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Rayleigh and Raman Scattering
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Rayleigh and Raman Scattering
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Rayleigh and Raman Scattering
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Spontaneous RS light goes 1n all directions



Spontaneous Raman Scattering

O,>>0, stretched Induced Polarization:

P(EY=) u(E)= ¢ E

Time

Polarizability 1s a measure of how
much the electronic cloud can be
changed by an external electric field.




Spontaneous Raman Scattering

@,>>0, stretched compressed

Time
Time

P(E))=x(R)-E, =%, R,(1+6-sinw,t) E sin(@ 1)



Spontaneous Raman Scattering

P(E,)= x(R)-E, = %, Ry(1+68 -sin@, 1) E, sin(e 1)
E, () P(E, (1)) o< (1+ 8 -sin®,,1)- E, sin(@ )
E;=E +E,, =a Essin(@)+ pisin®,t - E sin(@,1)

Ey(t)= o E,sinf@,t]+1/2- B-[cos((@, — @, )~ cos{(@, + @, )]

Wp; WOy =W,=@5 Wyg =0, Dy,

Raman scattering last as long as the duration of the pump light !



Spontaneous Raman Scattering

Raylel
Stokes yleigh Antistokes

Raman Shift \\

AV =vi=vs = Vg Av Av

Av(H,)= 4155.2




Stimulated Raman Scattering (SRS)

hv hv

hv

v=1

v=0

SRS produces coherent light!
Tgpg o Ipg-lo< I -1

GRS :Ip(l—exp(—n-l-O'RS)).:Ip Nl 0.



SRS cross-section

Process Cross-Section of | 6 (cm?)
absorption [AY 10-18
absorption IR 10-21
scattering Rayleigh 10-26
scattering Raman 10-2°

* Raman transitions are generally much weaker

* RS signal appears only, if there are Raman-active vibrations =>
Background-free (# v,,) technique.

* Pump light can be discriminated by dispersive elements (diffraction grating)
or (for spontaneous RS) by angle.
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SRS cross-section

rscoclpump. 2 2.2 oc 4 °
v,-v,) A

4

v, 1

ey (nm) | o (x 10722 cm?)
532.0 0.66
435.7 1.66
368.9 3.76
4.36
319.9 7.56
282.4 13.06

Pump laser wavelength should be close to the band origin of electronic transition
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SRS for light wavelength conversion

thl h\/sz

Av(H,)= 4155.2
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Raman Spectroscopy

1923 — Inelastic light scattering is predicted by A. Smekel
1928 — Landsberg and Mandelstam see unexpected
frequency shifts in scattering from quartz

1928 — C.V. Raman and K.S. Krishnan see “feeble
fluorescence” from neat solvents

First Raman Spectra:
Filtered Hg arc | |
lamp spectrum: ! |
'} k
CeHs LRl ®
Scattering l f




Raman Spectroscopy: selection rules

General: molecular polarizability must change during the molecular vibration

e symmetric vibrations: strong Raman, no IR;

e asymmetric vibrations: weak Raman, strong in [R.

bending vibrational modes: weak Raman, strong in IR

For a molecule with centre of inversion (¥ — —r):

Alternative: either RS (for sym) or IR (asym)

*  For non-centrosymmetric molecules (e.g., biomolecules):

Both RS and IR are active for all vibrations.

C02 H20
—QOu@u(O—> Raman: 1335 cm™!
R dgo% S. Raman + W. IR: 3657 cm™!
Ow@uQ—> IR:2349 cm’! ¥ N

1 d@Q% W. Raman + S. IR: 3756 cm!
Cr@u

{ & IR: 667 cm™! d@(l%
o 3o W. Raman + S. IR: 1594 cm™!




Raman vs Infrared Spectra

O
||

IR

Raman

e M/JU\

1100 1600 2100 _ 2600 3100
Energy, cm™!

Figure 2.2. FTIR (upper) transmission and Raman scattering (lower) of oleic acid methyl ester.



Raman Spectroscopy vs IR absorption

_I_

Monitors ALL Raman-active vibrations at once;

Fast, => fits well for 2D/3D space-resolved Raman microscopy;

Monitors vibrations that are not IR-active; complementary to IR absorption;
(e.g., diamond, graphite, graphene);

Background free;

Does NOT require a tunable (laser) light source;

Does not require IR light source;

Can work with polar solvents;

Compatible with solid, surface, liquid and gas-phase samples.

Much much lower sensitivity
Insensitive to IR active vibrations in centrosymmetric molecules;
More difficult to determine absolute concentrations
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Raman Spectrometers
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Raman Spectroscopy: PMT vs CCD

glassy Scanning/PMT
b
" 20 minutes
SNR ~ 28

CCD multichannel

5 seconds

SNR ~ 280

T

1 1} 1
1100 1300 1500 1700
Raman shift, cm™!

Figure 1.6. Spectra of solid glassy carbon obtained with a state-of-the-art spectrometer in 1985
(Spex 1403 double monochromator with photon counting PMT) and a multichannel/CCD spec-
trometer of 1996 (Chromex 250 spectrograph, back thinned silicon CCD); 514.5 nm laser at
50 mW in both cases; measurement times and signal/noise ratios (SNR) as shown.



Raman Spectrometers

Compact for express analysis

Scanning for Raman microscopy
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Raman Spectroscopy applications

20 Materials lon Transport

=8 &

Chemical Reactions

Zeolites

Fine Spatial High Temporal
DFUQ Dolivory Resoiubon Resolution
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Chemical
Sensitivity

Pharmaceutical Tablets  Environmental Pollutans
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Raman signal (a.u.)
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Raman Microscopy applications
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Raman Spectroscopy applications

Natural pearl or fake?

CaCO
=COs ) . L 1 L
Pearl
| ),
Faux Pearl
3500 3000 2000 1500 1000 500 100

Raman Shift / cm™*

Figure 3 The Raman spectra of calcium carbonate (top), natural pearl (middle), and faux pearl
(bottom). (Adapted with permission from Ref. 9.)



The Vinland Map: Genuine or Forged?

Thought to be a 15™ century European map of the world (found in America)



Debates and study since 1957 till 2018

{
Intensity

.
‘o s o i
& L .
- . 1]
T RN g ] i ‘
3 = £
S )

200 300 400 500 600 700

Wavenumber (cm-T)

Figure 5. Anatase and plain parchment from the Vinland Map; solid
line, anatase in yellow line; dotted line, plain parchment.

Anatase - mineral form of titanium dioxide (TiO,)

CONCLUSIONS

The use of Raman microprobe spectrometry has conclusively
identified the materials used in the construction of two significant
historical documents, the Vinland Map and the Tartar Relation.
Although the inks used for the Tartar Relation are entirely
appropriate for the period of its construction, one of those used
to draw the Vinland Map is not. The presence of a yellow line
containing anatase, closely associated with a stable carbon ink,
indicates that the VM is a modern forgery.



Raman Spectroscopy bio applications

microbiology

identification pathogenicity

Y e T biotechnology

== |
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Raman Spectroscopy applications
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Micro- & Nano-plastics

Annual production of plastics: 300 mln tons

Plastic particles of 0.1 um to 5000 pum
Sources: natural/intentional fragmentation of plastics

PE, PP, PET, PBS, PCL, PVC, PES, PVA, AcC.,....

Plastic pellets | 0.3% ~ 43 plastic bags

per person
Marine coating - 3.7% per year

Road making - 7%
city dust [N 24 %
Tire dust _ 28 %
Synthetic textiles _ 35%

Personal care products . 2%

28



Micro- & Nano-plastics

Long-living pollutants: natural degradation of some
microplastics takes 100s of years.

MP are difficult to filter and to collect;
Plastics are dumped to oceans with waste.

Accummulated 1n ocean.




How do they come to our body?

* With food (plastic packaging, bottles);
* With water (overcome filtering and purifications);

* From food via sea cycle

contaminants , =
.

Organic contaminants , 7 -
adsorbed to microplastics , |

— . '..f &
7 ) L
7 . : . il
microbial and - :
photo-degradation ; b \
Org.an.ic e R Sedimentation i
2 .
y R v Adherence to
e
4 % “ y ‘e -
- - - .. X ¢ :
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Health hazards

Due to small size and chemical resistance M/NPplastics
penetrate to blood; from blood to heart and even to brain.

Bacteria and viruses have high affinity to plastics:
MPs serve as their long-distance transport to our body.

Annual intake: 70-100°000 particles per year, accummulations.

Potential health problems:
* Oxidative stress
 DNA damage

* Cancer

* Autoimmune response

Need to be detected, 1dentified and quantified
31



Micro- & Nanoplastics: Complex Analytes

SHAPE

» Broad size range (10°) SIZE
» Different types of polymers MICROPLASTICS
pm to < pm
» Different shapes
, , p . Qox*“ERTYPE NANOPLASTICS
» Various additives and contaminants PA PS '\ Etnmto <1000 nm
» Different aging state PET "'** pp y
i PE g /
PVC e
Multi dimensional output data: -
VD Pop
. cd Cu
. 2 4 .
Types of plgstlc e @ Ml s
* Concentration for each type 2. & JSC
* Size distribution "€ oy G state 88

Relatively new and Extremely complex practical problem
yet to be developed.

32
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Analysis of Nanoplastics: Analytical Challenge

| Raman Microspectroscopy |

Physical separation provides limited size characterization



Scanning Raman Micro-spectroscopy (RM)

Laser

Line filter s

. / ccD
1 camera
Edge ’)

filter Diffraction

grating

Analyte

Microscope
objective

* Non-contact and non-destructive analysis
* No or little interference of water
 Chemical analysis at the um-level

« 2D & 3D Raman imaging



Scanning Raman Micro-spectroscopy (RM)

8 L

Polystyrene

-

Removing impurities,
Selective digestion of
proteins, lipids, etc.,
Centrifuge and multistage
filtering to a desired max
size of particles.

Keep track of quantity.
Difficult to get a golden
MP-free standards.

Chemical 1dentity,
Number of MP

Raman background

/

Polystyrene 500 nm

Size and shape
surface uneven

Al-coated glass
slides




RM-based Analysis of Particles ~1 um

Ramanmap 50 nm scan step
JF

2w, = 244
D

A= 532 nm

R=w(=0.7 um

X/ um

Polystyrene ] f
2 500 nm

Raman spectrum

Intensity

500 nm polystyrene particles on Al-coated slide Wevenumber / e



IR absorption or Raman microscopy?

Traditional IR

(FT'R/QCL) Raman
Microscopy

Microsco

Spatial Resolution

Fluorescence Interference

Spectral Sensitivity

Speed of Measurement

Extensive Libraries/Spectral Interpretability
Reflection (non contact, stand-off, no ATR)
Water Vapour Fluctuation Sensitivity
Water (Solvent) Compatibility

Glass Substrate Compatible

Spatial Resolution Independent of Wavelength

How to combine the benefits of both approaches ?



Optical Photothermal IR Spectroscopy (O-PTIR)

Infrared
pulse

IR diffraction limit

e < 1 0um

Beam of a pulsed IR laser is focused. Laser beam in visible is focused
colinearly with IR

IR absorption causes local temporal
heating, which leads to change of
refractive index => change in scatter
of visible light.

Spectrum is detected by detecting

visible, while scanning IR. Thermal
expansion

IR absorption, but only in the
~().7 um focal arear of visible

Sensitivity of IR with resolution of Raman



IR absorption and Raman vs O-PTIR microscopy

Traditional IR
(FTIR/QCL) Raman O-PTIR

Microscopy

Microsco

Microsco

Spatial Resolution

Fluorescence Interference

Spectral Sensitivity

Speed of Measurement
Extensive Libraries/Spectral Interpretability
Reflection (non contact, stand-off, no ATR)
Water Vapour Fluctuation Sensitivity

Water (Solvent) Compatibility
Glass Substrate Compatible

Spatial Resolution Independent of Wavelength




Tunable IR laser sources

Custom QCL options available

<3

“C-H region”

3000-2700cm*!

“silent region”

2600 -2000 cm!

£

Standard QCL

™ | #1 | #2 #3 ? :
: | | | | |
0.75 ! . | | 1 |
1 0PO:3600-2700 cm! i ; | L
{: | | ] | -
| | | | ' | ‘ :
0 5-: ; ! i C-D,C=C,C=N, ! : | .
1! i : etc : | | A
| | | | ' | \ :
1! | ' | ' | | |
0254 s s s | .
] : : : : T
1 | | | | | :
0+ : | i } | f '

J— e——— i pr— v e pom—

3500 3000 2500 2000 1500 1000
cm™!

IR OPO - bulky, energy inefficient, require maintance.
QCL - a semiconductor-based, compact, but limited tunability range for
each specific type.



02+

Use of IR spectral data bases

FTIR O-PTIR
(thin film, transmission) (thick block, reflection)
10 micron
{Polypropylene, PP (FTIR reference)
1Polypropylene, PP (O-PTIR) mm'’s
| \v ﬂ
£ :'
) f k | o
o > b M...Jﬂ- A
" 40bo Mbo ~ Mbo 30 320 000 2000 2600  24b0 nbo' I TT “EET “JT “JT T ) [0
|Polyethylene, PE (FTIR reference)
|Polyethylene, PE (O-PTIR)
|
|
|
\
T
¥ X

—————

T 4000 3800 3600 340 3200 00 2800 2600

2400~ 2200 2000 b0 16D0  14b0 1200 1000 800
cml



Simultaneous IR and Raman microscopy
with <l um resolution

1002Ring

Raman v" Same Spot breathing

A pulsed, tunable IR laser (red) is Spectrometer

guided onto the sample surface / Same Time
v" Same Resolution

c=c |1492

stretch

with the 532nm detection

3048
aryl C-H

imultaneou

measurements are acquired
by additionally detecting the
Raman shifted light returned
from the sample surface

o The reflected green
light returns to the
detector, and the IR

2924
aliphatic
CH

Raman

4
o The collinear beams are focused
on the sample surface through a
microscope objective

mIRage O-PTIR and Raman Intensities (AU)

o' When IR absorption occurs, the
thermal response of the sample
surface is monitored by the

green detection laser

IR for polar 3500 3000 2500 2000 1500 1000 500
Raman for non-polar Wavenumber / Raman shift (cm™)



IR + Raman microscopy

» Locate and make a 2D digital map of beads;
v" Pre-program X-Y scan to stop at the locations of suspected MP beads;
v Point microscope one by one to this locations

» At each location scan IR to get O-PTIR and Raman spectra

Optical Image ‘: QELRRaman PMMA, 500 nm @
LIRRaman Substrate, CaF,, ¢
| 4 um away

2|
(228
&

mIRage O-PTIR/Raman Intensities (AU)

/ ¢ - V v
3670 3500 3000 2500 2000 1500
Wavenumber/Raman Shift (cm™')



IR + Raman microscopy

» Search in thew available databases of IR and Raman for the best hit

- PMMA 500 nm - SP19 Structure/Properties v ax
- BMX #604, POLY(ME THYL ME THACRYLATE), BEAD POLYMEH INTRINSIC VISCOSITY 02

025+

°~c,0
0 ———
4000 3500 3000 2500 2000 500 CHz—C
cm™
- X

IR VST, Pebimctel St Substructs Sel. Substructs Original Data Files
All Properties Attachments Preferred Properties
~ Name  Valke
Name POLY(METHYL METHACRYLATE), BEAD POLYMER INTRINSIC VIS(
0.2
CAS Registry 9011-14-7
Number
Classification POLYACRYLIC AND POLYMETHACRYLIC ESTERS
- | Comments MICRON SIZE 50-150
Dynamic Viscosity  (Intrinsic)= 0.2
Formula (C5H80O2)n
Source of Sample  Polysciences, Inc., Warrington, Pennsylvania
Synonyms 2-METHYLACRYLIC ACID, METHYL ESTER, POLYMER

2-METHYLPROPENOIC ACID, METHYL ESTER, POLYMER
METHACRYLIC ACID, METHYL ESTER, POLYMER

Technique FILM (CAST FROM ACETONE)

725
IR Spectral HQI <B 3 >
| 1 =B 1




