Optické metody

k stanoveni analytu se vyuzivd interakce

elektromagnetického zareni se zkoumanou latkou
(vzorkem).
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Dualni charakter elmg zareni

Parametry charakterizujici vinové vlastnosti:

i — vlnova délka, [um, nm]
VL — rychlost §ifeni v uréitém prostiedi [m/s]
(rychlost ve vakuu € =2,9979.108 m/s)

V — frekvence, [Hz] V=

vztah Inezi zakladnimi parametry:
v=—-  —vlnoCet [cm]
A
Parametry charakterizujici korpuskuldrni vlastnosti:
E=hv- energie [J]
(h = Planckova konstanta, 6,6.10-34 J.s)

>l

The distance of one cycle is the wavelength (1).
The frequency (v) is the number of cycles passing a fixed point per unit time.

A=clv (c = velocity of light, 3 x 1010 ¢cm s™).

The shorter the wavelength, the higher the energy: E = hV - hC//l

This is why UV radiation from the sun burns you.

l<— Wavelength —|

l \/ \/ Direction of propagation

Vibration




We see only a very small portion of the electromagnetic spectrum .

In spectrochemical methods, we measure the absorption of UV to far IR radiation.

UV =200-380 nm, VIS = 280-780 nm, IR = 0.78 um-300 um
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Fig. 16.2. Electromagnetic spectrum.
©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)
& 3 g ]
T B 3 S =
¢ 6 £ & @& =

700 620 580 530 470 420nm

14 16 1.7 19 21 24 x10°cm’

43 48 52 57 64 7.1 x10"Hz

Near oy
infrared  2-000=S393 ¢t [
Mid
infrared 333-3333cm’
Far = Vacuum
infrared 33-333 cm ultraviolet
Micro- |/ /
Radiofrequency wave Infrared ‘ | X-rays, y-rays
log(v/Hz) 3 6 7 8 9 10 |11 |12 |13 |14 |15 |16 [17 18 |19 |20 21
[
A 3km 3m 30em 3 mm 0.03 mm 300 nm 3nm 3 pm
Nuclear magnetism Rotation Vibration  Electronic Nuclear




OPTICKE METODY
|
| |

pfi interakci zafeni/hmota  pfi interakci zafeni/hmota

nedochazi k vymeéneé dochazi k vyméné
energie ¢ energie ¢
REFRAKTOMETRIE SPEKTRALNI
POLARIMETRIE METODY

NEFELOMETRIE
TURBIDIMETRIE

ATOMOVE MOLEKULOVE
| |
I I I I
Absorpéni Emisni Absorpéni Emisni
Fluorescenéni Fluorescenéni
Refraktometrie

n=sino/sinf=v, /v,

lupa na®

uhlomérné
! stupnici




Polarimetrie
a=[a],! Lc

g
4

zdroj Ly
zareni \ \9|detektor
veta

polarizator ge  analyzator
vzorkem

Nefelometrie a turbidimetrie
(A-turbidimetrie, B-nefelometrie)

i . {\ ~ Jvzorek
zdroj detektor] zdroj | —

zareni zareni U
\ 4

A B detektor]

vzorek




A ! Excited states

>
2
(0]
-
L]
\ Ground state
Absorption Emission

Prijem energie — absorpce
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Spektralni metody absorp¢ni a emisni — spole¢ny zaklad

absorbuijici
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Absorption of a photon causes electronic transition from the ground state to a higher
energy state.

The electron relaxes to the lowest energy level of the first excited state.
The wavelengths of emitted radiation are independent of the wavelength of excitation.

But intensities are not.

Vibrational relaxation
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Fig. 16.29. Energy level diagram showing absorption
processes, relaxation processes, and their rates.

The excitation spectrum corresponds to the absorption spectrum.

In larger molecules, the vibrational spacings of excited states are similar to those in
the ground state.

So the emission spectrum may be a mirror image of the excitation spectrum.

T T T T T T T T T T T T T T

9-Methyl-
anthracene

Emission
Excitation

300 400 500
Wavelength (nm)

Fig. 16.30. Excitation and emission spectra of a fluorescing molecule.
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» absorpc¢ni atomova

* emisni molekulova




Metody molekulové a atomové spektrometrie — spole¢ny zaklad

Molekulova
spektrometrie

Atomova spektrometrie

informace o ptitomnosti molekul,
vazeb, funkénich skupin

informace o pfitomnosti atomu

vyuziti k identifikaci a stanoveni

vyuziti k diikazu a stanoveni

vyzaduji malych excita¢nich
energii, UV, VIS, IC, p-viny, RF

vV

vyzaduji vyssich excitacnich
energii, VIS, UV, RTG

vzorek v kyveté

vzorek ve formé oblaku atomi

analyticky se vyuZzivé absorpce a
fluorescence

analyticky se vyuziva absorpce,
emise, fluorescence

spektra jsou pasova

spektra jsou ¢arova

Transmission and Color

The human eye sees the complementary color to that which is

absorbed




Absorbance and Complementary

Colors
300 —
Wavelength [nm] Absorbed color  Complementary color
700 = 650-780 red [N blue-green
595-650 orange greenish blue
560-595 yellow-green I purple
500 500-560 green [ M red-purple
490-500 bluish green I ed
500 480-490 greenish blue [ orange
435-480 blue [N yellow
400 — I 380-435 violet [N yellow-green

The complement of the absorbed light gets transmitted.

The color of an object we see is due to the wavelengths transmitted or reflected.
Other wavelengths are absorbed.

The more absorbed, the darker the color (the more concentrated the solution).

In spectrochemical methods, we measure the absorbed radiation.

Table 16.]

Colors of Different Wavelength Regions

Transmitted Color

Wavelength Absorbed (nm) Absorbed Color (Complement)
380-450 Violet Yellow-green
450-495 Blue Yellow
495-570 Green Violet
570-590 Yellow Blue
590-620 Orange Green-blue

620-750 Red Blue-green

©Gary Christian, Analytical Chemistry, ~6th Ed. (Wiley)
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Symmetric
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Out-of-plane
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A - pure rotational changes (far IR).
B - rotational-vibrational changes (near IR).

These transitions are all quantized.

C - rotational-vibrational-electronic changes (visible and UV).
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Fig. 16.3. Energy level diagram illustrating energy changes associated with
absorption of electromagnetic radiation. E, is electronic ground state and

E, is first electronic excited state.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)




The peaks are associated with vibrational modes within the molecule.
(More in Fig. 16.8 on types of bonds that give peaks.)

©Gary Christian,
Analytical Chemistry,
6th Ed. (Wiley)
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Electronic transitions (at higher energy — shorter wavelengths) are superimposed on
rotational and vibrational trasitions.

These many discrete transitions result in a broad band of unresolved fine structure.

7 (double or triple bonds) and n (outer shell) electrons are responsible for most UV and
Vis electronic transitions.

Absorbance

N 7
| | |
400 500 600 700

Wavelength (nm)
Fig. 16.5. Typical visible absorption spectrum. 1, Sample; 2, blank.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)

’ These are similar in structure to visible spectra. I

Absorbance

==
T
T

300 310 320 330 340 350

200 210 220 230 240 250 260 270 280 290
Manometers

Fig. 16.6. Typical ultraviolet spectrum.

©Gary Christian, Analytical Chemistry, ~6th Ed. (Wiley)




©Gary Christian,
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These groups absorb in the UV or visible regions.

Table 16.2

Electronic Absorption Bands for Rep tative Chr ph -
Chromophore System 3 e (.
Amine —NH,; 195 2800
Ethylene —C=C— 190 8,000
S 195 1,000
Ketone C=0 270-285 18-30
7
Aldehyde —CHO 210 Strong
280-300 11-18
Nitro —NO, 210 Strong
Nitrite —ONO 220-230 1,000-2,000
300-400 10
Azo —N=N— 285-400 3-25
Benzene 184 46,700
202 6,900
255 170
Naphthalene 220 112,000
275 5,600
312 175
Anthracene 252 199,000
375 7.900

“From M. M. Willard, L. L. Merritt, and J. A. Dean, Instrumental Methods of Analysis, 4th ed. Copyright

© 1948, 1951, 1958, 1965, by Litton Educational Publishi

Company.

of Van N.

A Beinhald

Inc., by p

Aromatic compounds are good absorbers of UV radiation.

2.5

log €

0.5

0

200

220

240
Wavelength (nm)

260

280

Fig. 16.7. Ultraviolet spectrum of benzene.

©Gary Christian,
Analytical Chemistry,
6th Ed. (Wiley)




Absorption in the 6- to 15-um region is very dependent on the molecular environment.

This is called the fingerprint region.

Wavenumbers in cm™’
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Fig. 16.8. Simple correlation of group vibrations to regions of
infrared absorption.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)

Organic substances measured in the UV must usually be dissolved in organic solvents.
The solvent may affect the spectrum due to solute-solvent interactions.

A polar solvent may cause loss of fine structure.

Table 16.3

Lower Transparency Limit of Solvents in the Ultraviolet Region

Cutoff Point Cutoff Point
Solvent {nm) Solvent (nm)”
Water 200 Dichloromethane 233
Ethanol (95%) 205 Butyl ether 235
Acetonitrile 210 Chloroform 245
Cyclohexane 210 Ethyl proprionate 255
Cyclopentane 210 Methyl formate 260
Heptane 210 Carbon tetrachloride 265
Hexane 210 N.N-Dimethylformamide 270
Methanol 210 Benzene 280
Pentane 210 Toluene 285
Isopropyl alcohol 210 m-Xylene 290
Isooctane 215 Pyridine 305
Dioxane 220 Acetone 330
e e oy, Diethyl ether 220 Bromoform 360
Bth Ed. (Wiley) Glycerol 220 Carbon disulfide 380
1,2-Dichloroethane 230 Nitromethane 380

“Wavelength at which the absorbance is unity for a 1-em cell, with water as the reference.
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Transmittance = P/P, = 10-akc

a = proportionality constant =
absorptivity

-log T = abc = A = absorbance

C

b

Absorption of radiation. P, = power of incident radiation,
P = power of transmitted radiation, ¢ = concentration, b = pathlength.

Transmittance and
Concentration
The Bouguer-Lambert Law

100% 50% 25% 125%  675%  3.125%
Iy I, I, Iy I, Iy

100%

Transmission

50%

25%

Path length

T = I/]O — e—Const~Pathlength




Transmittance and Path Length
Beer’s Law

T — I / IO — e—Const-Concentration

The Beer-Bouguer-Lambert
Law

A=—logT=—10g([/[0)=log(lo/l)=5-b-c




Teflon tubing
(4.5 m long, bent into a coil)

lF.’““."'dp. ( um inner diameter,
1guia.ih 12D um wall thickness) To waste
X
Lamp 7—_ / ——1 Polychromator
Optical
fibper Aqueous reagent solution CCD
detector

Stanoveni nanomolarnich koncentraci dusi¢nant a dusitant

Use the newer recommended nomenclature. I

Table 16.4

Spectrometry Nomenclature

Recommended Name

Older Names or Symbols

Absorbance (A)
Absorptivity (a)
Pathlength (b)
Transmittance (7T)
Wavelength (nm)

Optical density (OD), extinction, absorbancy

Extinction coefficient, absorbancy index, absorbing index
lord

Transmittancy, transmission

mm (millicron)

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)




This empirical ratio method is used because of deviations from Beer’s law,
scattered radiation, etc.

Log P,/P is plotted against C.

100 —
%T
Py P
0
Wavelength

Fig. 16.11. Baseline method for quantitative determination
in infrared region of spectrum.

©Gary Christian, Analytical Chemistry, ~6th Ed. (Wiley)

The nominal wavelength is that set on the instrument.
The slit passes a band of wavelengths.

The bandwidth varies with wavelength with a prism, but is constant with a grating.

100 —
Bandpass
%T S50
MNominal
wavelength
0 |
5 v / Wavelength Somcmuan,
Spectral slit width 6th Ed. (Wiley)

Fig. 16.21. Distribution of wavelengths leaving the slit of monochromator.




Molar absorption coefficient, &

Area = integrated

absorption
coefficient

Wavenumber, v

UV/VIS spektroskopie
Gaussovsky pas

IR, NMR spektroskopie
Lorenzovsky pas

Idealni pripad !!!

Vétsinou kombinace
obou funkci

Sifka ¢ary

*Dopplerovo rozsifeni —
detektor vs. zdroj

o, lifetime* rozsiireni -

princip neurcitosti

Derivative Spectra of a Gaussian
Absorbance Band

Absorbance: 4 = f(ﬂ)

dA ,
1st Derivative: —— = A
T /(A
d’A .
2nd Derivative: = A

[x] Absorbance
1.0

0.5-

0.01

Absorbance

Ist derivative

0.01

0.007

-0.01

nd derivative
2.0E-04-

0.0E+00
-2.0E-04-
-4.0E-04:
-6.0E-04

3rd derivative
2,0E-05

1.0E-05-
0.0E+00{
-1.0E-05

-2.0E-05:

4th derivative
1.0E-06-

5.0E-07
0.0E+00

-5.0E-07-

300 400 500 600 700

300 400 500 600 700




Resolution Enhancement

E 1 Absorbance
* Overlay of 2 P
Gaussian bands
with a NBW of 05
40 nm separated oo
by 30 nm 400 500 600

4th derivative
5.0E-06 /\/\
0.0E+00 A
* Separated by
4th derivative -5.0E-06

400 500 600

Discrimination of Broad Bands

[x]1.0] Absorbance
i /k
0.0

0.05 First derivative

0.00:

-0.05

0.005 o
Second derivative J\
0000 A
~0.005 ~ ‘
0

400 500 600
Wavelength [nm]

* Derivatives can eliminate background absorption
* Derivatives discriminate against broad absorbance bands
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Instrumentace

Zékladni ¢asti spektralnich ptistroju

1. zdroj zareni

2. selektor vinovych délek

3. vzorek

4. detektor zareni

5. vyhodnocovaci zarizeni a displej




Z.akladni usporadani pro absorp¢éni

spektrometrii:
@ﬁ KR
droj vinovy detektor zpracovani
garejm 2 selektor 3 vzorek 4 sateni D glérc])grl?zem

Z.akladni usporadani pro emisni

spektrometrii:
1 zarejnl — > —
B vinovy detektor [ ZPracovani
2 selekfor 4 zareni 5 glgzrc‘)glrl?zem

3 vzorek




Z.akladni usporadani pro fluorescen¢ni

spektrometrii:
Y N N (T
C A =]
. vinovy zpracovani
1 zdroj . 2 seleklor 4 ggﬁgﬁor D azobrazeni
zareni signalu

r r

Jednopaprskové diferenc¢ni usporadani

spektrometru:
referentni
kyveta
monochro-
mator | detektor
> — -> > \
@
kyveta zpracovani
clona ¥ se vzorkem a zobrazeni
zdro signalu




Diode-Array Spectrophotometer

= Diode array

Polychromator
Sample . .
Dispersion
m device

Source

029

Schematic of a diode-array spectrophotometer

Entrance
slit

Diode-Array
Spectrophotometer

Bl Shutter ( )
Lens

Tungsten

Sample lamp

Lens Deuterium
Slit ® lamp
Grating

1024-element
diode array

Optical diagram of the HP 8453 diode-array spectrophotometer




Dvoupaprskové usporadani spektrometru:

referentni diferencialni
kyveta zesilovac

mator
O ®
N

> — detektory
N é"zrgﬁlﬁ’gzae“r%.
ign
zdroj | délic kyveta Sionat
zareni paprsku se vzorkem
Conventional
Spectrophotometer

Monochromator ’j
Exit K m ﬁl
slit

Reference
Dispersion
device
Entrance Chopper Detector

Source slit
Sample

Optical system of a double-beam spectrophotometer




Diode-Array
Snectronhotometer

[] Visible Iamp

Cube
UV lamp Reference corner

/ cell mirrors
Source @ EJ

Source ellipse

mirror
\ \
Upper beam n

director
SI;I).ectrograph e [
ellipse
UV . Sample
cell
BN
. <
Visibl
e Cube
corner
Holographic Spectrograph mirrors
grating slit and detector Lower beam
arrays director mirror

Optical system of the HP 8450A diode-array spectrophotometer

Conventional
Spectrophotometer

Dispersion Reference  Detector
device
Entrance Beam
Source slit splitter @ ‘
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Optical system of a split-beam spectrophotometer




Sample Display and
compartment controls
Source, monochromator, detector
1. zdroj pouZiti

a) zdroje spojitého zareni

xenonova lampa

molek. fluoresc. spektr.

H,, D, vybojka molek. abs. spektr., UV
W, W-X Zarovka molek. abs. spektr., UV, VIS, IC
globar (SiC, 1500°C) molek. abs. spektr., IC

b) zdroje ¢arového spektra

laser

molek. abs. spektr., UV, VIS, IC;
molek. fluoresc. spektr.

vybojka s dutou katodou

atom. abs. spektr., UV, VIS;
atom. fluoresc. spektr.

Hg vybojka

atom. abs. spektr., UV, VIS;
atom. fluoresc. spektr.

¢) zdroj spojitého i ¢arového zareni

RTG lampa

RTG spektrometrie

d) v emisnich spektralnich metodach je zdrojem zareni excitovany vzorek




Ultraviolet Visible Infrared
L} L}

Zareni ¢erného télesa

100 K
4 L1 iin LAt L1111l
0.1 05 1 5 10 50 100

Wavelength (ym)

astronomie

Intensity Spectrum of the
Deutertum Arc Lamp

* Good intensity

in UV range El;-’_, b
« Useful intensity =

in visible range 8 0.1
* Low noise ‘—i
. Intens¥ty Qecreases *§ 0.0

over lifetime =

0.00 T T T T T
200 300 400 500 600 700
Wavelength [nm]




Intensity Spectrum of the
Tungsten-Halogen Lamp

—
o

* Weak intensity in
UV range

* Good intensity in
visible range

* Very low noise

* Low drift

o
=

Spectral irradiancé

0.0 +——7—"7—T7—T—T—
200 400 600 800 1000
Wavelength [nm]

Light intensity —

Tungsten lamp

Deuterium lamp

| | | I l I | J
200 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)




Intensity Spectrum of the Xenon
Lamp

* High intensity E;o 100 -
in UV range S

» High intensity 5 107

in visible range E 1
* Medium noise g

§. 0.1
w

0.01 — T T T T T
200 400 600 800 1000
Wavelength [nm]

(a) Thermal equilibrium

Lasery




Relaxation

Population inversion
ﬂ:{ =N,

—-—<—D—> hv

EE
Laser
Pump action
E1
Relaxation
% Lasing medium
0%t IS

Energy

Mirror
1% T

Pump

/

Laser action




/

Pump

Laser action

Ar‘

\

Vlastnosti laseru

* monochromatické zafeni

+ extrémné uzké — vysoky vykon pii jedné A
* kolimované

* polarizované

* koherentni

Nevvhody

* drah¢

* narocné udrzba

* omezeny pocet | pro pouziti




Lasers are intense monochromatic sources, good as fluorescence sources,
since F a Intensity.

Table 165

istics of C Lasers
Laser Wavelength (nm) Power (W)
Jonic crvstal
Ruby* 694.3 1-10 MW
Nd: YAG® 1064.0 25 MW (8-9 ns)
Gas
He-Ne 6328 0.001-0.05
He-Cd 441.6 0.05
3250 0.01
Ar? 514.5 15
496.6 25
488.0 6.0
476.5 25
4658 7.0
4579 13
333.6-363.8 (4 lines) 30
Kr 752.5 1.2
647.1 35
5309 1.5
4825 04
468.0 0.5
413.1 1.8
406.7 0.9
©Gary Christian 337.5-356.4 (3 lines) 20
Analytical Chemistry, Nitrogen® 337.1 200 kW

6th Ed. (Wiley)
“Operated in pulsed mode; values given are peak power (pulse width).
From G. [, Christian and ). E. O Reilly, fnstrumental Analysis, 2nd ed. Boston: Allyn and Bacon, Inc., 1986,
Reproduced by permission of Allyn and Bacon, Ine

2. Vinové selektory
Filtry

*absorpcni

sinterferencni
Monochromatory

* hranolové

* miizkové

3. Vzorek

Molekulové spektralni. metody —
* kyvety, (hranaté, valcové) z vhodného materialu;
Atomové spektralni metody

* oblak atomu.

4. Detektory

«fotonky, fotonasobice
*polovodicové detektory
detektory s diodovym polem
stermoclanky




Waves in phase Waves partially out of phase  Waves completely out of phase
Constructive Destructive
interference interference

e

A
\J \

(a) Result (b) Result (c) Result

Modern IR spectrometers are Fourier transform spectrometers, rather than dispersive.
The beam is spit into two paths.
When reflected, they are out of phase due to the moving mirror.

They recombine to give an interference pattern of all wavelengths
(pattern changes with time).

A time-domain spectrum is recorded (interferogram — see next slide).

Fixed mirror

Movable

mirror
-
O Beam-splitter
*
Infrared
source

Sample

Detector

Fig. 16.25. Schematic of interferometer for FTIR spectroscopy.

©Gary Christian, Analytical Chemistry, ~6th Ed. (Wiley)
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Detector voltage

Sample interferogram

Retardation (§)

|

Sample transform
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Transmission spectrum
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Dispersion Devices

B Prism
* Non-linear dispersion >
» Temperature sensitive -
Grating
* Linear Dispersion
* Different orders
Firstorder ~—
Second order

Dispersion by prisms is good at short wavelengths,
poor at long wavelengths (IR).

White light Red (longer wavelengths)

Blue (shorter wavelengths)

Fig. 16.14. Dispersion of polychromatic light by prism.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)




Scattered
beam

Incident
beam

Diffraction grating

\To detector

Incident ~ Scattered /T, N
beam beams /

Diffraction
grating




Dispersion by a grating is independent of wavelength, but intensity varies with wavelength.
Gratings are blazed for certain wavelength regions.
Higher order radiation is produced (multiples of the primary, 15t order, radiation).

Radiation at wavelengths shorter than the spectral region must be filtered out
to prevent its 2"d order radiation from overlapping the spectral region.

“b“b.p*,\”
n’.%
/ .
L4 -
Dy
<
g 4
7
I”
e
o
. Incident
Graling s
radiation
I
TRIA (200-800 nm)
Normal
to groove -|

face

Fig. 16.15. Diffraction radiation from grating.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)

Standard
1-cm path Micro cells
3 Cylindrical 5

gg;;n 20-mm path Thermal




The standard cellis 1 x 1 cm.

Quartz is used for UV and visible.

Glass and clear plastic are used for visible.

Fig. 16.16 Some typical UV and visible absorption cells.

©Gary Christian, Analytical Chemistry, ~6th Ed. (Wiley)

Transmission Characteristics
of Cell Materials

[x] 100
F%§ed
si |ca/
801 /
= / Fused
E i quartz
=
©
=
2 40
S Acrylic Glass
= plastic
20
Optical
i glass
200 250 300 350 400
Wavelength [nm]

Note that all materials exhibit at least approximately 10% loss in
transmittance at all wavelengths




Cell Types I

Open-topped rectangular standard cell (a)
and apertured cell (b) for limited sample volume

Cell Types II

Micro cell (a) for very small volumes
and flow-through cell (b) for automated applications




Salt crystals are used as cell material for the IR region.
NaCl must be protected from moisture, and is polished to remove “fogging”.
AgCl can be used for wet samples.

(able 16.6

>roperties of Infrared Materials

Manerial Useful Range (cm ') General Propenties
Nutl HLOO0-625 cr seluble, low cost. most commonly used matenal,
KOl 41,000-500 soluble,
wBr H1LOM0 -4} suluble, slightly higher in cost than NaCland more hy groscopic.
"sBr WILO00-250 Hygm wvater soluble
sl H,000-2000 vie, water soluble, good Tor lower wavenumber studies
LiF £3.333-1425 Sli goad UV material
al T.000-1110 sis most acids Tkalis
Buf 67 000870 le. soluble in acids and NH
AgCl TOLOO0=40] ve o metals, Darkens upon exposure to short-wi
Aphr 12.000=-333 o metals, Darkens upon exposure 1o short-wa
KRS-5 fi, good for ATR work
ns
Fats
Ge
Si
UV quartz
IR quartz A0, 0003000
Polyethylene 625-10 aterial for far-TR work,

A short path cell is used with pure substances for qualitative measurements
(e.g., 0.01-0.05 mm).

High concentration solutions are usually used since most solvent absorb some
in the IR (ca. 0.1 mm pathlength).

Fig. 16.17. Typical infrared cells. (a) Fixed-path cell. (b) Variable length cell.

©Gary Christian, Analytical Chemistry, ~6th Ed. (Wiley)
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Many electrons emitted
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window

_ . Incident
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Photomultiplier Tube Detector

* High sensitivity at

low light levels -
* Cathode material

determines spectral g % % % % !; é ,% % % ! —

sensitivity Y2¥23032% e
* Good signal/noise F F F ? F IZ F ? F [2 ‘ —
* Shock sensitive ,

Cathode
Anode

PM tubes are sensitive, but different photoemissive surfaces are responsive
to different wavelengths.

Einstein received the 1921 Nobel Prize in Physics for explaining the
photoelectric effect in 1905.

Absciute Sensiivity (mAW)

©Gary Christian, =
Analytical Chemistry, 200
6th Ed. (Wiley) Wivelength {am)

Fig. 16.18. Some spectral responses of photomultipliers.
S-5 =RCA 1P28; S-4 = RCA 1P21; S-1 = RCA 7102.




The Photodiode Detector

Metal contact Photon

* Wide dynamic range

* Very good
signal/noise at high -
light levels

* Solid-state device -

Intrinsic region

Gold block

Schematic Diagram of a
Photodiode Array

« Same characteristics B T
as photodiodes

« Solid-state device Photodiode v

* Fast read-out cycles Capacitor {:"} {:} {'»'} {:"} {:} g
Shift l l l l l
register
Transistor
switch )r )r )[ )I )[ }[
Video line l l L L L l

Readout ¢ cle




These detectors allow recording of an entire spectrum at once. I

Fig. 16.19. Photo of 1024-element diode arrays.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)

Radiant Sensitivity (mA/W)

Diode arrays are useful for UV to IR radiation. I

600

500 (—

400 —

300

200

100

0

l l l | l | | |

200

300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 16.20. Typical spectral response of diode array.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)
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Photomultiplier
tube

Charge coupled
device

Signal

1 000 1050
Wavenumber (cm 1)

(Table 20-2| Minimum detectable signal (photons/s/detector element) of ultraviolet/visible detectors

Si L Photodiode array Photomultiplier tube Charge coupled device
ignal acquisition time
(s) Ultraviolet Visible Ultraviolet Visible Ultraviolet Visible
I 6 000 3 300 30 122 3 17
10 671 363 6.3 26 3 1.7
100 112 62 1.8 Ty 0.3 0.2

source: R. B, Bilhorn, J. V. Sweedler, P. M. Epperson, and M. B. Denton, “Charge Transfer Device Detectors for
Analytical Optical Spectroscopy,” Appl. Spectros. 1987, 41, 1114,

Blue- "\
enhanced
silicon_ 3

0.75

0.50

0.25

Relative sensitivity

_-5-20
Photomultiplier

0 |
200 600 700 800 900 1000 1100 1200

Wavelength (nm)




A

[
|
I 'I
Incident : / Reflected
ray | ;. ray
' /
I
Refractive
index = n,

Refractive
index = n,

Refracted
ray

Cladding (n,)




The cladding has a higher refractive index than the core.
The buffer layer is a protective layer.

Light entering at no greater angle than 6, will be internally reflected and transmitted.

0, \ ny Cladding
L __‘l. -
my Core
A -
\\ Buffer
Lost

Fig. 16.32. Fiber-optic structure.

©Gary Christian, Analytical Chemistry, 6th Ed. (Wiley)

Total
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Sinusoidal oscillation of electric field  Exponential decay of
evanescent wave




Absorbance

System Pb(I1I)-XO =

0.1 Absorbance unit

Wavelength (nm)

(b)

Absorbance of Intensity of light
xylenol orange decreases each time
increases at 590 nm it is reflected from
when it binds Pb>* xylenol orange layer

I \\ // I
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The detector is a 2048-element charge-couple device (CCD).

The light from the fiber optic cable is dispersed across the array via a fixed grating.

\f

Fig. 16.34. Miniature fiber spectrometer. Box is the spectrometer.
Light source is to right, and fiber-optic cable guides light to cuvet.
Second cable takes transmitted light to spectrometer.

©Gary Christian, Analytical Chemistry, ~6th Ed. (Wiley)

Instrumental
electrical noise

Cell positioning
imprecision

Relative precision of replicate measurements (%)

1.0 2.0
Absorbance




It is difficult to precisely measure either very small or very large decreases in
absorbance.

For thermal-noise limited detectors (as used in IR), the error is minimum for
A = 0.434; working range 0.1-1 A.

For shot-noise limited phototube and photomultiplier detectors, the error is minimum
at A = 0.87; working range is 0.1-1.5 A.

-25
<
o
_||
5 15
8
3
p -10
§ [
0 1 | 1 1
Y Transrnilltance 20 40 60 80 1?0 ©Gary Christian
1 1 1 | 1 1 1 N ’
-~ 108 05 03 02 01005 0 oned e
Absorbance

Fig. 16.27. relative concentration error as function of
transmittance for 1% uncertainy in %T.

A max (good chaice of
wavelength)
A #Apay (POOT choice of
Monochromator max
bandwidth wavelength)
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Absorbance

606 608 610 612 614
Wavelength (nm)




Table 20-1| Calibration standard for ultraviolet absorbance

Absorbance of K,Cr,0,
(60.06 mg/L) in 5.0 mM

H,SO,

Wavelength (nm) in 1-cm cell

235 0.748 = 0.010

257 0.865 = 0.010

313 0.292 = 0.010

350 0.640 = 0.010

SOURCE: S. Ebel, *Validation of Analysis Methods,” Fresenius J. Anal. Chem.

— Stray light = 1% 0.1%

1.0
5 o 0.01%
(&

o)

=

S 0.01

o

2

S 0.001

0.000 1 : | : | :

0 1.0 2.0 3.0 4.0 5.0
True absorbance




Definition of Resolution

Spectral resolution is a measure of the ability of an instrument to
differentiate between two adjacent wavelengths

Instrumental Spectral
Bandwidth

The SBW is defined as the width, at half the maximum intensity, of
the band of light leaving the monochromator




Natural Spectral Bandwidth

The NBW is the width of the sample absorption band at half the
absorption maximum

Effect of SBW on Band Shape

The SBW/NBW ratio should be 0.1 or better to yield an absorbance
measurement with an accuracy of 99.5% or better




Effect of Digital Sampling

The sampling interval used to digitize the spectrum for computer
evaluation and storage also effects resolution

Wavelength Resettability

Influence of wavelength resettability on measurements at the
maximum and slope of an absorption band




Effect of Stray Light

Effect of various levels of stray light on measured absorbance
compared with actual absorbance

Theoretical Absorbance Error

The total error at any absorbance is the sum of the errors due to stray light
and noise (photon noise and electronic noise)




Effect of Drift

Drift is a potential cause of photometric error and results from
variations between the measurement of 7, and /

Effect of Refractive Index

Changes in the refractive index of reference and sample
measurement can cause wrong absorbance measurements




Non-planar Sample Geometry

Photosensitive area
!! Detector ! Detector
Planar sample “Wedge" sample

Some sample can act as an active optical component in the system
and deviate or defocus the light beam

Effect of Integration Time

0.0008
0.0006
0.0004
0.0002
0.0000

+/0.00013 ‘“u S/N =55

Absorbance [AU]

} = 0.00004 AU
S/N =18
1

0.0008
0.0006
0.0004
0.0002 16 sec
0.0000

Absorbance [AU]

450 500 550 600
Wavelength [nm]

Averaging of data points reduces noise by the square root of the
number of points averaged




» Wavelength averaging reduces also the noise
(square root of data points)
» Amplitude of the signal is affected

Increasing Dynamic Range

Selection of a wavelength in the slope of a absorption band can increase the
dynamic range and avoid sample preparation like dilution




Scattering

Scattering causes an apparent absorbance because less light reaches
the detector

Scatter Spectra

* Rayleigh scattering: Particles small relative to wavelength
« Tyndall scattering: Particles large relative to wavelength




Isoabsorbance Corrections

Absorbance at the reference wavelength must be equivalent to the
interference at the analytical wavelength

Background Modeling

Background modeling can be done if the interference is due to a
physical process




Internal Referencing

Corrects for constant background absorbance over a range

Three-Point Correction

* Uses two reference wavelengths
* Corrects for sloped linear background absorbance




Scatter Correction by
Derivative Spectroscopy

Absorbance [AU]

—— Measured spectrum
— Actual spectrum

First derivative

300 400 500 600 700
Wavelength [nm]

Scatter is discriminated like a broad-band absorbance band

Effect of Fluorescence

[l 25 Excitation True ahsorbance spectrum
1 wavelength —— Spectrum measured with
2,04 forward optics
. —— Spectrum measured with
2 | reversed optics
> 1.5
S
= i
&
=
g 1.0
2
< 4
31 Emission
1 wavelength
.0 T T T T T T T |
200 250 300 350 400 450 500 550 600
Wavelength [nm]

The emitted light of a fluorescing sample causes an error in the
absorbance measurement




Acceptance Angles and
Magnitude of Fluorescence
Error

[*brward optics

I Detector
Reversed optics

Siit Detector

» Forward optics: Absorbance at the excitation wavelengths are too low
* Reversed optics: Absorbance at the emission wavelengths are too low

Inadequate Calibration

| 175 (»cl‘?' 175 _ Possible true
O calibration curves
1.50 %@@ 1.50
O
= - = Measured sample
2 1.25 0‘6\\0 2 1251 absorbance o
@ 1.00{ Measured standard A\ 2 1.00 B\
< absorbance £
£ 075 £ 075
2 2
£ 050 £ 050 L
ossible
0.25 Kfnowndml;centration 0.25 quantification results
of standar
0.00 T T T .00 T T T
5 10 15 5 10 15
Concentration Concentration

* Theoretically only one standard is required to calibrate
« In practice, deviations from Beer’s law can cause wrong results




Calibration Data Sets

g 1.50 .<:_': 1.50

8 ] 2 ]

2 1.00 2 1.00

e} =)

s s

2 0501 2 (.50

<" B
- -4 o, ©

0.00 . : T 0.00 T T T
0 5 10 15 0 5 10 15
Concentration Concentration
* Forward optics: Absorbance at the excitation wavelengths are too low

» Reversed optics:  Absorbance at the emission wavelengths are too low

Wavelength(s) for Best
Linearity

Absorbance [AULx]

S 0.996 Optimum
range

oncel
o
©
©
S

s 200 300 400 500
Wavelength [nm]

* A linear calibration curve is calculated at each wavelength
* The correlation coefficient gives an estimate on the linearity




Wavelength(s) for Best
Accuracy

0.8
0.6
04
021
0.0/

Absorbance [AUL=

11.04
100] — Measured concentration Optimum
True concentration range

on

Concentrat
©
(=]
T

~ e
> O
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200 300 400 500
Wavelength [nm]

* The quantification results are calculated at each wavelength
* The calculated concentration are giving an estimate of the accuracy

Precision of an Analysis

<] 31444 5
° °
= 31421
°
= . ¢
@ [ ]
= 3140 e
= °
31.38
1 Average =31.41 mg/|
Standard deviation = 0.022 mg/I
31.36 =
2 4 6 8 10
Measurement number

Precision of a method is the degree of agreement among individual
test results when the procedure is applied repeatedly to multiple
samplings




Wavelength(s) for Best
Sensitivity

x| 0.251
0.201
0.15
0.104
0.051
0.004

1.0

0.8

0.6 Optimum
range

0.4
oz _,_\,J/‘\

0.0 b= T T )
200 300 400 500
Wavelength [nm]

Absorbance [AU

% RSD

¢ Calculation of relative standard deviation of the measured values
at each wavelength
* The wavelength with lowest %RSD likely will yield the best sensitivity

Wavelength(s) for Best
Selectivity

08]
067

047
0.2
0.0

T T T d
207

Absorbance [AU][x]

— Measured concentration
True concentration Optimum
range

O \-——’—\_’-f/\i

Concentration [mg/I]

200 300 400 500
Wavelength [nm]

Selectivity is the ability of a method to quantify accurately and specifically the
analyte or analytes in the presence of other compounds




Ideal Absorbance and

Wavelength Standards

9 Absorbance standard
? Wavelength
= 06 standard
o
(=
S
S 044
2
<
0.2 \
200 250 300 350 400 450 500 550 600 700 800
Wavelength [nm]

* An ideal absorbance standard would have a constant absorbance at
all wavelengths

* An ideal wavelength standard would have very narrow, well-defined
peaks

Ideal Stray Light Filter

[x]

100

807

Transmittance [%]

0- S
200 250 300 350 400 450 500 600 700
Wavelength [nm]

An ideal stray light filter would transmit all wavelengths except the
wavelength used to measure the stray light




Holmium Perchlorate Solution

B

0.8

0.6

0.4

Absorbance [AU]

0.2

200 300 400 500 600 800
Wavelength [nm]

The most common wavelength accuracy standard is a
holmium perchlorate solution

Potassium Dichromate Solution

lxl

Absorbance [AU]

0.5

0.07

200 250 300 350 400 450 500 550 600
Wavelength [nm]

The photometric accuracy standard required by several
pharmacopoeias is a potassium dichromate solution




Stray Light Standard Solutions

[x] 1007 KCI -
200 ni
_ 8
=S Nal NaNO,
S 60 220 nm 340 nm
s
E=]
E 40
=
s
=20
0
200 250 300 350 400 450 500 600
Wavelength [nm]

700

The most common stray light standard and the respectively used
wavelengths

Toluene in Hexane (0.02% v/v)

E3)

Absorbance [AU]

Peak = 0.442 AU
0.5] /_/\
0wt
Ratio = 1.61

0.31
0.2 Valley = 0.275 AU
0.1
258 260 262 264 266 268 210 272 24 276

Wavelength [nm]

The resolution is estimated by taking the ratio of the absorbance of
the maximum near 269 nm and minimum near 266 nm




Confirmation Analysis

In confirmation analysis, the absorbance at one or more additional
wavelengths are used to quantify a sample

Spectral Similarity

Comparative plots of similar and dissimilar spectra




