11/10/17

Microscopia Raman
Contocal & Microscopia
) de Fuerza Atdmica

FACULTAD DE UNIVERSIDAD
UIMICA

DE LA REPUBLICA|

LIRICI Ay

Dr. Ricardo Faccio

Centro NanoMat

Facultad de Quimica
R Universidad de la Republica

rfaccio@fqg.edu.uy

Punteo

O Modos Vibracionales

O Reglas de Seleccion: IR vs Raman
O Microscopia Optica y Confocal

O Microscopia Raman Confocal

O Aplicaciones de MicroRaman

O Microscopia de Fuerza Atoémica
O Aplicaciones de MicroRamanAFM




11/10/17

1. Modos Vibracionales
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1. Modos Vibracionales

O Numero de modos depende de los grados de libertad

® Moléculas no Lineales
o N° modos=3N-6
o Ejemplo: Benceno

= 30 modos

B Moléculas Lineales
o N° modos=3N-5
o Ejemplo: CO,

= 4 modos




2. Reglas de Seleccion

O IR: Absorcion de fotén por dipolo (u) del modo normal de

vibracion.

O Raman: Dispersion inelastica mediada por momento
dipolar inducido (polarizabilidad «) generado por la OEM.

2. Reglas de Seleccion: IR vs Raman

— — — — — — é
A
afp afp afp atp
‘ q ‘ q
da da da) _ da) _
(aq),o"’ (aq),,,"’ (eq),, 0 (aq),, 0
B | @ %) 8
(eq . 0 8q°° 0 aq%:o aq%:o
Raman active Raman active Raman inactive Raman inactive
IR inactive IR inactive IR active IR active
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2. El efecto Raman

The Raman Effect ‘ng' 2/
N AV ﬂ//
h(Voi Vvlb) A\ < L
hv, \
Virtual state Virtual state Virtual state
Rayleigh scattering Stokes Raman Anti-Stokes Raman
h (Vo- VVib) h ( Vot Vw'b)

N
N
N

v=1 v=1 v=1
LY v=0 v=0 v=0
distance distance distance

2. El efecto Raman
The Raman Effect o

- non-resonant excitation (Stokes) or annihilation (Anti-Stokes) (\”*V/)
of a vibrational quantum /
- energy shift between the exciting and scattered photon is characteristic
for the molecules involved in the scattering process h
Anti-Stokes Rayleigh
Virtualstate intensity
Energy Rayleigh Stokes hv """ I~ 1/1
T K e l
Anti-Stokes Stokes
fig. 1.1: Energy level diagram for Raman scattering 1000 ° m«mmmumm’mm]
N
-theoretical prediction 1923 by A. Smekal ’
- experimentally discovered 1928 by Sir Chandrasekhara Raman, Nobel Prize 1930
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2. Infrarrojo vs. Raman

wavelength (Um)
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2. Esquema Tipico de Experimento

Sample
Objective

Lens

Notch/Edge Filter

|_| Spectrometer

A ||
|

6
’Rayleigh ~10°x ’Raman

/N

- typical integration times: seconds - several minutes
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2. Espectroscopia Raman

300 600 900 1200 1500 1800
rel. 1/em

chemical, but NO spatial resolution

2. Identificacion de Bandas

Functional Group/ Vibration Region Raman InfraRed
Lattice vibrations in crystals, LA modes 10 - 200 cm strong strong
§(CC) aliphatic chains 250 - 400 cm™' strong weak
v(Se-Se) 290 -330 cm”’ strong weak
v(S-S) 430 -550 cm™ strong weak
v(Si-0-Si) 450 -550 cm”’ strong weak
v(Xmetal-O) 150-450 cm’’ strong med-weak
v(C-l) 480 - 660 cm™ strong strong
v(C-Br) 500 - 700 cm™ strong strong
v(C-Cl) 550 - 800 cm™” strong strong
v(C-S) aliphatic 630 - 790 cm™” strong medium
v(C-S) aromatic 1080 - 1100 cm’™ strong medium
v(0-0) 845-900 cm! strong weak
v(C-0-C) 800 -970 cm! medium weak
v(C-0-C) asym 1060 - 1150 cm™ weak strong

11/10/17



v(CC) alicyclic, aliphatic chain vibrations
v(C=S)

v(CC) aromatic ring chain vibrations

— 8(CH3)
8(CH2)
§(CH3) asym

8(CH2)
§(CH3) asym

v(C-(NO2))
v(C-(NO2)) asym
v(N=N) aromatic
v(N=N) aliphatic
§(H20)
v(C=N)
v(C=C)
v(C=0)
v(C=C)
v(C=N)
v(-S-H)
v(C-H)
v(=(C-H))
v(x(C-H))
v(N-H)

v(0-H)

600 - 1300 cm”’
1000 - 1250 cm™’

*1580, 1600 cm™'
*1450, 1500 cm™'
*1000 cm™!
1380 cm”

1400 - 1470 cm™

1400 - 1470 cm’

1340 - 1380 cm™
1530 - 1590 cm”’
1410 - 1440 cm
1550 - 1580 cm”’
~1640 cm”’
1610 - 1680 cm”’
1500 - 1900 cm”’
1680 - 1820 cm”
2100 - 2250 cm”!
2220 - 2255 cm”!
2550 - 2600 cm”’
2800 - 3000 cm’”
3000 - 3100 cm”!
3300 cm™
3300 - 3500 cm”!

3100 - 3650 cm”’

medium
strong
strong
medium
strong/medium

medium

medium

medium
strong
medium
medium
medium
weak broad
strong
strong
medium
strong
medium
strong
strong
strong
weak

medium

weak

Medium
weak

medium
medium
weak

strong

medium

medium

medium

strong

strong
medium
weak
strong
weak
strong
weak
strong
medium
strong

medium

strong

2. Métodos Teoricos

O Calculos ab initio o Primeros Principios

O DFT

m Gaussian
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2. Simulacién de IR y Raman
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3 Microscopia C)ptica Clasica

What is the resolution limit of a classical optical microscope?

Ernst Abbé (1840-1905): diffraction theory

Ax20,61x(A/NA)

(€]
NA=n Sin®

air: NA<0,95 (340nm @ 532nm exc.)
water: NA<1.2 (270nm @ 532nm exc.)
oil: NA<1/4 (230nm @ 532nm exc.)

resolution limit = A /2
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3. Microscopia Confocal

confocal microscopy
detector
pinhole
classical
beamsplitter
[faser |
confocal

- much smaller background
- 3-D information

objective - slightly higher resolution possible

spatial, but NO chemical information
sample focal plane P ’

3. Microscopio Confocal +
Espectroscopia Raman

3-D Imaging with chemical sensitivity

» take a complete Raman spectrum at every image pixel

« extract the relevant information (peak intensity, width, position etc.)

« display this information as image

Parque Cientifico y Tecnolégico de Pando (PCTP) /
Instituto Polo Tecnoldgico de Pando (IPTP)
ANII- Proyecto EQC_X_2012_1_14
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3. Microscopio Confocal +
Espectrometro Raman

Imaging with chemical sensitivity

3. Esquema

Multi Mode Fiber
UHTS 300 Confocal Pinhole

Upto 70% Transmission
EMCCD - 0.7 ms Integration Time

High efficient
Filter

Single Mode -ﬁ ’
Fiber i
. N

# —_I Optimized

Requirements: -

» Highest Sensitivity

Raman Optics

+ True Confocal '

» Fast Acquisition of Spectra U

+ Easy Change from Confocal to AFM -
4 4

11/10/17
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3. Caracteristicas de la Técnica

O No Destructivo

O Identificaciéon Quimica Directa

O Identificaciéon de Propiedades de Materiales

O Facil o nula preparaciéon de muestra

O Solidos cristalinos, solidos amorfos y Liquidos
O Deteccién 3-dimensional

O Variacién de Temperatura (Linkam)

O Combinacién de deteccién quimica con AFM (EFM &
MEFM)

3. WITec Alpha 300 RA

WITec Confocal Raman Microscope System Alpha300R de alta
sensibilidad para longitudes de onda de excitacion de 532 nm y 785 nm.

O Imagen Espectral Raman: adquisicidn de espectros Raman completos
en cada pixel (mapping)

O Adquisicidn de espectros Raman en dreas seleccionadas (micro-
Raman)

O Imdgenes 3D Raman confocal.

O Microscopia confocal de Reflexidn

O Resolucién Optica: Limite de difraccidn, tipico 300 nm @ 532 nm
delongitud de onda de excitacién (objetivo NA 1.4)

O Tamafio de la muestra: max. 120 mm x e y direccion, 25 mm de altura

O Dos espectrémetros y detectors CCD optimizados, uno para IR
cercano y otro para rango Visible.

O Criostato para micro-confocal rango T=-196 C a 600 C (Linkam)

11/10/17
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3. Plataforma Piezoeléctrica

O Plataforma piezoeléctrica para el barrido de muestras.
O Rango continuo de barrido de hasta 200pm en ejes X e Y y 20
um en eje Z.
O Dispositivo de barrido lineal con feedback de loop cerrado
O Resolucién de barrido:
® Precisién de posicionamiento:

B <2nmenejeejesXeY
m <0.2nm (2 A)encje Z

o AFM, MFM y EFM
m FSE_1_2014_1_102008 Fondo Sectorial de Energfa - ANII

= “Nanomateriales para almacenamiento de energfa: nueva serie de ca
todos para baterfas de ion-Litio”

3. Doble CCD optimizada para cada

region del espectro

dual wavelength system (532nm + 785 nm)

| — | loss of 532 nm system when
1 T = 1] equipped with DD-CCD

1 gain at 785nm excitation when
equipped with DD-CCD

Quantum Efficiency (%)

Front llluminated CCD camera has
much lower QE.

Wavelenath (nm)

solution for optimized dual wavelength system:

=> 2 spectrometers + 2 cameras

532nm excitation:  500nm blaze, standard BI-CCD

785nm excitation:  750nm blaze, DD-CCD

12
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3. Disposicion

4. Aplicaciones

I N
Microscopia Raman Confocal
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Imagen Raman: dispersion agua-aceite

) WJ :\: |

[ 500 1000 1500 2000 2500 3000 3500 4000
raman-shikt [1/om)

Body lotion, imaging parameters:
2 mW excitation @ 532nm, 100x oil, NA=1,25
20 x 20 um, 180 x 180 pixels (= 32400 spectra)

50ms/spectrum

Reconstruccion Imagen Raman 3D

Sample: Oil/Water Emulsion

3-D Reconstruction

Evaluated Band: CH-Stretching
Excitation: 532nm

Scan Range XY: 100x100 um
Scan Range Z: 30 um/32 layers

Total number of Spectra: 517 500
Total Acquisition Time: 23 min

11/10/17
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Stents para Drug Delivery

Raman cross-sectional image Tt ‘ ‘
of a coating of a drug plus
8000 |

polymer on a stent.
Polymer (red), S eooo |-
amorphous drug (green), 2 Amorphous
crystalline drug (blue), = o
polymer + amorphous drug ( yellow). -
100x 10 microns scan.

Crystalline

500 1000 1500 2000 2500 3000

Image Courtesy: YWavenumber (cm™)

Dr. Klaus Wormuth, SurModics (www.surmodics.com)

(Geoclencias

Fig.1: |) Orange rectangle indicates scan position on polished  Fig.2: ) Combined false color image and the corresponding color-coded spectra

rock section.

] Calcite
s A " \\ At g ANl PN
organics  /\
g
Fluorite
g
Fae Quartz
sbad_ P
Titaniumoxide
o
Fig.1: [l1V) EMP maps showing elemental distribution; V) Unidentified phase
corresponding Raman image, integrated intensity 140-300
P
rel/em 400 800 1200 1600 2000 2400 2800

rel. tiem

11/10/17
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Células epiteliales en Buftfer

Intensity in the CH 2 stretching band
8 ‘ (2800 - 3000/ cm)

100 x 100 pixel = 10000 spectra
. | objective: 60x, NA = 1.0 water
. “ N il o, 532 nm excitation, 5 mW
% 100 ms / spectrum => 17 min.

Imagen reconstruida

nucleus endoplasmatic
reticulum

~ .
nucleoli f, - %

P
BB 8

=
' ; 5
nuclear membrane mitochondriae

10 um

11/10/17
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Tabletas: API y Excipientes

i
ool
hdedhd N

S0 600 900 1200 1500 1800 2100 2400 2700 %00  30C
oL iem

Confocal Raman Image overlaid Corresponding Spectra
on the topography Red & Blue : API
Green : Excipient

Polimeros

Thin Film of PMMA - PET

Raman image

o hamnAAPMMA A

LPET

Glass

AFM image ]

-'-_Lr'\,m-ﬁu-u !

A
20x20x0.2 pm?3scan area

20x20 pm? scan area, 150x150 pixel
0,05 s integration time
«total 22500 spectra

11/10/17
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CHy

Blend PMMA+SBR  + "

Fig. 5: Overview AFM Tmage of 3 PMMA-SBR Blend.

Fig. 9: Color coded Raman image of SER resulting from the Fig.10: Color coded Raman image of PMMA resulting from the
integral intensity of each spectrum. integral intensity of each spectrum.

fat |

aqueous p

S—— 1

emulsifie

500 1000 1500 2000 2500 3300
el om
Fig. 2b: Corresponding spectra of the compounds contained within the emulsion.

Fig. 2a: Raman Image of an emulsion used in food
production. Scan range: 30 pm x 30 pm, 120x120 pixels
(=14400 spectra, 532 Nd:Yag Laser for excitation, 100 x oil
objective (NA=1.25). Red + green: fatty matrix, blue:
aqueous phase, yellow: emulsifier PGPR

Chocolate blancg

LM

. saccharose

2
2
& MM W
\
i B \( \ /" _ excipients

A

JIVLN f”‘%/{ \L

L
400 800 1200 1600

&0

SO, VN
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Chocolate Blanco (toblerone)

o Sacharose, Maltose and Fats

Scan_000_Spec.Data 1_F (Extracte« d)

T

800 1200 1600 2000 2400 2800 3200 3600
rel. 1/em

Experiencias

WITec alpha300RA

11/10/17
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4. Aplicaciones

I -
Microscopia Raman Confocal

Imagen Raman: dispersion agua-aceite

300
CHz
- h
|
200
H20
i
E 150
100
\ . - = .. i i
" J SO
= " e
° o 500 1000 1500 2000 2500 3000 3500 4000 * »
raman-ahit [con] ‘ ‘ .
Body lotion, imaging parameters: »
2 mW excitation @ 532nm, 100x oil, NA=1,25 b ’ 5 3
20 x 20 um, 180 x 180 pixels (= 32400 specira) . ’ i .1
. . .
50ms/spectrum 2 's

11/10/17
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Reconstruccion Imagen Raman 3D

Sample: Oil/Water Emulsion

3-D Reconstruction

Evaluated Band: CH-Stretching
Excitation: 532nm

Scan Range XY: 100x100 um
Scan Range Z: 30 um/32 layers

Total number of Spectra: 517 500
Total Acquisition Time: 23 min

Stents para Drug Delivery

Raman cross-sectional image T

of a coating of a drug plus

s000

polymer on a stent.

6000

Polymer (red),

Amorphous

amorphous drug (green),

Intensity (a.u.)

4000

crystalline drug (blue),
polymer + amorphous drug ( yellow).

2000

100x 10 microns scan.

Crystalline
f :

L L L L
500 1000 1500 2000 2500 3000

Image Courtesy: ) YWavenumber (cm™)
Dr. Klaus Wormuth, SurModics (www.surmodics.com)

11/10/17
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Polimeros

Thin Film of PMMA - PET

Raman image

AFM image At A PMMA [

,\_Jw“w‘ PET

A B
20x20x0.2 pm?3 scan area

20x20 pm? scan area, 150x150 pixel
0,05 s integration time

Blend PMMA+SBR

Fig. 5 Overview AFM image of a PMMA-SBR blend.

| stotal 22500 spectra
| * B
¥

SBR -{(cn;cn#cn,-cu:cn-cn,t}

L)

[ f\

Fig. 9: Color coded Raman image of SBR resulting from the Fig.10: Color coded Raman image of PMMA resulting from the  Fig. 1z Corresponding spectra SBR (b\ue ) and PMMA (red).
integral intensity of each spectrum, integral intensity of each spectrum.

11/10/17
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fat |

aqueous p

SRS e fatll

emulsifie

500 000 1500 2000 2500 3000
el tlem

ig. 2b: Corresponding spectra of the compounds contained within the emulsion.

o

Fig. 2a: Raman Image of an emulsion used in food
production. Scan range: 30 m x 30 um, 120120 pixels
(=14400 spectra, 532 Nd:Yag Laser for excitation, 100 x oil
objective (NA=1.25). Red + green: fatty matrix, blue:
aqueous phase, yellow: emulsifier PGPR

Chocolate blancg

. saccharose

/A excipients

fat

2800 3200

Chocolate Blanco (toblerone)

o Sacharose, Maltose and Fats

e e Scan_000_Spec.Data 1_F (Extracted)
2
21
&
= J L]
2
ST
@
- Do
-697 (-758,65) CCD cts CIQ
Pixel (37/1) | R: 25,573 ><D
3

| AN L

[
[NV Y SN

800 1200 1600re %DOD 2400 2800 3200 3600

L
L
[
L
I
L

|, 1fci
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Experiencias

WITec alpha300RA

Ejemplo 1: Mesocestoides vogae
larva tetrathyridea

Identificacién monohidrocalcita (verde) en
Mesocestoides vogae (Lab. Farmacologia/LEA Fac.
de Quimica), gracias a la presencia de la banda
ubicada a 1100 cm™, notar la imagen con contraste
(verde). Por otra parte, las bandas restantes permiten
identificar diferentes regiones de la membrana
(bandas C-H 2700-3000 cm-1, proteinas 1660-1450
cm-1, Iipidps 1300-1440 cm-1).

2
3

g

cCDots
420 490

350

N

™~

500

1000

1500

2000 2500 3000 3500
rel. 1/cm

11/10/17
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Ejemplo 1: Mesocestoides vogae
larva tetrathyridea

OEX) Video Image 007 (Top)
g o
g
g
g (\
- a N
o
8| || \
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Ejemplo 1: Mesocestoides vogae
larva tetrathyridea

o0 e Video Image_007 (Top)
&
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153
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2 \
g
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e )
e
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Ejemplo 1: Mesocestoides vogae

larva tetrathyridea

Video Image 006 (Top) = (&= | b, Matrix (Average)
-— - Graph List ﬂ
Remove | Drawin|

WCa0H AvevE ge)
[CiMatrix (Average)

800

[===]

CCDcts
700
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500
+

Color Bitmap (768x576) - BGR 000308 - | e
Pixel (2 EEZ

(400/299) | R: 0 m

400
+

Y Scale
Video Image_007 (Top) = Top GEE: .J

Battom: 317.01 400 800

‘IE“. TAxs: 729 61 (729,61 CD cts
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1200 1600 2000 2400 2800 3200 3600
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olor Bitmap (768x576) - BGR 004654
ixel (399/332) | R: 9.5401 um

P Matiix (Average) (Distibution) U
[l combined Bitmap -

@ |52 ] | @ caOH (Average) (Distribut... | = |[ & |[ 2 Matrix (Average) (Distri.. [ = |[@ | R |

Ejemplo 2: Blend PMMA+PS

Mezcla de Poliestireno (PS) con polimetilmetacrilato
(PMMA). Se idenfican dos zonas (roja y verde), se
obtiene un espectro raman en ambos lugares. El
espectro indica que la zona marcada en verde es
PMMAYy la roja PS

Observando las diferencias en el mapping

correspondiente al recuadro negro, donde se obtiene g I [ |

la imagen combinada de ambos componentes.

27 \'\;4_LA,,,ML\JK,L;\ ,,,,, f’\;\y; -
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Ejemplo 3: Formulaciones

3600

2700

CCD cts

1800
L

900
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FEB
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500 1000 1500
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2000 2500 3000 3500
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Ejemplo 3: Formulaciones
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Ejemplo 3: Formulaciones
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Ejemplo 4: Asesoramiento

muestra A, B y Materia Prima
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Ejemplo 4: Espectros Raman de
Mannitol
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Ejemplo 4: PCA Componente 1
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Ejemplo 4: PCA Componente 2
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Ejemplo 4: PCA Componente 3
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Ejemplo 4: Formulaciones:
Manitol+ API
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Ejemplo 5: Grafeno

"Position and fwhm of the G and 2D peak(...)confirm presence of single-layer
graphene”

¢ Position of 2D peak depends
Raman shift (cm™1) on number of layers
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Ejemplo 5: Grateno y MLG
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Ejemplo 5: Grafeno
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Ejemplo 5: Grafeno
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Ejemplo 5: Grateno
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Ejemplo 5: Grateno

CCDcts
600 700 800 900 1000

500

211290

2600 2640

2680
re

l. 1/c

2720 2760 2800
m

11/10/17

34



11/10/17

Ejemplo 5: Grateno en Soluciéon
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Ejemplo 6: Depth Scan Cu,O
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Ejemplo 7: Caracterizacion de N'T
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Modelado: Espectros Raman de
polimorfos de TiO,

Espectros Raman Calculados Cilculos DFT: Cédigo VASP
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Espectros Raman Calculados y Expetimental:
Dylla et al, J. Phys. Chem. Lett. 2012, 3, 2015 2019

36



11/10/17

Modelado: Espectros Raman de
Titanatos de H y Na (Teo6ricos)
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Resumen: Micro Raman Confocal

O No Destructivo

O Identificacion Quimica Directa

O Identificacion de Propiedades de Materiales
O Preparacion sencilla de muestra

O Solidos y Liquidos

O Deteccién 3-dimensional
O Combinacion de deteccion quimica con AFM

O Variacién de Temperatura (Linkam)
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Micro Raman AFM Dual
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| Métodos de Medida

AC Mode

Contacto

Contact mode: Triangulos de Al
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Contact mode: Triangulos de Al
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T R TV

EFM & MFM

- scanner
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Raman & AFM Dual

100nm A) Topography image acquired
in AC mode revealing a three
level fine structure.

B) Simultaneously recorded
phase image showing different
viscoelastic properties at each
topographic level.
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o MFM

Resumen: AFM/EFM/MFM

O Diferentes Modos de Medida:
m Contacto
m No Contacto
m Liftmode
O AFM/EFM/MFM
O Topologia y Propiedades Fisicas:
m Dureza

®m Viscosidad
m Adhesion

O Posibilidad de medir en Liquidos
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Nanomateriales Para Energia

o Celdas Solares

m Electrolitos Sdlidos y Poliméricos.
» Catodos de LiFePO4.

= Nanoestructura de TiO2 para DSSC.

o Baterias de Ion-Litio (FSE 2011/2014)

LITO: Ceramico

Intensity (au)

Fig. 5 — Confocal Raman imaging for LLTO-900-Ts pellets with Ts=1000 (a,e), 1100 (b,f), 1200 (c,g)
and 1300 (d;h). Zone A (light blue) was filtered using the LLTO E, mode (~120-180 cm’’), zone B (blue)
was filtered using the Li,TiO; Ti-O streching mode (~650-690 cm™) and zone C (green) was filtered

using the La,Ti,0; F», mode (~780-820 cm’l).

T.=130

——zone B
——zone C

zone A

200

400 600

Raman shift (cm™)

800
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~1050 cm*

LLTO-PMMA:

O Microscopia Raman
Confocal:

# LLTO muestra muy buena
afinidad con grupos nitrato

800 1000 1200 1400 1600 1800

(d

‘zaa 400 600 800 1000 1200 1400 1600 1800

~1050 cm™

Fig. 3 — Confocal Raman spectroscopy for LLTO (red), PMMA (blue) and LiNO3
(black) sample references (a) and LIPMMA-LX with X=0 (b), 1 (c), 2(d) and 3(e).
Raman spectra ascribed to LLTO-rich, PMMA-rich and LLTO-PMMA interface zones
are represented with red, blue and black lines, respectively.

200 400 600 800 1000 1200 1400 1600 1800

(b

~1050 cm™

200 400 600 800 1000 1200 1400 1600 1800
~1070 cm™

(a

Fig. 4 — Confocal Raman microscopy for LIPMMA-LX with X=0 (a), 1(b), 2(c) and — A
3(d). The filtering of the LLTO Az mode at ~145 cm™ and the PMMA v(C=0O) mode at 200 400 500 00 1000 1200 1400 1600 1800
~ 1725 cm" are shown in red and blue, respectively.

Raman shift (cm”)
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