Spektralni analytické metody



Elektromagnetické vinéni

Elektromagnetické vinéni (téz elektromagnetické zareni) je déj, prfi némz se
prostorem Siri pricné vinéni elektrického a magnetického pole. Popsano je pomoci
tzv. Maxwellovych rovnic.
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Vztah mezi vinovou délkou a frekvenci

f —nezavisi na prostredi
A —se méni podle rychlosti
c (v) — rychlost svétla ve vakuu (v daném prostredi)

Radio waves ’ Infrared Ultra-

AM FM TV Radar violet
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X-rays 1 Gamma rays
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Vinova délka

Elektromagnetické zafeni | Vinovd dédka ve vzdochu Frekvence (Hz)
L, e ridiové zifeni 30km-1m 10* -3 -10°
Elektromagnetické viny se odrazi — Py y— R ——
i ldmou. Jednotlivé druhy afeven? stent 03 mm - 790 2m 10 38 10%
elektromagnetického zareni se lisi it 90 mm - 390 o 3810477 10%
vinovou délkou a tvori spektrum ultrafialové z&feni 400 nm - 10 nm 77 -10% - 3-10%
elektromagnetického zareni. rentgenové zéfeni 10 nm -1 pm 3-10%-3-10%
zéfen{ gama < 300 pm =10




Elektromagneticke Vinova delka A PouZiti, viyskyt Pozn.
zafeni, vinéni
Radiove viny Rozhlas, televize
Diouhe (DV) 2000m-—1000m
Stredni (SV) B00Om-=150m
Kratke (KV) S0m=15m
Velmi kratke [VEVY) 1Sm=-1m
Ultra kratke (UKV) Tm=0,1m
Mikroviny 01m=0.23mm maobilni telefony , GPS, WiMax, i
Wifi, mikrovinné trouby, radar S
Infradervené zareni 0,3mm =750 nm | dalkové oviadate, noéni vidéni, E.
tepelné zafeni o,
Svétlo 760 nm— 390 nm | Viditelné svétio §
ceneana =.
oranzZove
Zluke
relené
madre
fialové
Ultrafialove zareni 3890 nm = 10 nm Opalovani, solaria, sterilizace
Rentgenové zafreni 10 nm-=1pm lekarska diagnostika, —_
_ primyslova diagnostika B %.
Zaffeni gama < 300 pm ozafovani nadoru, kosmické = %

zareni, jaderné reaktory




Kvantova teorie

M. Planck: Kvantova teorie E=hyv
A. Einstein: Fotoelektricky jev
N. Bohr: Kvantovy model atomu

L. De Broglie: Dualita hmota-zareni

A. Einstein: Specialni teorie relativity E =m.c?
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Vliv elektromagnetického zareni na molekuly

Wavelength (\)
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Vliv elektromagnetického zareni na molekuly
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Elektromagnetické zareni latek

Vsechny predméty kolem nés vydavaji elektromagnetické zareni. To se v pripadé studenych téles nachézi v
infracervené Casti spektra, kterd neni pro lidské oko viditelnd. S rostouci teplotou télesa se
vyzarovani tepelného zareni presouva ke kratSim vinovym délkam (k vysSim
frekvencim).

Nejnizsi teplota, pti které je zareni daného télesa pozorovatelné pouhym okem, se oznacuje jako Draperav
bod - ten odpovida zhruba 928 °C. Pri této teploté vyzaruji viechny objekty, bez ohledu na materidl, z

néhoZ jsou vyrobeny, éervené svétlo.

Teplota (°C)

Kdy7 predmét dale zahfivdme, méni se postupné jeho barva z Cervené pres
oranzovou a Zlutou k bile. PFi jesté vyssich teplotach se zareni posouva smérem do
ultrafialové oblasti. Nase oi ho pak vnimaji jako namodralé.
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Zareni cerného télesa

Cerné téleso je fyzikalni abstrakce télesa, které dokonale pohlcuje vedkerou energii
dopadajiciho zareni. V absolutné cerném télese je v rovnovaze vyzarovani a
pohlcovani zareni.

Wieniiv posunovaci zdkon

S rostouci teplotou =zarice se
posouva maximalni  hodnota
spektralni hustoty zarivého toku
ke kratSim vinovym délkam.

energie zareni (na 1 nanometr)

b=2,9.103m.K :

0 500 1000 1500 2000
vinova délka zareni (nanometry)




Stefaniiv-Boltzmanniv zdkon

Intenzita zareni vyzarovana absolutné cernym télesem roste umérné Ctvrté mocniné
termodynamickeé teploty.

| — celkova intenzita zareni (podil vykonu a plochy) [W-m™]
] = O'T4 o - Stefan-Boltzmannova konstanta ¢ = 5,67.108 W.m2 .K*
T - termodynamicka teplota

Stefan-Boltzmann Law
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Spektralni metody se zabyvaji interakcemi mezi hmotou a energii.

Absorpce
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Rozptyl
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Spectroscopic Technigues and Common Uses

UV-VIS

UV-vis region

bonding electrons

Quantitative analysis/Beer’s

Law

Atomic Absorption

UV-vis region

atomic transitions (val. e-)
Quantitative analysis
Beer’'s Law

vibrations, rotations

FT-IR IR/Microwave . .
Functional group analysis

Raman IR/UV : vibrations :
Functional group analysis

FT-NMR Radio waves huclear spin states
Structure determination

Inner electrons

X-Ray Spectroscopy | X-rays Elemental analysis

X-ray Crystallography | X-rays Diffraction on crystal lattice

3-D structure analysis
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Multifotonova excitace

Je moznd pouze u laseru, ktery ma dostatecné silny tok zareni, mizi vliv ¢erveného prahu

fotoefektu.

one-photon
excitation

A A AT

TATATAYAT A
absorptio

IS
emission

two-photon
excitation



Analytické metody
,bulk” (pridmérna slozeni) vs lokalni analyza

Destruktivni
Semidestruktivni

Nedestruktivni Atomova spektrometrie
Molekulova spektrometrie
Kvalitativni

Semikvantitativni
Kvantitativni



Spektralni metody ve viditelné a ultrafialové
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Emisni a absorpcni spektra
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Twoways of showing the same spectra: on the left are pictures of the
dispersed light and on the right are plots of the intensity s, wavelength.
Motice that the pattern of spectral lines in the absorption and emission
line spectra are the same since the gas is the same.




Emisni spektra

Emisni spektrum

Soubor frekvenci elektromagnetického zareni vyzafovaného latkou.

a) Spojité spektrum
b) Carové spektrum

c) Pasové spektrum

Spojité spektrum

obsahuje elektromagnetické viny vsech vinovych délek v urcitém intervalu, zdroj:
rozzhavené pevné a kapalné latky(napr. vlakno Zarovky, roztavené kovy, ...)




Cdrové spektrum

tvorené uzkymi, navzajem oddélenymi spektrdlnimi ¢arami o rlizné intenzité, zdroj:
vyboj v plynu za snizeného tlaku jiskrovy vyboj.

emisni spektrum sodiku

Pdasove spektrum

tvorené pasy s mnozstvim spektralnich car tésné blizkosti, mezi nimiz jsou temné
useky, zdroj: zarici molekuly latek.

emisni spektrum smési par
kadmia, rtuti a zinku
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Plamenové testy

- emisni ¢ary prvkl ve viditelné oblasti.
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Hydrogen

Sodium

Helium

Neon

Mercury
Element Emitted wavelength Flame colour |

0

Potassium (K) 766 nm Violet E
Lithium (Li) 670 nm Red EE
)

Calcium (Ca) 622 nm Orange lu!
Sodium (Na) 589 nm Yellow FD-I
Barium (Ba) 554 nm Lime | ¥
green A

Emitted wavelength and flame colors of
various alkali and alkaline earth metals

©studyandscore.com



Plamenova fotometrie

Roztokova analyza

destruktivni

Sodium Potassium Lithium

Stanoveni snadno ionizovatelnych prvki: Na, Li, K, Mg a Ca

Flame ' Photodetector
) Filter

..... ‘ — Na Detector
Readout Z

..........
.........

Display &
Recorder
Filter
Nebuliser | l Flame Photometry Schematic Diagram

To drain Burner



Sample

Spektrografie

Collimating lens

Semikvantitativni
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— twf%amm
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Semidestruktivni

Y
Photographic plate
Figure 2.2 Schematic drawing of an optical emission spectrograph. Light from the
sample is focused onto the input slit of the spectrograph and is then

dispersed via a prism (or diffraction grating) and recorded on a photo-

.“Skra graphic plate. (Adapted from Britton and Richards, 1969; Fig. 108, by

permission of Thames and Hudson Lid.)
El. oblouk

crogatokon dedky NN
fotografickou desku
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Emission Spectra of the Elements




Atomova emisni spektrometrie s indukcné
vazanym plazmatem (ICP-OES)

Roztokova analyza

K excitaci dochazi vindukcné vazaném

Destruktivni
plazmatu.

Axial detector

Concave diffraction grating

Rowdand arﬁoM e,

Radial
detector

tangential _~ =ﬂ

gas fiow

/ \ axial

carrier gas gas flow
and sample
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Laser Induced Breakdown Spectroscopy

Oscilloscope
Laser

Sample Microphone i —
v Plasma emission O /
" \ Mirror
Optical Fiber
Photodiode
Controller ' _ _
Spectrograph | &L
% Computer
o 0
e
| m—
————— -
& a
Boxcar

Schematic diagram of the experimental set-up used for the LIBS experiments and for the photoacoustic measurements.



LIBS

Colinear Orthogonal Pre-ablation pulse

I Laser pulse 2
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LIBS

Molekulové pasy

Spojeni s Ramanovou spektrometrii

v

CE
Ca(l) C,
GE

CN || | (@)

ﬁ ~] . ‘ (b)
e

3|50 | 460 | 4|50 | 560 | 5I50 I
Mnm)

Fig. 6. Evolution of LIBS spectrum with the number of pulses
during the removal of black paint on wood: (a) pulse 1, (b) pulse 2,
(c) pulse 4, (d) pulse 7 and (e) pulse 9. Irradiation wavelength:
308 nm.



LIBS signal (arb. units)

CN (v=0)

-~ CO((v=1)
» CO (v =0)

— pure wax
"""" wax at stop

---- plywood

wavelength (nm)

Odstranovani vosku z platen
nebo dreva (preklizka) je
casové narocné. Proces lze
snadno automatizovat pouzitim
laseru a detekce LIBS.

LIBS spektra vosku vykazuji
zfetelné pasy CO a CN. Po
dosazZeni spodni vrstvy se
objevuje pik 423 nm a Cisténi je
ukonceno.



Stand-off LIBS

High resolution ICCD Spectral data for analysis

Standoff LIBS spectrograph system
TR TRt TR
A
Samples at 20-50 m -
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LIBS data are compared to a library of reference
spectra for identification of unknown samples
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Spektrometrie laserem indukovaného
plazmatu (LIBS)

Terénni a mobilni zarizeni
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Fig.4.2.2: Typical experimental set-up for LIBS analysis.

@ Giakoumaki et al., in: "Handbook on the Use of Lasers in Conservation and
Conservation Science"”, 2008.




Absorpcni spektra

Soubor temnych car (pasu ve spojitém spektru svétla), které vznikaji pfi

pohlcovani zareni latkou.

a) Carové spektrum

b) Pasové spektrum

Na rozdil od emisnich spekter nemusime vzorek latky rozzhavit na velmi vysokou

teplotu.

Kirchhofflv zakon

Sloucime-li emisni a absorpcni
spektrum stejné latky, ziskdame
spektrum spojité.

Source of continuous
spectrum (blackbody)
Gas cloud

Absorption line spectrum

Continuous spectrum Emission line spectrum



Lambert — Beeruv zakon

Zakon plati pro monochromatické svétlo A= h}gm i =&

I/

| = tloustka kyvety
¢ = koncentrace roztoku
€ = absorpcni koeficient, € = f(A)

a
I,
I, I
al |
T
0 [ dl
0 = = kedl
I o
T(%) = 1001— I—les—= 1l A = ecl
0 T = transmitance 5
S
A= 108101_0 a
I A = absorbance

A - _logloT




Absorbing species with
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Grafické vyjadreni Lambert-Beerova zakona

= linearni funkce
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Priklad

Jak hluboko pod morskou hladinu je vidét? Molarni absorpcni koeficient morské
vody pro Zluté svétlo je 2.10°5 dm3.moll.cm™. Clovék je schopen rozlisit objekt,
pokud je pomér I/l, vétsi nez 0,02.

/1, = 0,02 log(I/1;) = - £.d.c
€ =2.10° dm?.mol*.cm™ 10g(0,02) = - 2.10°5.d.55,6
d=2

d=15m

c=n/V=m/(MV)=pV/(MV)=p/M =
= 1000/18 = 55,6 mol.dm?3

Priklad

Jaka je viditelnost v Cisté atmosfére pri 27 °C? Molarni absorpcCni koeficient
Cistého suchého vzduchu je asi 2.10% dm3.molt.cm™. Clovék je schopen rozligit
objekt, pokud je pomér I/1, vétsi nez 0,02.

1/1,=0,02 c=n/V =p/(RT)=101325/(8,314.300) = 0,0406 mol.dm3
_ 6 3 1 ;-1

Z _i.lo dm3.molt.cm Iog(I/IO) - edc

p =101 325 Pa log(0,02) =-2.10%.d. 0,040

T=27°C=300K d =209 km



Fraunhoferovy cary

Fraunhoferovy cary ve
sluneCnim  spektru jsou
dusledkem absorpce svétla
atomy rlznych prvka ve
slune¢ni atmosfére.

Line Name Wavelength (nm) Elements

Sunlight transmitted from the photosg

atomic
elements

in the
transmission
path

Sunlight from the Sun
as seen on Earth

an electron-dense layer
the visible reaction zone
amed the photosphere

lar interior
Sé plasma sphere

Jlar chromosphere
dense’ magnetic action

From

G 431.7 Fe & Ca
F 487.6 HB
bl 518.5 Mg
El 527.3 Fe
D1 589.5 Na
C 655.5 Ha
B 686.5 (02
A 758.9 02

Sun
Sun
Sun
Sun
Sun
Sun
telluric
telluric

Intensity (counts)

350 400 450 500 550
Wavelength (nanometers)

600 650 700 750 800 850 900



Atomova absorpcni

spektrometrie

Roztokova analyza

destruktivni

V plameni

V kyveté

._= Iﬁll - 3
T

Hollow cathode lamp

Mon. Hollow cathode
i
1 ‘: /'
s i
Glass Argon of Neon Quarnz
shield g.ac: Or Pyrax
at 1-5 tormr window

| B T o ™

Bl F_JL [ -

lte deorme sfdhrpoak hoghi 1
! proportionl to de slems ceeminkon

T ™ :In=:

Monochromator

Deatector

Readout

A.C.amplifier
and rectifier




UV-VIS spektrofotometrie a kolorimetrie

e odrazené svétlo = barva predmétu
* cerné téleso vse pohlcuje, bilé vse

/s 7

odrazi

Yellow |

primary
A
Orange

primary

y
complementary

800 —

700 —

600 —

500 —

400 —

Wavelength [nm]

650-780 red [N
595-650 orange
560-595 yellow-green

500-560 green N
490-500 bluish green [
480-490  greenish blue
435-480 biue [N
380-435 violet [N

White

Absorbed color Complemenkary color

B biue-green

B greenish blue

B purple

I red-purple

I red

I orange
yellow

yellow-green

Shining white light on different colored paints



. s Citlivost lidského oka na barvy
LI d S ke O kO 3 druhy bunék oka hrubé odpovidaji

modré, zelené a ervené

£

Incomeng Light Warves =
| %

¢

400 460 500 600 650 700
Vinova délka [nm]
(d) Organization of the retina (e) Convergence
in the retina Pigment
Amacrine Horizontal Bipolar Rod epithelium

cell To optic

Cone (color vision)

BLp.?.Iar Rod (monochromatic vision)

and cones are

Neurons where | Ganglion
signals from rods cell
integrated



Human Vision Bird Vision




UV-Vis Spectroscopy

« UV- organic molecules
— Quter electron bonding transitions
— conjugation

* Visible — metal/ligands in solution
— d-orbital transitions

e |nstrumentation



Jednopaprskovy UV-Vis spektrofotometr

Collimator
(Lens)

Wavelength Selector
(Slit)

B

_—

Light source Monochromator Sample
(Prism or Grating) Solution
(in Cuvette)
Dvoupaprskovy UV-Vis spektrofotometr
N / reference
> \'\\ . //‘\\- P
- > \ b O
’ i NN
N\
source -
monochromator \,
mirrors® > y

. >7/-

/;l
'sample

Detector
(Photocell)

.

Digital Display
or Meter

>

detector



GAMPRODUCTS, INC

THE VISIBLE SPECTRUM - Wavelength in Nanometers

Sample

SO|UtiOn [ | 1 ] . l I 1

|
400 450 500 550 600 650 700 750
(ultra) Violet Blue Cyan Green Yellow Orange Red (infra)

1.2

1.0

0.8

0.6

0.4

Absorbance

0.2

OO 1 1 1 1 1 1 1 1

Wavelengths (nm)

400 440 480 520 560 600 640 680 720 760

Kvantitativni méteni se provadi v maximu absorp¢ni kiivky.



UV-VIS spektra a struktura molekul

N\
——-/C C\ o —> G* 135 nm / 180 nm
\C:C/ T—>Tm* 165 nmm \
/ \ /C=O
\ M n—>oc* 183 nm weak
P A
T—>m* 150 nm
\ n—>c* 188 nm 279 nm
/C=O n—>n* 279nm weak /
A
Podobné struktury maji podobna UV spektra:
@
g\ :

O

Aoy = 238, 305 nm Amax = 240,311 nm Ao = 173,192 nm



Barva souvisi s rozsahem konjugovaného systému

Lycopene (red): 11 conjugated = bonds

isolated pi bond

p-Carotene (orange): 11 conjugated n bonds

R T NI

Lutein (yellow): 10 conjugated = bonds

Sodop e S

isolated pi bond

*




Momordica cochinchinensis

Lycopene

CH,

Rosa canina

-

S arica papaya = P L Fragaria iinumac




Priklad

Chlorophyll a: R=—CHs -

@)
white light coming in Chlorophyll b: R=—C/<

H

green surface

Amount of Light Absorbed

Wavelength of Light (nm)



Bathochromni posun (Cerveny posun) = posun A ., k delSim vinovym délkam
vyvolany chemickou modifikaci molekuly nebo vlivem rozpoustédia.

Hypsochromni posun (modry posun) = posun A, ke kratSim vinovym délkam.

Hypochromni efekt = snizeni €

max
, iv NH NH, O
Hyperchromni efekt = zvyseni €., ! H' ]
Acidic
-
medium
Aniline
Aax = 280 nm Ay = 265 nm
Blue Shift Red Shift
(Hypsochromic) [@‘> (Bathochromic) H,In In>
Peaks shift to Peaks shift to longer HO 2
shorter wavelength. = wavelength. i o O
o¥e
g | o @ CO;
200 nm 800 Colorless Pink
pH 0-82 3 C pH 8.2-12
fenolftalein




Zbarveni komplext a UV-VIS spektra

- sila ligandového pole ¢asto odpovida energii viditelného zareni 13000 - 25000 cm-?
coz vede k barevnosti vétsiny sloucenin pfechodnych kovl (v absorpénich spektrech
absorpcni pasy tzv. d-d pfechodu)

1 tor
Tt
[t4 1 . |
roasng 7 (e S \ ;
(S 2 A AR N VA

LS. &5 o L A v v | I‘L J
mim / " i A R
v [Ni(HyO)e]** (green) [Ni(NH2)¢]** (blue) [Ni(en);]** (violet)

The energy of this particular
colour is justight to promote
the electon.

Napf. zabarveni derivatd kationtu [Co(NH,)s]**, ve kterych je molekula NH,
substituovana ligandem, ktery stoji ve spektrochemické radé vlevo od NH;. S klesajici
silou prumérného ligandového pole se méni zabarveni:

[Co(NH3)e]** : IV Sy or "
Co(NH,):CIl1?* cerveny . I -
3)s5 y 2 s v
o) ialovy | . ] % os ~ QY Y/ s
Co(NH,),CL]* fialovy N L E
[CO(NH.).Cl,]  modry | NS NN
3)3%l3 y - L m ‘ \

L] commitan (B coree = 250 300 350 400 450 500 S50 600 650 700 750
A(nm)



TRANSITION METAL
ION COLOURS

Transition metals form coloured compounds
and complexes. These colours can vary
depending on the charge on the metal ion,
and the number and type of groups of atoms
(called ligands) attached to the metal ion. In
aqueous solutions, the ions form complexes
with the colours shown to the right.

OH,
HZO”I: | .\\\OHZ
t M+

H,0” | “Won,

OH,

HYDRATED TRANSITION METAL ION

Electrons are arranged around the nucleus of
the metal atom in orbitals. Transition metals,
unlike other metals, have partially filled d
orbitals, which can hold up to 10 electrons.
When ligands are present, some d orbitals
become higher in energy than before, and
some become lower. Electrons can then move
between these higher and lower d orbitals by
absorbing a photon of light. This absorption
of light affects the percieved colour of the
compound or complex. The wavelength of the
light absorbed is affected by the size of the
energy gap between the d orbitals, which is
in turn affected by the type of ligand and the
charge on the metal ion.

2014 COMPQUND INTEREST WWW.COMPOUNDCHEM.COM

sesssnmns

T

TITANIUM

— R

VANADIUM
Ti V

MANGANESE IRON
Mn Fe

2+ 3+ 6+

Yy
CHROMIUM
Cr

|

COBALT  NICKEL  COPPER
Co Ni Cu




Zbarveni pevnych latek

Table 1: Band Gap Energies
Semiconductor | Band Gap
Nerozpustné, méreni v pevné fazi. Material Energy, eV
Si 1.11
(a) Absorption of light (b) Emission of light Alp 2.43
- energy of electron increases - energy of electron decreases GaP 2.26
. 1 Conduction band Conduction band Ge 0.67
higher GaAs 1.43
ZnSe 2.58
o CuBr 3.05
%33 & Sn (grey) 0.08
S £ Insb 0.18
e - CdTe 15
lower Valence Valence band
PFiklad: (A8
Y
Sulfid kademnaty (CdS) ma Sirku zakdazaného pasu 2.4 eV. Odhadnéte jeho barvu. \\-_;:,/

E,=2.4eV=24x1.602177-10") =3.84-10"°J (h = Planckova konstanta)
Viin = Eg/h = 3.84-10%°) / 6.626-10% ) . § = 5.8-10%4 5°!
Aoy = €/ Vi = 299792458 m.s1 /5.8:101% s =517 nm => zelend barva

Maximalni absorbovana vinova délka odpovida zelené barvé, vyssi vinové délky odpovidajici
zluté, oranzové a Cervené barvée absorbovany nejsou. Proto je CdS Zluty az zlutooranzovy.



Kolorimetrie- ==
aplikace )
mobilniho
telefonu

Slit

Cuvette (in holder)
LED torch

Phone’s light sensor

Phone screen with
buttons and display

Holder for phone
P external to box
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Kolorimetrie

Phosphate Color Chart

ik -

250 ppb

125 ppb

50 ppb

0 ppb

Signal processing




Kolorimetrie

I
/

2R

Spot test Reaction

Signal processing




specular
reflectlon

Reflektancni kolorimetrie dlffuse

\ reflectlon

» Specular (regular)
reflectance = mirror like Specular
reflectance

» Diffuse reflectance =
reflectance in all
directions

* Gloss = combination of
specular and diffuse
reflectance

Diffuse

Glossy

< K




Luminiscence a luminiscencni spektrometrie

sample cuvette

Zareni o kratsSi vinové délce A (zpravidla UV)

vyvolava v latce urcitého slozeni vznik zareni
., , , , v ... , ey citation flunrescence
o delsi vinové délce A" (napt. viditelné). beam " [\
M:-._.'un'.r,{{: \
i E filter

light source detectar

© 2001 B Tissue

Absorption, Nonradiative Relaxation and Luminescence

HO (o] (o]
o8 -
O COaH cHa § Making heat and 1x red out of 1x blue
Energy level Analagy fram
diagrarm evenyday life

Fluorescein

*
(CaMHglaN O (o] O N{C,Hgly @
Z 7 lcu:cm;-@—mcu,)z
COxM CoH =
O 2% gy

Pyridine 1

Energy




Druhy luminiscence a4 K

B<1 ttttt

Fluorescence: vymizi béhem nékolika malo //// TTTT t
nanosekund.

En ergy absorbed Energy slowly

v - i itted
Fosforescence: vyzafovani pobiha pomalu, po Py

dobu i nékolika minut ¢i déle.

Zarivé a nezafivé pfechody mezi vibraénimi stavy elektront

absorbce fluorescence fosforescence
el excited singlet states
] " .
3 vibrational
L) e
S, y, } energy / ~
0 F] levels .
5 © [ s ibraéni rel
(~10- 00 5) i— vibracni relaxace
o~ — excited T 8, * Vniti konverze
S, 25 — - 1|D$C . triplet state . -
. - (~10710..108s) """ O
0 TR R SRR 1 a_xmezisystemwa
= — Ea f T 5, LN konverze
e 2718l " e e————
= E - @~ T
hv - 0 I T
abs -y - 1
s =5 .
E G E T absorbce fluorescence fosforescence
- =
(=R - —
s s g s
z Tt
L
' S e rae
ground state So t=10"%s  t=10%s  t=10%10°s
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Fotografie

Textilie kultury Hopewell
(pohfebisté Ohio Seip, J Ohio).

fotografie v simulovaném
dennim svétle (vlevo nahofe)

fotografie v odrazeném
ultrafialovém svétle (vpravo
nahore)

ultrafialova fluorescence (vpravo
dole)

fotografie v infraCerveném svétle
(vlevo dole)



Fosforescence




Chemiluminiscence

Forenzni védci pouzivaji reakce luminolu k detekci krve na misté cinu. Smés
luminolu ve zredéném roztoku peroxidu vodiku nanesou na misto, kde maiji
podezieni, Ze se nachazi krev. Zelezo obsazené v hemoglobinu krve reakci urychluje,
a pokud je v mistnosti tma a je pritomna krev, je pozorovana modra zare, ktera trva
30 sekund. Forenzni vysetrfovatelé mohou tuto zari zaznamenat pomoci
fotografického filmu, ktery lze pouzit jako dikaz u soudu o pfitomnosti krve na

misté cCinu.




Bioluminiscence

Kovarik Cucujo
(Pyrophorus noctilucus )

" \(I N j/ oM Luciferase \Qi \ ¢ :( *

TP AN[P + PPi
2 C02

Sveétluska veétsi (Lampyris noctiluca)
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excitation

Light source l
Monochromator S
g Monochromator
emission
| Spectrum

. Light detector

Chinin v toniku

Relative intensity

Excitation Emission

250 300 350 400 450 500 550 600

Wavelength, nm



Infracervena

Spektrometrle (FTIR) @ Clectrically-excited state
5| \=,—
= tepelné zafeni, jeho zdrojem je i ™=
kazdé téleso které ma teplotu vy&i @ | .o, |
neZ je absolutni nula. PFi pohlcovani & | et momndstae
se IR zafeni méni na vnitfini energii =
pohlcujiciho  télesa (téleso se S “ahaveption
Oh‘r"l’Vé) 8 :\-.13':-\:,' ‘:n'.',:l' f_» ¥ Rotational
. AL
BOND INTERVAL ibsor plion

vibrational excited states

—/l\ tlowed
,/' \‘, Hgni; ;;;:ux

- (a) (b) (c)
ground dipole moment no change in dipole moment (o
slate changes dipole moment changes 1 ©)
% o é) " =
.-“‘f 1“""'-\. . =Ty . - X i i
HO+ "1 /N HLH HT ™ S+ @
H+H” H S
o e \ i v ground
II-.'I':':'IllI AP FirA .'.'.'l.'l": (e .J'-.. .n. F H - ST.H.I.E
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Vibrations of Molecules

Symmetrical Antisymmetrical Scissorin
stretching stretching &
Rocking Wagging Twisting
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Priklad

Oxid uhlicity nema v zakladnim stavu
molekulovy dipdl. Nékteré vibrace molekul
CO, vytvareji struktury s molekulovym
dipélem. Z tohoto davodu CO, silné
absorbuje infraCervené zareni. Podobné se
chova i methan, vodni

infraCervené zareni ze zemského povrchu a
emitovat je zpét ve vSech smérech.

U hlavnich plynd atmosféry, N, a O,, k
absorpci nedochazi a zareni prochazi
atmosférou do vesmiru.

Relative global

pdra a dalsi
sklenikové plyny. Tyto plyny absorbuji

warming
Current Residence time, efficiency,
Gas concentration in years 100-year horizon
CO, 373 ppm 50-200 1
CH, 1.77 ppm 12 23
N,O 316 ppb 120 296
CFC-11 0.26 ppb 45 4600
HCFC-22 0.15 ppb 12 1700
HFC-134a 0.01 ppb 14 1300

Halon-1301 0.003 ppb 65 6900

@0 OO0 -

o

Sviunetric Stretch Bending Mode
1366 c’? 667 cm'’?

T

Dfmm (d bl)d5 Stref h( ply i ( ply
1Rinuclivc IR active (3019 cm ™) activ m)

Asymumetric Stretch
2349 e’

Reflected radiation
by atmosphere
Infrared
/ radiation
: reemitted
back to earth

e \

d radiation DR
o U arthsudacc{‘- ]

*Absorbed” :

radiation™  radiatic

pmitted by

rth LSS

Infrared




Nocni vidéni a
termokamery

Termografie = analyza infraCervené energie vyzarované télesem. Termografickym
meéricim systémem lze zobrazit teplotni pole na povrchu sledovaného
objektu. InfraCervené zareni je pro lidské oko neviditelné, proto se termovizni
snimky vizualizuji za pouziti okem viditelnych palet, které pfrifazuji barvu rlznym
teplotam (riznému mnozstvi tepelného toku).

Heat source surroundings
(e.g. Sun, halogen lamp...)

I :...l' R Aoly‘ S'T-Wobj
B (10 W | (1 - £).T. Wi @
(.1 - T)-wa.‘m

Infrared camera

Target object Atmosphere




Detekce infracerveného zareni u hadu

Zmije, krajty a hroznysi maji na tvari otvory, tzv.

jamkové organy,

které obsahuji membranu

schopnou detekovat infraCervené zareni az do
vzdalenosti jednoho metru. V noci umoznuji
hadum "vidét" obraz predatora nebo kofisti
(podobné jako infracervena kamera).

How we see

No infrared

How snakes see
They can see some color, but also infrared. They use
thermal image of their prey for hunt,

o~ r

Y

. l"',
P

.
."




Infracervena spektrometrie

IR spektra jsou nejuziteCnéjSi pfi poskytovani informaci o pfitomnosti nebo
nepritomnosti specifickych funkénich skupin.

IR muze poskytnout molekularni otisk, ktery lze pouzit pfi porovnavani
vzorku. Pokud dva Cisté vzorky vykazuji stejné IR spektrum, Ize tvrdit, Ze se

jedna o stejnou slouceninu.

ATR
KBr technika

NaCl kyveta

Sample i contact
with evanescent wave

Sample Holder

To Detector

Infrared Beam ATRCrystal

Schematic of a multiple reflection ATR gystem

IR ]
source =" "\

sample | ]
compartment IR detector
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Infracervena spektrometrie
s Fourierovou transformaci
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InfraCervena
spektrometrie

Terénni a mobilni zarizeni




Reflektografie

Fr— Retlactad weve

Statfered naves

w1 A
b i B e d
%\Z ‘L\\a

Tratsotted waves

Figure 13, Case of natural environmenis: sum of specidar reflection and diffuse reflection
frolume reflection is ignered hore).

Aplikace infracervené reflektografie - zviditelnéni podkresby




ia) Optical

Infracervena (IR) mikroskopie iy S
fi2

Ib) — Optical
MCY Detector MCT cassegrain Microscope

Base of Microscope

Figure 925 Optical paths of FTIR microscope with IR radiation: (a) transmittance: and (b) reflectance.
M, mirror; C, Cassegrain lens. (Reproduced by permission of PerkinElmer Inc.)




Infracervena (IR) mikroskopie

IR obrazek vlakna z Monvelle (Monsanto)
(a) zobrazeni pfi 1641 cm! i
(b) zobrazeni pfi 1735 cm-L.

Absorbance

InfraCervené spektrum
(c) nylon (dolni vlakno a, b)
(d) polyurethan (horni viakno a, b)

T T T T T
3500 3000 2500 2000 1500 1000

c Wavenumber

3500 3000 2500 2000 1500 1000

1735

IR obrazek (1648 cm-1)
fezu vlakna z Monvelle
(Monsanto)

Absarbance




Princip Ramanovy spektrometrie

zareni o urcité frekvenci je molekulou rozptyleno s posuny vinové délky
dopadajiciho paprsku. Pozorované frekvencCni posuny souviseji s
vibracnimi zménami v molekule spojenymi s IR absorpci.
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Princip Ramanovy spektrometrie
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Ramanova spektrometrie

Raman Spectroscopy

Analysis of scattered light of
the vibrating molecules

IR Spectroscopy

Analysis of absorption of the
vibrating molecules

Vibration is Raman active if it
causes a change in the po-
larizability

Vibration is IR active if a
change in the dipole moment
during the vibration occurs

Molecules may not have a di-
pole moment

Chemical bond must have the
characteristics of an electric
dipole

Water can be used as a solvent

Water cannot be used as a
solvent due to intense ab-
sorption

No need for specific sample
preparation

Requires specific sample
preparation

Provides information of the
covalent characteristics of a
molecule

Provides information of the
ion characteristics of a mole-
cule

Expensive instrumentation costs
are relatively high

Relatively inexpensive in-
strumentation

TABLE 18-1 Some Common Laser
Sources for Raman Spectroscopy

Laser Type Wavelength, nm
Argon ion 488.0 or 514.5
Krypton ion 530.9 or 647.1
Helium-neon 632.8

Diode 785 or 830
Nd-YAG 1064

© 2007 Thomson Higher Education

Raman Spectroscopy
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Raman vs. FTIR
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Raman intensity
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Ramanova spektrometrie s Fourierovou
transformaci (FT Raman spectrometry)

Michelson interferometer
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Rozpoznani imitaci
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Figure 2. Raman spectra of CaCOj, pearl, and faux pearl.
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Raman + FTIR mikroskopie




Kombinace Raman + LIBS
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Glass Fiber

Electrical connections

Cg User input

.Il XYZ-micropositioning

Mobilni

zarizeni pro
Ramanovu
spektrometrii

M : 95% propustné zrcadlo pro vizualizaci plochy
kamerou (Ca).
HNF
HNF : holografické filtry odrazejici laserovy paprsek a M
propousti ramanovsky posunuté zareni (Stokes) il
to spectrometer

F filtry pro anti-Stokesovskou Cast spektra BN

Ca



Ramanova spektrometrie

Terénni a mobilni zarizeni




Analyza nasténnych maleb (kaple Ponthoz.)




Ramanova mikroskopie




Fig. 1. Examples of studied excavated objects. a) nail, b) plate, c) cross-section of the
whole corrosion system, d) micrography of the corrosion layers (sample Cab21h,
Cabaret site).

Lepidocrocite Goethite Fe III oxyhydr/oxide

Akaganetite

Qualitative

Content %
lis3-100
67-83
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ntitnatmivhe

18x14 spectra
Step: 2.9x3.3 pm 5 3350
C. Wi7-33

5067

Wo-17
Fig. 9. Raman structural imaging (sample Am IVE110, Amiens, obj. x50) with the
comparison of phase mapping between qualitative treatment (from spectrum region of
interest) and semi-quantitative results from spectral decomposition.
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Konfokalni mikroskopie

Svételnym zdrojem je laserové zareni. Konfokalni
mikroskop poskytuje mimoradné ostry, kontrastni,
vysoce informativni obraz s vysokym rozliSenim.
Struktury nachazejici se nad a pod rovinou
fokusace nemaji témer zadny vliv na kvalitu obrazu.
Hloubka ostrosti je vzdy minimalni.

Detektor
(fotonasobic)

LASER

Polopropustne | |}/
zrcadlo !

©ee o oo e\sees e e Zaostiena rovina CM 3D Mikroskopick{/ snimek vlakna
VZOREK mohérové viny (Turecko) —
Obr. 2. Schéma konfokalniho zobrazovaciho systému objektiv 100x a 2n ésobn\'/ zoom



Konfokalni Ramanova mikroskopie
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Obiettivo Microscopio
{ Campione da analizzare

Figure 3. Scheme of confocal Raman apparatus.



Rentgenové zareni

Rentgenové zareni je elektromagnetické vinéni, jehoz vinové délky lezi v intervalu
108 m aZz 101? m. Vznika v rentgenové lampé (rentgence) pfi pfeméné energie
rychle se pohybujicich elektrond na energii elektromagnetického zareni

= VN -zdroj +
Rentgenove  zareni  vznika e W |
v . . , . S |
zmeénami elektromagnetického \
V4 v | { Anoda i |
pole v atomovém obalu (rozméry | S 0o W Y |
_ _ " — =) (m—p = N | J
atomu 108 — 10710 m) S .
v
._.;..—-—'—___'-r/
' Rentgenové zafeni

Druhy rentgenového zareni: e .,ansm,,'.,f,.o,

Fast

charakteristické (Carové) ectine

brzdné (spojité)

Continuos X-rays



Charakteristické rentgenové zareni

vznikd v dlsledku premeén energie ve vnitfnich slupkdch elektronového obalu
atomu. Spektrum ma carové a poloha spektralnich c¢ar je pro dany prvek
charakteristicka
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Brzdné rentgenové zareni (Bremmstrahlung)

vznika jako dusledek nahlé zmény rychlosti elektronl dopadajicich na povrch kovu
(anodu rentgenky). Spektrum je spojité.
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Rentgenova
fluorescencni analyza
(XRF)

Rentgenova

Radionuklidova

Metal target
y
Al Focusing cup %
N g
Tungsten filament =
g 5 g
s .
Metal container / Beryllium
Xerays \ window
(il
| | Hign voitage

Fig. 37.1 X-ray tube (“Fundamentals of Physics”™, Second Edition Extended. David Halliday and
Robert Resnick. copyright 1981, Reproduced with permission of John Wiley & Sons, Inc.)
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Electromic transitions giving rise to the L spectrum of gold. The L
spectrum is considerably more complicated with three main lines nor-
mally resolved asshown in the accom panying spectrum — L (arising From
two transitions), Lg (with up to 1 7 comtributing transitions) and L, {up to
® tranations), plus a number of “torbidden’ transitions. (After Jenkins,
1974; Fig. 2-11. i John Wiley & 5ons Limited. Reproduced with
permission. )



Vinové disperzni

. \4 . ’

Energiové disperzni OO OO
Figure 26 Bragg diffraction by crystal planes. The path difference between beams | and 2 is
50+ QT=2 ) sing. (Reproduced with permission from W1, Callister I, Mate rigls Science and Erpi-
meering: An Infroduction, Tthed ., John Wiley & Sons Inc., New York. & 2006 John Wilsy & Soas Inc )
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Figure 6.6 Main components and dispersive spectra of: (2) WDS; and (b EDS.



Portable X-Ray Fluorescence
(PXRF)

CPU analyzes spectral data to
Processor collects and digitizes X-ray get composition Information.

events and sends spectral data to CPU

" .. | Composition data s
displayed and stored or

|
Preamp boosts signals on their downloaded to a PC.

way lo signal processor. | B

Fluorescent X-ray
detector registers

individual X-ray
events and sends
signal to preamp.

Vacancies left -
by ejected "{ﬁ“
electrons are filled '
by outer-shell
electrons, causing
emissions of

Electron from inner shells
fluorescent X-rays.

ejected by primary energy.
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Figure 26 Bragg diffraction by crystal planes. The path difference between beams 1 and 2 is
S0+ 0QT=2 P sing. (Reproduced with permission from W.I. Callister Ir., Materialy Science and Erpi-
aeering: An Introduction. Tth ed., John Wiley & Sons Inc., New York. © 2006 John Wiley & Sons Inc)
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Figure 6.2 Schemartic diagram of a XRD diffractometer



Elektronova mikrosonda

Incident electron beam

Cathodolumnescence
{wisitle light)

Bremsstrahlung

Characioristic X-rays

™~

Augear dectrons,
photoslectrons

Secondary electrong

/ Backscatiergd alectrons
Heat

Sample

Spescimen current

Elastically scatiered electrons

Transamil ied adectrons and
inelastically scattered alactrons

Figure 2.12 Interaction of primary electrons with a thin solid sample, showing the
various processes which can take place. (After Woldseth, 1973; Fig. 4-1.)
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Figure 26 The X-ray emision and Auger processes. An inner vacancy in the K shell
de-excites via one of two competing processes — {a) X-ray emission, in
which an L elkectron drops down and the excess energy is carried away by
an X-ray photon, or (k) the Auger process, in which an L elactron drops
down, but the excess energy 15 carrisd away by a third elactron — in this
case from the M shell



Elektronova mikroskopie

CCD camera

Fig. 3.1. General types of electron microscope. (a) Scanning electron microscope
(SEM); (b) transmission electron microscope (TEM).



(a) (b)

Fig. 3.2. Interaction of electrons with a solid showing effects of interaction volume.
(a) SEM sample; (b) sample thinned for TEM.

100 e CroNy

Fig. 3.25. BSE image of a copper—arsenic alloy. The alpha phase is composed of

regular grains, containing 3% As. Along the grain boundaries CujAs intermetallics,

with an As concentration up to 28% (bright phase), are present next to copper

sulphide inclusions (dark phase). Magnification 400 [67]. Reproduced with per-
mission from TMS Publications.



Fotoelektronova spektroskopie (ESCA)

Electron Energy Analyzer (0-1.5kV)
(measures Kinelic energy of electrons)

N

Electron Detector
(counts the electrons)

Photo-Emitted Electrons (< 1.5 kV)
escape only from the very top surface
(70 - 110A) of the sample

Electron
Colfection
Lens

Focused Beam of

X-rays (1.5 kV)
Electron ~N
Take-Off-Angle
Ir- E % I ws |,
|. Si(2p)
Si0,/8i*° |
Sample '
Samples are usually solid because XPS Si{2p) XPS signals
from a Silicon Wafer

requires ultra-high vacuum (<10 torr)
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Ultrafialova (UPS)
Rentgenova (XPS)

Sledovani kinetické energie fotoelektronu,
Ta zavisi na energii molekulového orbitalu.

i) FI'-:dD:I_Eﬂlrc-n ib) i Buger
g election
L] L ]
i LR
ar
Lz Lz.3

- & Ly & L Ly
z7{;/ B

Cr o K L -

KPS Bargier

Figure 7.1 Emission processes of charactenistic electrons: (a) a s photoelectron; and (b) a KL Lay -
Auger electron
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Particle-Induced X-ray Emission (PIXE)
a
Particle-Induced Gamma Emission (PIGE)

Beam monitor
Argon X-rays detector

Sumple ZM (B} x_raysdetector

Selective filter

Fig. 11.1. The non-vacuum PIXE set-up used at LARN.



PIXE step 1 PIXE step 2

‘He
s

RBS NRA

Fig. 5.1. Physical principles of IBA techniques. Particle-induced X-ray emission
(PIXE) is a two-step process: an inner-shell electron of the target atom is expelled by
the impinging ion, then follows an electronic rearrangement accompanied by X-ray
emission. Rutherford backscattering spectrometry (RBS) relies on a purely elastice
process based upon the electrostatic repulsion between positively charged projectile
and target nuclei. NRA occurs when the projectile and the target nuclei come close
enough to undergo a nuclear reaction with emission of characteristic photons or
charged particles.



Neutronova aktivacni analyza
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Printer/plotter

T T — High-voltage u
" Lead shield power
|L- _.,-—"} supply

_ Germanium
detector -
Amplified A
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Analog Amplifier analog to digital Digitized
pulse pulse | converter| Pulse
% —
Preamplifier
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with: keyboard
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Fig. 32.1 Germanium-lithium detector (From SKOOG. Prnciples of Instrumental Analysis,
SE. © 1998 Brooks/Cole, a part of Cengage Learning, Inc. Reproduced by permission.
WWw.cengage.com/permissions)



Hmotnostni spektrometrie

Hmotnostni  spektrometrie |e
zalozena na lonizaci
prvku/sloucenin a rozdéleni iontu
na zakladé jejich poméru
hmotnosti k naboji (m/z).

Hmotnostni spektra molekul
se vyuzivaji pri analyze
struktury organickych latek.

analyzator hmotnosti

vstup
vzorky

ionovy vakuum detektor

Relative Abundance (%)

zdroj podita
Obr.12.1 Schéma hmotnostného spektrometra
Toluene C;Hq4
MASS SPECTRUM (Electron lonization)
100
CH,
80
60
Toluene chemical structure

A0 molecular mass: 92
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Kvadrupoélovy analyzator

fonization process of | | mass separation of lons ditaction of
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lontova past
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Pruletovy analyzator (Time of Flight, TOF)
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Tabulka VII. Srovnéni viastnosti analyzatorl pouzivanych pfi hmotnostni spektrometrii

analyzator sektorowy kvadrupdlovy iontové past priletovy cyklotronové
rezonance

rozliovaci > 100 000 Amyz < 1 <10 000 1000 - 15000 | 10°- 10°

schopnost do m/z = 4000

hornf mez m/z 2000 - 15 000 1000 - 4000 2000 - 10 000 | > 500 000 ~ 80 000

citlivost stfedni stfedni vysoké vysoké vysoké

celkové vyuditl nizké (5 - 10%) nizké vysoké vysoké vysoké

iontd) (90 - 100%)

rychiost skenovani | niZsi stfedni vysoké velmi vysokd | vysoké

pfesnost m/z vysoké niZ&i niz&i stfedni vysoké

pfesnost kvantit. vysoké vysoké stfedn( nizsi ni2si

analyzy

pulzni méd ne he ne ano ano

moZnost MS/MS v | ne ne ano ne ano

jednom analyzatoru

kompatibilita s GC | Ize pouZit velmi dobré velmi dobra off line lze poutit

a HPLC

vakuum 10*-10* Pa 10%-10° Pa 0,1 -10Pa ~10° Pa 107 - 10" Pa

pfibliZna cena pfi- =250 000 2120 000 2120 000 =80 000 =500 000

stroje (v USD)




Hmotnostni spektrometrie s indukcné vazanym
plazmatem
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Laser Ablation ICP-MS
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2The detection limits are based on a 98% confidence level (3 standard deviations).
b |dentifying a single part per trilion of an element in a solution is analogous to locating a single white raisin in a house (2,700 sq ft) full of regular raisins.
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Figure |. Elements determined by ICP-MS and approximate detection capability.
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Fig.2 Lead isotope ratio distribution of the two iridescent Art
Nouveau glasses. Glass T1 consists of two layers of approximately
equal thickness (coloured green and blue, respectively). Error bars
represent total combined uncertainties (k = 1).
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Figure 4 A portion of the page of the Qur'an used in this study.

S3

96
202
100 @)
200
> 199 Hg
E 50 201
2 S; 198
P 128 204
g
. 1
S; Mass/Charge
s 64 5 5
2 || 160 195 363 426 490
. . L L L NS % :
0 200 400 600
m/z
HgS3 HgS5
363 426
HgS3
490 (b)
=
&
3
k|
L]
.>
k|
(¥}
[

350 400

m/z

500

Figure 5 (a) A negative ion LDMS spectrum of the red ink/dye region of the Quir’an sample. (b} An expanded view

of the higher m/z portion of the spectrum.



Akrylatové barvy

5000 — PY 3: MNa*
f 268 m/z 268 417
4500 A
] PY 3: MH*
4000 -
] 395
3500
] PY 74. MH*
3000 - 387 397 419
2500 — ‘ l l‘ |
] | \L |
2000 _ M-U ‘ wumw 1-—-'— _ mJ\UL Ujl_w ‘JL'EJ_LJNMJ_.«#AJL} ij' 2 ULJJ ot 2 U’bw[»._,..
1200 ] ‘ I
] PB15
1000 -
PEG
500

m_h.lnlll-{llu Lll lL llulhill:illn‘-h oo

LA AL R N A (R S B B s R T 1T T ] T T T T T

— T
400 600 800 1000 1200 1400 1 600 1 800 2000 2200 m/z

Fig. 11. Laser desorption ionisation mass spectrum of Winsor and Newton Finity ‘Permanent Green Light’ acrylic paint. The paint was painted on
cellulose TLC plate surface and after drying analysed directly by LDI-TOFMS using a nitrogen laser at 337 nm.
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Hmotnostni spektrometrie organickych molekul
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