Electron binding energy E,: charge and oxidation state

INTENSITY

CENTRAL S TERMINAL S 2-
\ \ 2 } cr3
P
0 \o
; Cr X1
N
E Cr 3s \ CrII
2- z ~
o Z
Z~N"0
0 \O

KINETIC ENERGY — KINETIC ENERGY —>



Mossbauer Spectroscopy

y-ray spectroscopy, highly monochromatic beam
Change in population of energy levels inside the nuclei, >"Fe,q" or 11°Sn.,’

y-ray energy is varied by making use of Doppler effect

(a)

SAMPLE DETECTOR
SOURCE ¢
& - RAYS
NN\
-V +V
(b)

0
=
)
'_ .
Q y-ray absorption
§ spectrum
<

|

-V - 0 —» +V VELOCITY



Mossbauer Spectroscopy

COORDINATION NUMBER

8 Fe2t
6 Fed+ Fel*
A - Fe3+ F92+

l ! 1 |

0 0.5 1.0 15

Velocity (cm sec™ D)

Emitter and sample are identical:
resonant absorption peak

Emitter and sample are not identical:
absorption peak shift

-«—— ABSORPTION

] ] H | |

-4 -2 0 2 &4
VELOCITY (mm sec)
e Quadrupole splitting

 Magnetic hyperfine
Zeeman splitting



Mass Spectrometry

70 eV cathode

Ion accelerating (electron generator)

potential V ~ 8 kV

e (BI** — [Df\
ﬁdical cation cation
Vapourization A [A)**
Ion accelerating Siskmber tencer molecular ion
: vacuum) eculario
region N —2e C E*
neutral fragments
m; m; m ionization (not detected)
M* M?
mf ”‘|+ M <+— Sample M Sfragmentations
mi m
1 P
Analiis Inlet system
tube
To vacuum - ) ¢ B A Ionization
pump ] Variable field chamber 1 2 _
' magnet o mve = eV
e Collector slit  ~
Collector € 100
l 8 L Anode H. — 2
.g i 29 (electron absorber) ev mv / r
&
Amplifier |- Rccorder----bé L
2t m/e = H?%r?/2V
S0
& 20 30 40 50 60

Mass of ions (as m/e)

 Determine the mass/charge ratio (m/z) in the vapor phase
* Exact molecular masses

e Structure of the molecule



Instrumentation of Mass Spectrometer

Single focusing MS

magnetic
analyser

ions are deflected
according to ™/,

collector slit

I

{ d
& /— etector

ionization
chamber

Quadrupole MS

quadrupole rods ./
ion trajectory along the — detector
spectrometer axis is perturbed
by the application of rf and
de frequencies to opposing
pairs of quadrupole rods

( V,f'PVd‘\)y

ion source
only ions with a specific "/;
will reach the detector for

l-————:"/// a given level of applied
(Vi +Viae)x rf and dc voltages

Double focusing MS

electrostatic
analyser

f due to vari ath in

magnetic
analyser

increased resolution

is possible with
piur-b second analyser
initial kinetic energy, y
ions show slight spread
after intial focus
- narrow slit -\
T~ " ionization ion collector T
chamber detector ——

Time-of-Flight MS

lonization  geceleration

field fi i i i as
chamber / ield free region (time of flight measurement)

A Sy
/ f\ ' ’ detector
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Ionization Methods

1. Electron impact method (electron)

M+ e> M' + 2e

high energy electron
ToeVe

=

ionization + fragmentation .-~
........ - Py

radical cation
(M™)

target molecule

. ®
© radical
(not detected)

@

cation
(detected)

3. Fast Atom Bombardment (atom)

70eV e
Xe

(i) acceleration
(11) mix with Xe —gm

2 Xe't == =smz- W Xe
m ‘fast atom’

Xe Xet

2. Chemical ionization method (ions)

NH,* + RH > RH," + NH,

70 eV electron

NH; NH,"
LZ* secondary ion

NH;
primary ion
2e

NH3 Substrate

.~

Y 4

quasi-molecular ions
(detected)

4. Electrospray (for marcomolecules such

as proteins)

sampling
interface
vortex

electrode

effluent \

from HPLC p

- ———

Analyser
===




MS Spectrum

MOlecula‘r StrUCture Laser ionization time-of-flight
0.006 |- C60 mass spectrum of C60 fullerene
_ 0.004
©
5
wn Ci18
5 o002t c70
0.000 |
100 . 1';0 . 12IO . 150 . 1‘;0 . 150 . 1é0 . 17:'0 . 160 . 150 . 2(;0
Time of Flight (ns)
Marcomolecules (proteins, peptides) S mpsindigest s
| S o
</

Peptide Maasured Calculated 4
—— (M) (M)

B0 530.388 630.39 0.002

1115 663.301 66314 0013

B89 1147.580 1147586 0.016

BO-90 1275650 1275691 0032

. . 120130 1318813 1318568 0.055

240-251 1327613 1327625 0.012

Peptide mass fingerprint s e o
118130 1446728 1446783 0.035

92118 2862191 2862176 0.015

ability to measure mass— but not m/z
sequence



Thermal Analysis

» Measurement of certain physical and chemical properties as a
function of temperature

 Enthalpy, heat capacity, mass and coefficient of thermal expansion

1. Thermogravimetry (TG)

Measures the changes in mass of a substance as a function of
temperature or time

Mi _ : CaCO3 — Ga0 + CO, ; lO:ng CqEOa
T : 10°C min™!
M aAM
ass l : —Va_ck Air €O,
L e : ...... - Mass
| |
l |
! l
| | 1 1 1 1 | A 1
7 7 400 600 800 1000

f  TEMPERATURE TEMPERATURE (°C)



Thermal Analysis

2. Differential Thermal Analysis (DTA) & Differential Scanning Calorimetry (DSC)

Temperature of a sample is compared with that of an inert reference materials
during a programmed change of temperature

(a)

Al

7c

%Y

Heat at constant rate

(c)

+

7

rd

Sample

A D

7/,

A

SN
X

Reference

Heat at constant rate

(b)
Time
(d)
AT Exothermic 7
/ 1
0]
¢Endo?hermic
Temperature



Applications of Thermal Analysis

 Combination of TG and DTA analysis

Decomposition of kaolin

HEATING
% TG Q
T a b c
EXO |:] dehydration c
1\ DTA b
= \’
< ¢ 8
ENDO 5
COOLING
| | | | | 1 |
500 700 900 oC TEMPERATURE
Exothermic reaction: phase : : : .
transition from meta-stable e Reversible vs. irreversible reaction

to more stable structure » Hysteresis



Applications

of Thermal Analysis

1. Determination of glass
transition temperature

EXO HEAT

T crystals Lhiquid

ar ﬁ/d\
ENDO melting
undercooled liquid
glus§ liquid
transition cooL
TEMPERATURE

2. Decomposition process

o

]
o

MASS LOSS (%)
[« B~
© o

(s -]
=]
-

1
200 400 600 800
TEMPERATURE (°C)

3. Determination of phase diagram

(a)

?] _______
)
' Xe¥Y
X A B Y
COMPOSITION
EXO (®)
T XY X +liq.
| liq.
AT A
* X+Y
ENDO liq.
B
1 1
T, T

TEMPERATURE



