mechnik — molekulova analyza
*Techniky Ramanovy spektroskopie
e Normalni RS

e Resonan¢ni RS
e SERS, SERRS, TERS

*Ramanova mikrospektroskopie _ |
Raman’s Spectrograph with Photographic Plate

° DISperznl and 1st Spectra Publlsh?d in Indian Journal of
Physics

e FT Ramanova
e TERS
e SNOM

1?.
(3

From C&E Mews, p. 103,
January 18, 19949







Uvod k Ramanove spektroskopii

Sir Chandrasekhara
Venkata Raman
1888 - 1970

Nobelova cena za fyziku
1930

A New Type of Secondary Radiation

C. V. Raman and K. S. Krishnan, Nature, 121(3048), 501, March 31, 1928

The experiments we have made have confirmed this anticipation, and shown
that in every case in which light is scattered by the molecules in dust-free
liquids or gases, the diffuse radiation of the ordinary kind, having the same
wave-length as the incident beam, is accompanied by a modified scattered
radiation of degraded frequency.




Uvod k Ramanove spektroskopii T
P T Bl
Dulezita jmena '
e Adolf Gustav Stephan Smekal — 1923 — predpoved’ jevu\—
modulace monochromatického zareni vnitrnimi frekvencemi
molekuly
e Leonid Isaakovic¢ Mandelstam a Grigorij
Samuilovic¢ Landsberg — podrobngjsi teorie a
experimenty s rtutovou vybojkou a krystalem
Landsberg G.S., Mandelstam L.I.;
Naturwissenschaften 16, (1928) 557.
e Georg Placzek — teorie Ramanova rozptylu,
Placzek G.; Rayleigh-Streuung und Raman-Effekt
v Handbuch der Radiologie (Marx E., editor) 2 Auflage,
Vol. VI, Part 11, Leipzig, Germany 1934.
e Gerhard Herzberg - Molecular Spectra and Molecular Structure
Vol. 1 Diatomic Molecules, Van Nostrand, New York, USA 1939.,
Vol. 2 Infrared and Raman Spectra of Polyatomic Molecules, 1945.




NndMaNOVE ST ROPH-
AR

¢ 60. léta 20. stoleti — objev laseru

< 70. léta — prvni konstrukce Ramanova
mikroskopu

< 70. leta — objev povrchem zesileného
Ramanova rozptylu (SERS)

< 80. leta — prvni pouziti mnohokanalove
detekce - CCD

< 80. leta — prvni konstrukce FT
Ramanova spektrometru

< Posledni obdobi — miniaturizace, prenosne pristroje,
TERS, kombinace s AFM, elektronovou mikroskopii, FTIR
mikroskopii
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Klasické pfiblizeni P = O Bx ¥ Clay By + oz £z
- Indukovany dipélovy moment
umerny intenzite elektrického pole

pr = o Eocos(2 mvor) + %{ j—j] 4% Eo [CDS(Z?L‘(V[}— vi)t)+cos(2m (vo+ wf).r)]
ko

Stokes anti-Stokes

Py =ayx Ex+oywy Ey+ Oy E-

P-=0zxExt oy Eyta--E:

Zakladni vybéroveé pravidlo
Ramanova rozptylu
zmeéna polarizovatelnosti hehem vibracniho pohybu




P Ramanovs SpektaHSIEE

* moznost meéereni ve vodném prostredi

> nizka intenzita Ramanova rozptylu pro vodu

> pouzivané optické materialy nejsou citlivé na vihkost

* moznost meéreni ve sklenénych nadobach

>meéreni v uzavienych ampulich - napf. pod vakuuem

» snadne vyuziti skelné viaknove optiky

* minimalni pozadavky na upravu pevnych
vzorku

* intenzivni pasy -C=C-, -N=N-, -S-S-
a dalsich symetrickych vibraci



Zdroj zareni

e Slunce a filtry

e rtut'ova vybojka
4&@ "/ « LASERY
»monochromaticke
> koherentni

Detekce svetla
e OCi e fotonasobice
o fotografické desky e CCD cCipy



FT Ramanovy spektroskopie

Problém citlivosti - zavislost intenzity rozptylu na vinové délce
Problém rozliseni - disperzni spektrometry - disperze na mrizce
«— V(em) ——
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@ prenosne pristroje — ,rucni”, mobilni

* stolni kompaktni spektrometry

* stolni spektrometry s volbou excitacni vinove
delky

* stolni mikrospektrometry

» vedecke systemy

* prumyslové univerzalni systémy
» aplikaéné pfizpusobené
(jednoucelove) systemy

Makro-vzorkovani
Mikro-vzorkovani
Nano-vzorkovani



http://www.kosi.com/raman/analyzers/ramanrxn3.html

Vzorkovani

- makroskopicke - vialky, sklenéné kyvety (NMR, UV-vis ...),
moznost merit pres tenkou vrstvu polymeru

Vzorkovani
-priklady
-Nicolet




/Sﬁalm techniky

rezonancni - RR

povrchem zesileny - SERS

rezonancni povrchem zesileny - SERRS
hrotem zesileny - TERS

fotoakusticky - PARS

casove rozliseny - TRRS

Ramanova opticka aktivita - ROA

hyperRaman
koherentni anti-Stokes - CARS
koherentni Stokes - CSRS
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e virtualni hladina a elektronové
excitovane stavy
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e virtualni hladina v blizkosti

elektronové excitovaného stavu

e UV rezonanc¢ni Ramanova spektroskopie — nukleové
kyseliny, proteiny

e Viditelna oblast — koordinanc¢ni slouceniny, organicka
barviva, hemoproteiny

e NIR - ,prerezonance” ? — nizkoenergetickeé
elektronové prechody

e Excitacni profily - zavislost Ramanovych spekter
(vybranych past) na excita¢ni vinové délce



CNI
| |

e Faktor zesileni - 10% - 104

* Franck-Condonovo zesileni

e Slozka normalni souradnice vibrace je ve sméru
yexpanze" molekuly béhem elektronové excitace
(dychaci vibrace porfyrinového makrocyklu)

* Vibronicke zesileni
e sprazeni se dvéma excitovanymi stavy



e Faktor zesileni - 10% - 104
e Praktické aspekty

e U roztokl - otazka volby koncentrace a
pozice excita¢niho paprsku
» Samoabsorpce
» Fluorescence

» Volba geometrie paprsku, fokusace
» Koncentrac¢ni profil
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Fig.1-(a) Raman spectra of the tangential G-band modes of SWNT bundles measured with several different
laser lines, on a sample with d; = 1,37 £ 0.18 nm (Pimenta et al, 1998), (b) Resonant transition energies
Ejj vs. dy. The vertical solid line is the average d; and the vertical dashed lines denote the d; distribution
width. Crosses are for S SWNTs and open circles for M SWNTs (Samsonidze et al. 2003).
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Fig. 4 - RBM Raman measurements of HiPco SWNTs dispersed in SDS aqueous solution, measured with

76 different laser lines (Fantini et al. 2004). The nonresonance Raman spectrum from a separated CCly

solution is acquired after each RBM measurement, and is used to calibrate the spectral intensities and

to check the frequency calibration. Each Raman peak comes from the radial breathing mode (RBM) of

a specific (n, m)single-wall carbon nanotube that enters and leaves resonance. The RBM frequencies are
inversely proportional to the nanotube diameters.



» surface enhanced - povrchem zesileny

e zesileny signal od specii adsorbovanych na povrchu
stribra, zlata a médi - faktor zesileni - vice nez 104
(lokalné i vice nez 102) - az k detekci jednotlivych molekul

e zesileni zavisi na morfologii povrchu - “hruby
(nerovny) povrch” — nanostrukturovany, nanocastice

P

e dva mechanismy - elektromagneticky (povrchova
plasmonova resonance), chemicky - chemisorpce,
komplexy s pfrenosem naboje

e SERS-aktivni substraty - zdrsnéné elektrody, koloidni
castice, ostravkové filmy, mezifazové filmy ...




ield is born, apparently in full adulthood, and complete with a name. Such was
the case with the Mdssbauer effect and with polywater, and so, too, was the case with
SERS. The first resulted in Nobel Prize, the second was shown to be spurious; SERS, 1
believe, has settled in the territory between.

M. Moskovits

® SERS (surface-enhanced Raman scattering)

e zesileny signal od specii adsorbovanych na povrchu
stribra, zlata a médi - faktor zesileni - vice nez 104
(lokalné i vice nez 10?) - az k detekci jednotlivych molekul

e zesileni zavisi na morfologii povrchu - “hruby
(nerovny) povrch” - nanostrukturovany,

nanocastice ricident :
laser light g
(pump) q
s < Raman ﬁg{

signal !ﬁ’

Ag, Au or Cu rough
surface




pectroscop

: glant enhancement Electromagnetic Chemical
of Raman signal
* two mechanisms involved

® electromagnetic - long range, Excitation Excitation
of surface free of charge-transfer

dependson metal-substrate electrons of the transition of
properties (surface plasmons metal - plasma surface-complex
are involved) - coin metals - oelleilon Species
Au, Ag, Cu

® chemical - local, molecular Surface-plasmon Molecular
structure plays an important resonance resonance

role (formation of surface
complex)
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Surface Enhanced Raman Spectroscopy (SERS)

[. Electromagnetic effect
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— chemicky mechanismus - efekt pfenosu naboje
(CT), povrchovy komplex - analogie k RR, otazka
potencialu (elektrody)

II. Chemical effect

HOMO HOMOD

E{0)




e Intenzita signalu
e Vlivdruhu kovu

» Vliv morfologie povrchu

» Vliv pokryti adsorbatem .

- orientace adsorbatu viici povrchu !

5

0 |
0 5 10 15 20 25 30

» vliv excita¢ni vinové délky (otazka profilu
povrchové plasmonové rezonance a

molekularni rezonance)



- specificka vybérova pravidla -

spektra odliSna oproti normdlnimu Ramanové

spektru, prip. oproti rezonan¢nimu Ramanové

spektru

4 elektromagneticky mechanismus

— mody kolmé k povrchu vice zesileny nez mody
paralelné orientované s povrchem

J chemicky mechanismus

— zména symetrie ,povrchového komplexu®



River Diagnostics Model 3510 Skin Analyzer

http://www.riverd.com/instrumentation.htm
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Raman Microsco PY Was a microprobe possible?

*In 1966 Delhaye and Migeon argued that a laser beam could be tightly focussed
at a sample, and the Raman lght efficiently collected and tfransferred to a

spectrometer, without losses.

*Calculations showed that increase in wradiance more than compensated for
decrease in size of iradiated volume.

M. Delhays and M. Migeon, Effet Raman — Calcul du gaim apporie par un dispositif optique de
concentration du faisceau laser pour 'etude de 'effet Eaman, C.R. Acad. Sc. Pans, 1262, 702-705 (7
mars 1888

M. Delhayes and M. Migeon, Effet Raman — Interet de |la concentration d un faisceau laser pour [ excitation
de lNeffect Raman, C.R. Acad. Sc. Paris, t.282, 1513-1518 {132 juin, 1268)

Tomas Hirschfeld - promoted the idea, based on computations, that sample dimension is not as important
as the optical scheme for probing a femto liter sample. His ideas appearad as an abstract Hirschfeld J

Opt. Soc. VE3 1873



Evolution of Microspectroscopy

1974 Fourth International Conference on Raman Spectroscopy, Brunswick, ME,
- reports of first prototypes of 1973 based on doubles with PMT's

#5.1.10 GJ Rosasco and E Etz, Investigation of the Raman Spectra of Individual Micron Sized
Fariicles

#5.B M Delhaye and P Dhamelincourt, Laser Kaman Microprobe and Microscope
1980's Triple spectrographs with microscopes and IPDA’s
1989 Raman microscopes with CCD multichannel detector
1991 MNotch filters used in injection/rejection of laser

Rebirth of widefield, direct (global) imaging due to use of optical tunable
filters (AOTF, LCTF, Interference)

Introduction of confocal microscopy for point analysis and imaging
(point and linescan) providing improved

»depth resolution
«contrast of Raman images/maps
rrejection of fluorescence

1992 European patent for confocal line-scanning



Original Concepts of Raman Microscope

Initial goal was to preduce a picture of the sample through its Raman signal
in order to promote the development to the Raman community.
MICROPROBE (1)  MICROPROBE (32) MICROSCOPE (3)

SINGLE CHANNEL MULTICHANNEL MULTICHANNE L
DETECTOR DETECTOR DETECTOR
FGIJHT LINE INTEGRAL IMAGE
MOMNOCHROMATOR MONO CHROMA TOR GRATING FILTER
FOCUSED
LASER AmLﬁTFI
BEAM \ yﬂtﬂ
LINE
FRAME FRAME
Laser spot scanned across  SCANNING =y NO SCANNING
sample - image Laser spot scanned along g0 pa) jaser illumination -
reconstructusd from line and imaged thru .
PMTeigna stigmatic mono onto sample imaged onto detector

. thru A-selection filter
Delhaye and Dhamelincourt. J Raman Spectros. IHtiphanme] detector



MOLE™ (Molecular Optics Laser Examiner)

First Commercial Instrument - ca. 1974

Double spectrometer/spectrograph

Imaging implemented with global illumination and sample re-imaged onto
gratings and then detector

Many early applications were in Geosciences and contaminant analysis
in industnal materials.

Lack of sensitivity made Haman mapping/imaging impractical due to high
background levels; problems eventually overcome with confocal coupling
and data treatments including multivanate algornthms.

Prototype -
L'Universite des
Sciences et
Techniques de Lille
France




Solid Inclusion in Mineral

White light lllumination Sulfur line at 473 cm™?  SrS0y line at 1000 cm-?

These images were recorded on the MOLE™ using Global
Imaging and published in product literature in 1976.



Mikroskopicky  0ddgleni Ramanova
objektiv 1 rozptylu od excitujiciho
- zafeni

Odstranéni
plasmovych linii

Vzorek

na x-y-z stolku .1 Mikroskopicky

{71 objektiv 2

__Y_Pinhole

Spektrograf




anova mikrospekir

Laser Focus by Microscope Objective

The availability of high na objectives enable the small
focus

o, =ina = 0.5-1um na — NA — numericka apertura

na=nsin®

Laser Focal
Volume



!gamanova mikrospektroskopie

edispersni
e viditelna excitace
e moznost konfokalniho
rezimu pro lepsi
prostorove rozliseni
eFT Ramanova
* NIR excitace
e horsi prostorove rozliseni

e mensi riziko fotorozkladu \W/

a fluorescence




~amanova mikrospekiroskopie

Confocal Line Scanning

Patented unique method to scan laser through objective to avoid
aberrations and maintain diffraction-limited spot. Then the spectrum of
each spot on sample is displayed on a different row of the CCD,
assuming that the spectrograph is stigmatic. European patent #
92400141.5 (1992) Notch filter

1

Pinhole
Diaphram

Scanner

Slit Notch filter/

beam splitter

CCD Detector Line
Scanner
Objective
Grating Sample

Pinhole J



7 1 4 1 4
— | Vzorkovani
- mikroskopické — objektivy s riznym zvétSenim, nastavce pro makro
meéreni

Vzorkovani

- mapovani povrchu

- volba sledované plochy

- konfokalita — hloubkovy profil

- autofokus




-Single Molecule Detection ].K. Trautman et al. Nature 369,40, (1994)

-Raman Scattering C.L. Jahncke et al. Appl. Phy. Lett. 67 (17),
2483 (1995)
-Polarization and Orientation B. McDaniel et al. , Appl. Opt. 37, 84 (1998)

-Magnetic-Imaging U. Hartman, J. Magn.& Magn. Mater. (1996)
-Data Storage H.J. Mamin, IBM J. Res. Develop. (1995)
-Biological Imaging . VanHulst et al. J. Struct. Bio., 119,222 (1997)

-Quantum Dots, Quantum Wires H.F. Hess et al. Science 264, 1740 (1994)
-Lithography S. Madsen et al. J. App. Phy. 82 (1) 49 (1997).
-Photonic Device Characterization

S.K. Burratto et al. App. Phy. Lett. 65, 2654 (1994)
-Semiconductor/ Defect Characterization

LaRosa et al. Mater. Res. Soc. Symp. Proc. 406,189-194 (1996)

40



* Techniky blizkého pole e
 sonda v blizkosti povrchu cps
(,blizké pole®) - ,near field"
EELS
TEM SEM
e Spektroskopie blizkého SIM AFM

1 nm 1 pm 1mm
pOle Rozliseni

« (near-field spectroscopy)
» Mikroskopie blizkého pole

« SNOM - scanning near-field optical microscopy
» UV-vis, IR (IR-SNOM), Ramanova spektroskopie + TERS
adsorbate

Laser » fotoluminiscence, fluorescence

& Z | - rozliSeni lepsi nezZ 50 nm

- spektroskopie jedné molekuly
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nstrumentace
~ = integrované AFM + TERS

AFM head Objectives

Raman
Spectrometer

,..__

Closed loop
steering
mirror

Closed loop
XYZ flexure

piezo scanner



http://www.freepatentsonline.com/6643012-0-large.jpg
http://www.freepatentsonline.com/6643012-0-large.jpg

vané AFM + TERS—

Instrumentace - integro
dva optické porty
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Kombinace

— AFM, Raman nanomapovani

Paralelni obrazy kremikového polovodice

AFM obraz — 9 x 7 pm Obraz Ramanovy intensity— 520 cm™,
stejna oblast



Kombinace -—

MikroRaman, NSOM zesileny Raman, AFM
Paralelni obrazy kremikového polovodice
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Kombinace

— TERS, AFM
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Plicace —— —

* podle typu zkoumaného materialu
e anorganicky
e organicky
e geologicky
e biologicky ...

* podle vhodné instrumentace

e disperzni vs. FT
e makro x mikro x nano

* podle zptisobu vyhodnocovani dat

e knihovny spekter, ,lusténi®, chemometrika ...



» NEDESTRUKTIVNI ANALYZA
(a) absence mechanickeho poskozeni vzorku

(b) vylouceni jakychkoli chemickych zmén vzorku vyvolanych
meéricim systémem

(c) eliminace fotorozkladu materialu
(d) absence tepelného poskozeni materialu

(e) eliminace nezadoucich biologickych procest




analyza, identifikace latek -
knihovny spekter

* Intenzita pasu - kvantitativni analyza

« Casoveé rozliSena spektra - kinetické
studie

e Teplotné zavisla spektra

 Analyza smeési - identifikace subspekter -
faktorova analyza




“spekter

* VYHODNOCOVANI SPEKTER

wposouzeni Fada vlivu zpusobujicich
variabilitu dat

% MULTIVARIAENI METODY
ANALYZY DAT

» faktorova analyza, PCA
» shlukova analyza
» neuronove site




ZORKY - pevné latky, kapaliny, fazoveé

rozhrani

- priklady
* anorganicke - korozni vrstvy, povrchy pevnych

disku, kfemik, amorfni uhlik, diamanty
* organickeé - supramolekularni systemy,
kontaminanty v zivotnim prostredi
» polymery - fotolabilni materialy
* biologickeé - in vitro, in vivo
» geologickeé - mineraly, horniny
» archeologickeé - od paleolitu po novovek




> Studované ma%erllal

GEMMORAMAN drahokamy
FRESCORAMAN anorg. barviva
ICONORAMAN org. barviva
PETRORAMAN kameny
RESINORAMAN amorf. org. m.

TISSUERAMAN tkaneé
CERAMORAMAN keramika
METALLORAMAN koroze kovu
VITRORAMAN skelny stav
CLIMATORAMAN vlivy klimatu na m.




Vzorky

« ocelove a medeneé plisky umistené v bariere —
model bariery hlubinneho uloziste
radioaktivniho odpadu

 vzorky z plaste a dalsich kovovych soucasti
zarizeni




PRamanova mikros
- ocelovy vzorek
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- ocelovy vzorek

219 Hematite Fe,05(220-225 s)
278 Hematite (287-293 s), Lepidocrocite y-FeOOH(257),
Goethite a-FeOOH(300), Calcite (~280)
392 Hematite Fe,0,(398), Goethite a-FeOOH(386,393 s)
497 limenit FeTiO4{Geikielite MgTiO4} (490), Hematite
Fe,04(496-501)

600 Hematite Fe,0,(550-650{730} br/group)

638 y-Fe,04(640)
Maghemite (690), Chromite FeCr,0, (680), llmenit

700 FeTiO4{Geikielite MgTiO} (720), Montmorillonite (705),
Goethite a-FeOOH (680 br), Calcite CaCO4(704)

1084 Siderite FeCO3(1084-1088), Calcite CaCO,(1088)

1358 Graphite (1370 br), Hematite (1300 - second order),

1578 Graphite C (1583)

1612 C




Raman peak half-width [crm™]
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olomit — vliv tlakové viny na sirku pasu
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Skala R., Ederova J.,
Matejka P., Horz F.,
“Mineralogical
investigations of
experimentally
shocked dolomite:
Implications for the
outgassing of
carbonates”,

v Catastrophic
Events and Mass
Extinctions:
Impacts and
Beyond, Geological
Society of America,
Boulder, Colorado
USA. 2002, strany
571-585. ISBN 1-
8137-2356-6
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Positive Match

Sodium selenite

Seleniditan
sodny

e s e s i o et s

The measured data is fully consistent with the library
item for Sodium selenite.

Ahura Scientific
FirstDefender FD2110

6

Auto, Point and Shoot
High

Mode:
Power Setting:

Laser Status:
CCD Status:
Lamp Status:
Calibration:

Last Checked:
Scan Warnings: None

pass
Pass
pass

Pass
3/27/2008 3:09 PM

Nalzovice27-03 - Scan068

— san

Positive Match

TNP (picric acid)

The measured data is fully consistent with the library
item for TNP (picric acid).

Kyselina
pikrova

* Prenosny dispersni Ramantv spektrometr - AHURA
* NalZovice - areal byvalého statku

AhuraScientific
FirstDefender FD2110

"

Mode: Auto, Point and Shoot

Power Setting: High
Laser Status: Pass
CCD Status: Pass
Lamp Status: Pass
Calibration: Pass

Last Checked:
Scan Warnings: None

3/27/2008 3:00 PM

— s

Nalzovice27-03 - Scan065



* Pfenosny dispersni Ramantiv spektrometr - AHURA

V4



SPPalovOUICOve-Matanialys""

Spektrometry prizpusobené prumyslovym
podminkam

ANALYZA MATERIALU - polovodice - kiemik

- kontrola povrchu pevnych

disku, Seagate 1992

| - magnetickych
hlav

- uhlikoveé
materialy




Spektrometry prizpusobené priumyslovym podminkam -
ANALYZA ropnych produktd -
stanoveni oktanového Cisla

analyza automobilovych olejt
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Ramanova spektroskopie — prinos pro polymorfni studie

* Studium presycenych roztoki a agregatti - identifikace
povahy polymorfu pred jeho vznikem identifikaci
intermolekularnich interakci

* Studium prechodt anebo desolvatace za proménné teploty
(ve spojeni s faktorovou analyzou)

* Vibrace mtizky u nizkych vinoc¢ti
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Srovnani FT-Ramanovych spekter dvou polymorfu



» ANALYZA PRIRODNICH VZORKU
~ ZELENINA, OVOCE

» ANALYZA PRODUKTU o
POTRAVINARSKEHO PRUMYSLU

~ MED, OVOCNE STAVY, SIRUPY,
SKROB

~ KAKAOVE MASLO, OLEJE, TUKY
~ MASO
~ PRIRODNI BARVIVA
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* DETEKCE BIOMOLEKUL
> pigmenty a chinoidni latky chranici pred UV zarenim
> pigmenty potfebné pro fotosyntézu
> stavelany a dalsi latky typické pro primitivni

organismy v Antarktide

¥ VYUZITIi Ramanovy spektroskopie
> snadna detekce a identifikace pigmentu

» snadna detekce a identifikace chinoidnich latek

> moznost detekce dalsich organickych i biogennich
anorganickych latek




F Metodicka priprava

> vyvoj spektrometru MaRS (microscope and Raman
spectrometer)

> miniaturni, lehky, a pritom robustni
> prototyp - Montana State University

D.L. Dickensheets, D.D. Wynn-Williams, H.G.M.
Edwards, C. Schoen, C. Crowder, E.M. Newton,
Journal of Raman Spectroscopy 31 (2000) 633.




* PIGMENTY - modré

Table |
Blue pigments analysed with the Bruker FT-Raman spectrometer |4, = 1064 nm)

Mame and composition Band wavenumber”/cm~! and relative Experimental  Motes Figure
intensity® details®
Azurite basic copper(Il) carbonate, Bom, [15vw, [37vw, 155vw, 177w, 249m, Bem—L 16 Mineral Fig. |
2C0C0-Cu(OH); 282w, 332vw, 401vs, T30vw, 765w, 838w, mW, 500 scans
033w, 1096m, 142Tm, 1459vw, |5T8w
Egyptian blue caleium copper(Il) silicate  431m, 465m, 1086w 8em—!, 3 3000 BC. Mineral also known as Fig. 2
CaCusSiyOyg mW, 500 scans cuprorivaite
Indige indigotin, CigHgN:04 QRw, 136w, |72vw, [Rlvw, 236w, 253m, 2em~ L, 60 Extract from plant leaf (BC) Fig. 3

265w, 277w, 311w, 320vw, 468w, 546m, mW, 250 scans
599m, 676w, 758w, B62vw, 87lvw, 101 5w,

1149w, 119]vw, 1226w, 1248w, 1310m,

1363w, 1461w, 1483w, 1572vs, 5848, 1626w,

1701w
Lazurite 87 and 55 in a sodium 352s(sh), 378s, 549s 8 em~!, 30 Mineral lapis lazuli. Synthetic form 1828 Fig. 4
alumino-silicate matrizx, mW, 200 scans  (ultramarine blug)
Nag[AleSis024]5,
4] em-th

bs, strong; m, medium; w, weak: v, very: sh, shoulder; br, broad.
* Resolution, power at the sample, number of scans.

IZET—T6FT (100T) £§ ¥ g p1op paenysoipads |y [y olding 7

http://www.chem.ucl.ac.uk/resources/raman/index.html



Intensity —

Fig.
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Wavenumber/cm"

. Azurite, 4, = 1064 nm, 16 mW.

http://www.chem.ucl.ac.uk/resources/rama
n/index.html
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Fig. 3. Indigo. A, = 1064 nm. 60 mW.



o PIGMENTY - Cervene

Takle 2

Red pigments analysed with the Bruker FT-Raman spectrometer {4y = 1064 nm)

Name and composition Band wavenumber®/cm—"' and relative intensity®  Experimental Notes Figure
details®
Carmine carminic acid, CaHagOys 465w, 474w, 1108w, 1257m, 1314z, 1440m, 4 em~, 16 Scale insect, cochineal Fig. 5
148%m, 1529m, 1645m mW, 2000 scans [Aztec)
Kermes kermesic acid, C H,O; 1451vw, 1603w 4em-1, 16 Scale insect, kermes Fig. 6
mW, 2000 scans  (antiquity)
Litharge tetragonal lead(Il) oxide, PhO 83w, 147vs, 28%vw, 339w 4 em~!, 270 Antiquity Fig. 7
mW, 100 scans
Madder mainly alizarin, 230w, 485m, 841w, 1189m, 1221w, 1292m, 8 em-1, 26 Dwvestuff from the plant Fig. 8
1,2-dihydroxyanthraquinone, C)3HzOy 1327m, 1354w, 1482z, 1519m, 1577w, 1635wibr) mW, 100 scans  Rubiag Tincrorium
Mars red synthetic iron(IIT) oxide, FeiO, 20vw 8em~', 4 mW, Middle 19th C Fig. 9
200 scans
Realgar a-arsenic(1l) sulfide, As,S, Sovw, Glvw, 66vw, [25vw, 144m, 167w, |T2w, 0.5 em—1, & Mineral Fig. 10
183s, 1935, 213vw, 2315, 32%vw, 344m, 353s, mW, 100 scans
369w, 375vw
Red lead dilead(1l) lead(IV) oxide, PbyO, 65w, 122vs, 144m, 148m, 150m, 224w, 232wish), 1 em~', 14 Antiquity Fig. 11
Adw, 301w, 456vw, 477vw, 550vs mW, 100 scans
Tyrian purple 6,6 -dibromo-indigotin, 110m, 126m, 190m. 308m, 336w, 693m, 4em~!, 8 mW, Marine mollusc extract Fig. 12
CH o BrN,Oy Ti0mish), T60m, 1051m, 1105w, 1212w, 1254m, 2000 scans (1400 BC)
1304wish), 1312w, 1366w, 144w, |565s(sh),
1584s, 1626w, 1702m
Vermilion w-mercury(Il) sulfide, Hgs 253vs, 284w, 343m 1 em~', 8 mW. Mineral (cinnabar) and Fig. 13
100 scans synthetic {8th C)

1Z81 =168 T (1007) L6 F rang v1ap voeugyaodipads | yaniD |y ‘oding ]



Professor RJH Clark and Professor IP Parkin, Christopher Ingold Laboratories, University College London.

The first aim of the project was to purchase and set up a new Raman system at UCL, thereby to undertake key
projects concerned with the Raman-based characterisation of pigments and their degradation products on some of

the most important artwork available for study. The second aim was to develop the use of RM for the
characterisation of metal oxide and sulfide films on plate glass.

http://www.chem.ucl.ac.uk/resources/rama

1.1 Anglo-Saxon (AS) Manuscripts (mss.) n/index.html

1.4 Postage Stamps Analysis of 16th Century Qazwini
Manuscripts by Raman Microscopy and
Remote Laser Raman Microscopy
Robin J.H Clark and Peter J. Gibbs
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Raman Microscopy of a 13th Century
llluminated Text
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Introduction to Raman microscopy of prehistoric rock
paintings from the Sierra de las Cuerdas, Cuenca, Spain

Figure 1. Location of rock art sites at the Sierra de las Cuerdas, and its |
art sites, and the orange square indicates the approximate location of Ci

JOURNAL OF RAMAN SPECTROSCOPY

- Raman Spectrosc. 2006; 37: 1054-1062
ublished online in Wiley InterScience

(www.interscience.wiley.com) DOI: 10.1002 /jrs.1588

Figure 3. Photograph of some pictographs in panel 2 at Cueva del Tio Modesto. The samples 12-CTM:077 (orangish line),
13-CTM:122 (bowyer) and 16-CTM:129 (zigzag) have been extracted from these pictographs (Fig. 2). The rose sandstone
substratum, the blue-greyish crust and the flaking effect on the panel surface are evident.
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Introduction to Raman microscopy of prehistoric rock
paintings from the Sierra de las Cuerdas, Cuenca, Spain

Raman Intensity
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Figure 6. Microphotograph of the sample of pigment
b 13-CTM:122 with 10x objective. Two particles of red pigment
may be distinguished downwards joined to the rose quartz
crystals from the sandstone substratum. The small green
a square indicates the position of the focus to get a Raman
: | . . . | . ; . | . | . , spectrum of the pigment.
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JOURNAL OF RAMAN SPECTROSCOPY

%Rmmn Spectrosc. 2006; 37: 10541062
ublished online in Wiley InterScience

(www.interscience.wiley.com) DOI: 10.1002 /jrs.1588
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Fig. 2. Details of the rwcr layers of paint from the 17 (middle
layer) and from the 10® century {upper and lower layers) from

Fig. 4. An example of the cross section of two layers of paint one of the walls in Sv. Bogorodica Church in Leiok. (The
in a wall painting colour can be seen on the on line Internet issue)
BLUE .II REBFAROWHN { T 3 b 1 e 1
/| )
) )\” / Identified pigments in the two layers of the wall
B | mh sentury vy
ey A gl ‘M,.,_ﬂr',f paintings (17" and 19" century) in Sveta Bo-
£ — ! :: =d m#:'e {atandard} =" -
S Il SLE[T T gorodica Church in Lesok
:;: _.-f"-—_/ 3 il -r
2 2 Jl P = oth .
z | PP | 1gment color 177 century 197 century
= Lazurite I | .: ___‘_'___._,_.a-"
et = i Blue Lazurite Lazurite

_/ \\-— e -"/ll l\"- l:lil.r::* I'LI |‘|:IJIJI||I:!I I ll'

————— — Red/brown Red ochre Chrome vellow deep

200 1000 300 6 1200 1000 800 606 -

Wavenumber/em- Wavenumberfom:! Ochre/vellow No Raman signal Chrome vellow
a) b) _ . .
Fig. 3. Micro-Faman spectra of the blue (a) and red/brown (b) Green No Raman signal Mixture of lazurite

paints from the 17™ and 19® century wall paintings + chrome vellow
(in 5v. Bogorodica Church, Ledok) and the corresponding
referent (standard) spectra of the pigments
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{Church Sv. Nikola, Ljubanci village)
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Table 2
Pigments analysis of the six icons painted by Dico Zograf

‘Sv. Petar & Sv. Pavle [Sv. Matej & Sv.Luka  Carski dved Apostol Petar [Trite arhierei ‘Bogorodica

EED ;"i.-'a*ﬂ:l.{llicru q;"u'eu:::l.-i]]i-::nl:L ;"u'em:liﬂinu Vermillion ;V&tmilli-::-ﬂ ;‘u'emzli]]iﬂu

ELLUE ;Massicm + ivory black ;Massic-::-t + ivory black ;Pmssian blue  Lazurite ;Lazurite ;I_mu'ire

YELLOW - - Ch.mme yellow - - Chmme yellow deep +
;-::-rﬁnge gca.t‘l:lﬂu black

ORANGE g".-'e:millicru + chrome - - - g‘u"ﬂmilli-::-n + chrome g‘u'em:illiﬂu + chrome
'yellow deep ‘yellow deep yellow deep

GREEN | - il_azm*ite + vermillicn + | - - | - iCa.rbﬂn black +7

! | chrome yellow | | |
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Fig. 8. Ceramic sample (MEKS) from Markovi Kuli — Prilep (a); its corresponding micro-Faman spectra of the glaze
and the engobe (b), and 1ts cross section (c)
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