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EM radiation

Energy of photon = hv
h - Plank’s constant Cominon A linits

v - frequency (sec’) um -10% m

nm-102 m
o

RGN A-1010 m

¢ - speed of light

As ). inaeases, the frequenay and energy of the
photon decreases.

L.Loliayii



EM radiation

Type wavelength Interaction

Y <10 nm nudear emission
X-ray <10 nm atomic ionization
uv 10-380 nm electronic transitions
Vis 380-800 nm electronic transitions
IR B00nm-1001Lm bond interaction
Radio meters nudear absorption

£.Es'hagni 10
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Emission

SOUrce & > detector ‘ readout
Sample selector |

With emission methods, the sample is an
integral portion of the source. It is used to
produce the EM radintion that will be measured.

12
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Absorbance

Source |—Ir

|

s
selector

Sample —+»

J

detector

-+ readout

Common arrangement for UVNis

‘ Source [->

‘ Sample

>

A

1

| |
| ]

rr}datectar }—»{ readout

selector|

Common arrangement for IR

Z.ES'nagni
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Component Configuration for

Optical Absorption Spectroscopy

Source Lamp

 ——

sample Holder

YWiavelength
Selector

FPhotoelectric
Transducer

Signal Processor
and Readout

Z.Es'haghi
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Al three of these work together
¥ as our source and sample.
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Visible source - W lamp

The tungsten lamp is
similar to a normal
light bulb.

A range:  350-2200 nm

Useful in visible and

near IR range.

Z.Es'haghi
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D, lamp

D, + electrical energy

}
02:* — Dz"‘ hv

A range: 160380 nm
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IR sources

All are essentially heater elements. IR radiation
is produced by passing a cwrrent through the
element.

Nernst glower - ZrO,/yttrium oxides
400 - 20,000 nm

NiChrome wire - 750 - 20,000 nm
Globar - SiC rod - 1200 - 40,000 nm

21
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Laser

Light Amplification by Stimulated Emission of Radiation

(a) pumping of excited state (b) stimulated emission to produce
emission (Fig. 7-5)

Pumping
energy

(1) ) (2) (3)
SR - S
= FE e ==
— —:-— E}‘ E, —a— —

i P

i |

—4— —4—E, S E, —
Excitation Partial relaxation Metastable

excited state

(a) Pumping (excitation by electrical, radiant, or chemical energy)

(1) (2) (3)

_ _ .Eua
==F == ==
—— _’_E’ - ':__ __(‘\NEI'

I F},f"'\ i i

T I -

[ B ¥

|

|

ht_
}‘ —
+;j‘:
/','
f

:

{(b) Spontaneous emission
L.ESayin 23



Population Inversion and Amplification:

Stimulated
emission
N
. . . . E
Absorption 1 T T \\ g
| | ! Light attenuation
W =' i i N\./‘" by absorption
| I |
I 11 I
= ke 4ol 4 bl
E,-E,
(a)
. T e T E,
| ! Light amplification
/\f\f’ | : by stimulated
| [ jsgi
Stimulated , | crussion
emission ——1—e :\\ 4 E,
Absorption

(b)



Lasing medium can be solid (Nd:YAG, semiconductor diode laser
AlGaAs), gas (noble gas Ar™, He/Ne, CO2, N2) or liquid (dye)

Nonparallel radiation
s

e il

- "-._‘_ '_._-rl‘

Laser
beam

Active lasing medium

- —

- T i, e .
Radiation ———'# ” 1 1 1 n;a:tniﬂtli g
mirror
Pumping
source

Advantages *  intense
* monochromatic (line sources)
*  pulsed (10-15-10-6 s) or continuous wave (cw)
*  coherent
« small beam divergence

Z.Es'haghi
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Hollow cathode lamp

This source produces emission lines specific for the
element used to construct the cathode.

26
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Hedrodeless discharge lamp

Similar to a hollow cathode lamp in its use, it produces
spectral lines by RF exdtation of a metal salt - used for
more volatile on non-conducting materials.

Z.Es'haghi
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Muﬂ.

Continuum sources produce broad range of A's (often blackbody)

Heated solid (Globar, nichrome wire) (1-40 pum)
Tungsten lamp (300-3000 nm)
Quartz Tungsten Halogen (QTH) lamp (200-3000 nm)
high temperature (3500 K)
Evaporation W(s) > W(g)
W(g)+12(2) > Wl (g)
Redeposition  WI, (g)+ W(s) > W(s)+1,(g)
D> lamp or Hg/Xe arc-lamp - (160-400 nm)
electronic excitation
D, +Eclectrical > D2’ —> D(KE )+ D(KE;) + hv
KE; +KE, +hv =E gectrica1 — BDE

bond dissociation energy
28
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Sample cells

Cell materials

uv quartz, fused silica

Visible  glass, plastic (UV cells can be used)
IR KBr, NaCl aystals are most common
material nm ronge

silico 150 - 3000

glass 375 - 2000

plastic 380 - 800

L.Coliayln 30
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Filters:
Absorption filter - colored glass or dye between two glass plates




Wavelength, nm

Interference (Fabry-Perot) filter - two thin sheets of metal
sandwiched between glass plates, separated by transparent material

"White" Light __
,Glass
- Metal

1~ M _
4— Dielectric
- Metal

Glass
Narrow A




Wavelength selectors

Absorbance filters

light allowed to pass

material 1

material 2

Z.Es'haghl

Colored glass

plates are used
to absorb the A
that are of no

interest.

37



il ki

Interference filters
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Visible - quartz
uv - N/A
IR - NaCl, KCI

Not commonly used in modern instruments.

Z.Es'haghi 40



Wavelength selectors

Bandwidth is a function of the exit slit width.

Changing the position of the prism will change
the A that will pass through the exit slit.

£L.Es nagni
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Wavelength selectors

Gratings
These are ranked by the number of lines or
grooves/mm.

UV /Vis 300 - 2000 lines/mm
IR 10 - 200 lines/mm

Closer lines will give a better dispersion and
result in inaeased resolution being possible.

Z.Es'haghi 43
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Diffraction Grating (most modern instruments)
Echellette grating:

Extra pathlength traveled by wave 2 musr be na for constructive

nA = d(sin ©; +sin 8, )

Closely-spaced parallel lines (for UV 1000-2000/mm, for IR 10-
200/mm) |




JUia

Example:
For 08;=30°, 6;=45%and grating ruled at 2000 lines/mm (blazes)
nA =d(sin 6; +sm 6,)

B 1 mm
2000

— 6.03x10~" m or 603 nm

(s 30°+sm 45°)

603 nm

or = =301.5nm (2nd order)
603

or = 211111 =20l nm (3rd order)...

Problem: Higher order diffraction gives different A's at same angle?

Solution: Filters to reduce multiple order intensity

46



Quality of Monochromators:

(1) Spectral purity

(2) Dispersion

(3) Light gathering

scattered or stray light in exit beam

Use entrance and exit windows. dust
and light-tight housing, coat interior
with light absorbing paint

ability to separate small wavelength
differences

Linear dispersion or reciprocal linear
dispersion - variation in A across the
focal plane

dy Dl dr d

dx dv nF

D

(F 1s focal length). D-1 has units
nm/mim etc.

light collection efficiency

fimumber

F collimating mirror

dia 47

collmating mirror
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(4) Spectral bandwidth

range of wavelengths exiting the
monochromator

Related to dispersion and entrance/exit
slit widths

Eftective bandwidth =
bandwidth AL 1

2 Ay

Z.Es'haghi 48



Effect of slit width:




Monochromator
setling Effective
; A <" pandwidth
Relative
slit
width
Exit
sli

o Effective
E /" bandwidth
=
-]
|
=
EF

3 o
g
G; 'l'n J.-!- ﬂ"l
5
i Effective
= bandwidth

P
2
i 1 "1'2 "1".‘-
Monochromator
selting, A

Complete resolution of two features only possible when slit 15
adjusted to produce effective bandwidth half (or less) of difference

between A's

50



As with a prism,
we still need the
proper lenses
and dits in order
for a grating

to work as a

monodromator. i

Wavelength selectors

Z.Es'haghi
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Detectors

Common detectors

detector /. range property
type nm measured
Phototube 150-1000 cwrrent
Photomultiplier 150-1000 cawirent
Solid state 350 -3000  varies
Thermocouples &00-20,000  crrent
Thermisters 600-20,000 resistonce

Z.Es'haghi

typical
usa

uv
UV /Vis
varies

iR

IR

53
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Photon Transducers:

(A) Photovoltaic cells - metal-semiconductor-metal sandwiches that
produce voltage when irradiated (350-750 nm)

Glass . .
?bb Thin layer of silver

\ f

Plastic
case

Selenium
Iron—

(B) Phototube - electrons produced by wrradiation of cathode travel
to anode. 7 response depends on cathode material (200-1000 nm)

Electrons

Wire anode

/

L~ Photon beam

DC amplifier
and readout

R
A4

90V DC
_ power supply +




IR- £l sla ) si%aa

(E) Thermal detectors - sensitive to IR (A=750 nm)

thermocouples - junction thermometer
bolometers - resistance thermometer

pyroelectric devices - piezoelectric effect

In many cases, dark current reduced by cooling transducer (25
K to 1.5 K) - reduces thermal excitation of electrons.

Z.Es'haghi
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Detectors

Phototube Works via the photoeledtric effect.
A photon hits the cathode

which is covered with a cathode
photoemissive surface.

You get a cwrrent that is
proportional to the intensity aneds

of the photons.

Tubes are subject to a small +
‘dark wrrent’ due to 90 V %
thermal effects. :

Z.Es'haghi
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Phototube

L.Coliayli
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Detectors

PM Tube

A single electron is ejected at
the conversion dynode.

Subsequent dynodes are
~ 90V more positive which
results in the e being
accelerated ond ejecting
additional electrons.

Amplifications of 105107 are
obtained.

Z.Es'haghi
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Detectors

Solid state - photodiodes

When a potential is applied to a doped Si aystal, we
can obtain two regions

n - electron rich
p -+ hole rich

Once established, no
awrrent flows.

p region n region

61



Detectors

Photodiodes
When exposed to light, this disturbs things
and allows a wrrent to flow.

The wrrent is proportional to the amount
of light.

A photodiode is more
sensitive than a phototube
and costs less than a PM
tube.

Z.Es'haghi



Detectors

Photodiode array

A series of photodiodes that are spaced at
regular intervals on an 1C chip.

This type of detector can measure several
wavelengths at once.

Z.Es'haghi
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Detectors

IR (heat) detectors.

Thermocouple

Two dissimilar metals are welded together.
You get a potential difference E_; that is
temperature dependent.

Thermister

Resistance changes as a function of
temperature.

64
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Detectors

Pyroelectric

Barium titanate or triglycine sulfate crystal
sandwiched between two electrodes.

A temperature dependent voltage develops

66



Golay_ 553

Detectors

Golay detector.
A pneumatic detector - Xe filled chamber

Heat causes a pressure change.

The Xe expands whidch causes a flexible
mirror to distort.

This moves the position of a beam of light.

67
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Calibration Sensitivity
S =mc+5S,,

where §:Measured signal; ¢ : Concentration
S;, : Instrumental signal for a blank; n : Slope
Calibration sensitivity = m
Analytical Sensitivity

y=misqg

where

m : slope of the calibration curve

s : standard deviation of the measurement

70



| Sensitivity

A measure of the ability of an analytical method to

discriminate between small differences in analyte
concentration

m Calibration sensitivity (S = ic + S

Signal

— Sy

i S.Erf

Concentration Concentration

Z.Es'haghi




] Sensitivity

m Analytical sensitivity (y = m/sg)

m — slope; s¢ — standard deviation of the measurement

Relative insensitive to amplification factors

Increase the gain of the instrument by a
Factor of two

Z.Es'haghi







Detection Limit

Minimum conc. that can be detected at a known confidence level

The minimum distinguishable analytical signal

S = S o1+ ks,

If k=3 the confidence level of detection is

~ 95% 111 most cases.

S -8,

Detection limit: ¢ =-—n

1

nm

Z.Es'haghi
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® Detection limit (Limit of detection, 1.OD)

The analyte concentration giving a signal equal the blank

signal, S;;, plus three time standards deviation of the
blank, s,

S

m

= §,; + ks,

i N

Analytical Signal Standard deviation of
the Blank signal

Blank signal

Conwvert signal response, S, , to analyte concentration

ma

Z.Es'haghi
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® Dynamic Range
Lowest concentration (LOQ) to the concentration where

the calibration curve departure from linearity (limit of
linearity, LOL)

S

m

= §,; + ks

/ .

Analytical Signal Standard deviation of
the Blank signal

Blank signal

Conwvert signal response, S, to analyte concentration

Z.Es'haghi




Dynamic Range

a

Z |

5| LOQ=105, I

8 :

"'E" |

= |

g| ¢.LoQ |

20 |
| |

¢ = detection limit Dynamic range I

Concentration

Figure 1-7 Useful range of an analytical method. LOQ =
limit of quantitative measurement; LOL = limit of linear

f(.‘?.i[_?t."llﬁl.‘.
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m Selectivity

The degree to which the method is free from
interference by other species contained in the
sample matrix

S=myc, + mycy + mce+ S

The selectivity coefficient for B with respect to A

kg 4 = mg/m,

Note: this is the selectivity of an analytical
technique

Z.Es'haghi
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m Calibration Methods

m Calibration Curve

Concentration

Z.Es'haghi
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m Calibration Methods
® Standard Addition

Signal

Without sample matrix effect

With sample matrix effect (signal suppressed)

Concentration

Z.Es'haghi
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B Standard Addition

C,, C,, and C; are the concentrations

of analyte after spiked with stnard,
with counting the amount of analyte
in the original sample solution.

C, is the concentrations of analyte in
sample without spiking

Sample signal

TN

Conc. of analyte Cn

Concentration

Z.Es'haghi
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® Internal Standard

Add a substance in a constant amount to all samples
and, blanks, and calibration standard in an analysis

S nﬂa]ytc/ Siﬂtﬂnnl

Concentration

Z.Es'haghi
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Amount of protein (ug)
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smglet state: All electrons i the melecule are spin-patred
Tuplet state: One set of electron spans 13 unpaired

l T
[ T |

ground aycited gyt ed
singlet state singlet state triplet state
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The absorption process

Electronic

Changes in the distribution of electrons about atoms
or molewles.

Molealar

Atomic

® -




2 i) )3

i) oy al) B Sy sl e

2 sham 5 ome 5 3 028 S0 3 801 (5300 o p o
, (slad )

S S ) ead S8 Al )) mhass A i 5 aen 4
3 65 7 sk

Z.Es'haghi 92



The absorption process

T,
h\.

Electronic levels

- / (UV interactions)

f

‘:/,/,/\fihmﬂmnl sublevels
f’/ (IR interactions)

o
»

i

+————Rotational sublevels
(IR interactions)

Z.Es'haghi
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Molecular absorption
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Energy

S5 55 7 sk

- Antihonding o

Antibonding m

I Non-bonding &
€

Eonding 1

(&) Bonding o
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UV /Vis absorption

UV /Vis absorption by organi compounds requires that
the energy absorbed corresponds to a jump from a

populated orbital to an unpopulated one.

o ¥ T anti-bonding
| T ‘ T anti-bonding
n | non-bonding
n bonding

o bonding

96



Energy

OYlab) & gl

I Antibonding
1 1 Antibonding
* * * *
o BRI © 3
™ Tyt 1
| & = R
Nonbonding
Bonding
Bonding -
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Absorption

Nonradiative

. Fluorescence
relaxation

g M —

=
=

0AY

<

<

tTd
—_

4 I ———
Resonance
Non-resonance

o] =
o] =
Kl
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Molecule:

Molecular Molecular

Excitation Emission
E, .
F . s R 10

= R
Energy v, 0
L/
T . ~ ' 2 Lifetime
Band 1 Band 2 .

vibrational and rotational transitions - band emission spectra
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Franck-Condon Principle: Electronic excitation occurs
so rapidly that the nuclei do not have time to change
their

positions or their momenta during the transition.

Allowed Transitions: ¢ —o*; T —7t*

Forbidden Transitions: ¢ — nt*; 1 — ¢*; n — ©*;

n —PG*;

Molar Absorptivities: n— ¢* = 10- 100 M-1cm-1
n——7* = 1000 -10,000 M-1cm-1

Z.Es'haghi 100
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Specra

With UV, Vis, IR - absorption occurs over a range. By
scanning and measuring absorption over a range of
wavelengths, we can produce a spectrum.

Molewlar absorption
spectra example

Visible

103
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Solvent effect

Qur choice of solvent can affect the appearance of a
spectrum - can result in band broadening.

Example
Vapor phase spectrum

Here we have no
solvent and minimal
interaction between
the molecules
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TABLE 14-3 Effect of Multichromophores on Absorption

Compound Type Amax(nm) Grrpen
CH;CH,CH,CH—CH, Olefin 184 ~10,000
CH,—CHCH,CH,CH—CH, Diolefin (unconjugated) 185 ~20,000
H,C=—CHCH—CH, Diolefin (conjugated) 217 21,000
H,C—CHCH=—CHCH=—CH, Triolefin (conjugated) 250 —
CH3CH2CH2CH2(!CH3 Ketone 282 27
O
CH2=CHCH2CH2(”3CH3 Unsaturated ketone 278 30
(unconjugated)
O
CH2=CH(|%CH3 o,3-Unsaturated ketone 324 24
(conjugated)
219 3,600
Z.Es'haghi 108
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TABLE 14-4 Absorption Characteristics of Aromatic Compounds

Compound E; Band B Band

Amax(nm) €max Amax (D) e
Benzene CeHg 204 7,900 256 200
Toluene CeHsCH3 207 7,000 261 300
m-Xylene CsHa(CH3), == — 263 300
Chlorobenzene CegHsCl 210 7,600 265 249
Phenol CeHsOH 211 6,200 270 1,450
Phenolate ion Ce¢HsO™ 235 9,400 287 2,600
Aniline CeHsNH, 230 8,600 280 1,430
Anilinium ion CeHsNHY 203 7,500 254 160
Thiophenol CeHsSH 236 10,000 269 700
Naphthalene CioHg 286 9,300 312 289
Styrene CeHsCH=—CH, 244 12,000 282 450
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(Absorption) Spectrophotometry

s General Stuff:

Absorbing solution
/ with concentration ¢

P
o P | T =P/,
Defs & A = -ngT
units b

*Qualitative: Spectrum (a plot of A vs. 1) is
characteristic of a specific species

‘Quantitative: Absorbance at a particular A can be
related to the amount of absorbing species

114

L.Esliagr



Optical Spectroscopy and Instrumentation (Chapter 7)
(IR, visible and UV)

pathlength
b

—s

concentration ¢

Transmittance T = Il
0

Percent Transmittance %T = l x 100%

Io
Absorbance A=-logT









0w Gl Al 5 (D) L5t s e
KN = k" b.c
a4kt o4l canda b B oy e clidal
Ul 258 (oo i (@2 o 0 )
Absorbance= A =Log P° /P = a.b.c
S yP PP PR P5 FPTL ) PREWERRVRLH N N
25 e 0l € (5B ulda Gy e ) ks

A= Log P° /P = E.b.c
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P,

Sample

« Transmittance- fraction of the light
transmitted by the solution (often %)




Absorbance (A)

Iy
A=-log,T zlﬂgFD

» Absorbance 1s the crucial quantity, due to
Beer’s law (or the Beer-Lambert law)

(See Box 19-1)
Molar Absorptivitry (€)

A =¢ehc Path Length (b)

Concentration (¢)
10

L.Loliayli
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Quantitative Analysis

E is 0 measure of the light that passes through

° the solution - transmitted

E is also called the

® transmittance (T)

Jog(T) = A
P A - absorbance

A = abc

Z.Es'haghi 121
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S Gl yia gl 400 z 00 dsb 0 1)

%T = T x 100 so:
T =89 /100 = 0.89

A = og(T) = -log(0.89)
= 0.05
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A=abc
where:
A = absorbance b = cell pathlength

a = absorbtivity ¢ = concentration
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. O 0.30 abs
bc =~ (2.00 cm)(4.5ppm)

= 0.033 abscm™ ppm™

Note the units of a in this case are

abs an” ppm’. This is o function of how the problem
is set up.
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A = abc
Where: A =0.20,a=10, b = lem

c=A/(ab) = 0.020 M
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In this example, the cell path is not known but does
not matter - it is the same for both.

Al.ll'llnl:;‘ll:rm'rr s € h cunhwn
A‘I-.=|'|=|:|‘nuu'| eb Cenown
Al.ll'lll:.l'u:-nu'rlu {Unhm-n
A‘hnmnrn ':Iu'mm
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Our unknown concentration can be found by:

= Aunknown

q.mimmrn ||:‘.t.url-:nllllﬂ
Axnown
CGoimowns = (0.500/0.200) x 1.0x104 M
=25x10°M

This assumes that you are in the ‘linear range’ for the
method.
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Measuring absorbance

If we have a small

variotion of A during
Small I our measurement,

there can be a large
difference in response
if we are not ot the

Lorge MAax:

aerror

armor

identicol variations

::7;7 in wavelength.
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G yaY- o 8 5 Ol
Measuring absorbance

Deviations from the relationship.

Most absorbing spedes will only give a linear
response over a certain range.

Your method
should only be

‘éﬁ vsad in this
Qgp’s range.

133



Measuring absorbance

This response could
be due to badground,
interference, or o

lack of sensitivity

This could be due
to self-absorption
of insuffident
light passing
through the cell.
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%T

Measuring absorbance

Small AC - large A%T

/

concentration

Z.Es'haghi

Emall g%T - Iar_'ga AC |
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UV-Vis Beer

N.B. Choice of standards important!
This graph may be significantly
non-linear
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Physical effects - stray light, polychromatic radiation
or noise

Ay, = —ngTll = sllbc







land Gala) Al

Gl e OYalad e
e HA+ H20 = H3 O+ + A-
) @3 (1) zse Jsb ) (om0 Ay 50 i dul o
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Sl (Pl Hl
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Limitations of Beer's Law

(1) Chemical effects - analyte associates, dissociates or
reacts to give molecule with different s

1.00:0

ﬂ.ﬂm PR

0.200

0.0
l%.ﬂl] 4,00 8.00 12.00

Indicator concentration, M x 10?

16.00
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= Not straightforward due to log relationship between
absorbance (and concentration)and what is actually
measured ( fransmittance):
Azegbc=-logT
dA = b dc = -0.434 d%

Dividing

dc - 0434 dT
C Tlog(T)

So, the RSD with respect to concentration varies as:

sC _ 0.434 ST

c Tlog(T)

16
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Ar = abyg + ab,c,

Since they are in the same sampling cell, then:

Ar=(ag+ax)b
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JUi

Two metal complexes (X & Y)
demonstrate ot least some |

absorption over the entire visible
range. :

A mixture was measured at two /. | I
using a 1 an cell and the fdlowing ' ’
data was obtained.

Eq Ea
A, = 0.533 A, =05%0 X 355x10° 5.64x10?
Determine the concentration of Y 296x10° 1.45x10%

eadh spedes.
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At ),

0.533 = (3.55 x 10°) C; + (2.96 x10°) C;
of

¢, = 0.533-2.96x103C,
3.55x10°




At}
0.590 = (5.64 x 107) C, + (1.45 x 10) C,

Substituting for €, in this expression gives:

.64 ?(0.533 - 2. 10°
0.590 » ——xx10 -t-g—_g—fﬂ-;‘—%gﬁx ity + 1.45 x 10°C,

Solving for C, shows that C = 3.60x 10° M

Z.ES'nagni
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And

C = 0.533 - (2.96 x 10%)(3.60 x 10%)
X 3.55x10°

=1.20x 10 M

Two or three species can be determined with this
approach. Beyond that, the errors tend to become
too great.
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Choose L. for M and 1., for N

4
!

|

|

/ I = I
¥
£
L&
-

] |
.'].-| ,.l'\.

Woavelonplh —
5':': AT]_ = Aml + HN] = EMIbCM * E'Nlbc[“-]

Ats = Ay + Az = spabey + gabeyy

= Only cy and ¢ are unknowns. Obtain eb-values experimentally
152
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Measure b-values

= Generate 4 Beer's Law plots for M and N at %; and %,

’A‘Ml

\SIDPE = gyb

C

3. Measure A, and A, for mixture

n NDW we hﬂVE A‘Tlr ATE: EM]bf ENlbf Emeb ﬂnd E'.th

4. Solve simultaneous equations for c,, and ¢,
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n -=> " transitions

Examples

H,0
CH,OH
CH4CI
CH,NH,

“max’

n
167

184
215
227

m

Z.Es'haghi

UV /Vis absorption

max

1480
150
140
600
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( Single Beam ) sy <SS e
( Double Beam ) iy 52 o
( Multichanel ) 4luls xis o
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Single beam spectrophotometer

@~

1 - light source 4 - sample cell
2 - wavelength selector 5 - detector
3 - shutter 6 - readout

156



Single beam spectrophotometer

L.Loliayli 157



Single beam spectrophotometer

Another view

). selector

£Z.Es'nagni 158
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Double beam spectrophotometer

Z.Es'haghi 161



) S5 50 Fe s Sl

Double beam spectrophotometer

This approach will account for variations in detector
and source response since it is the ratio that is
measured.

Noise spikes are
also reduced by
R using o ‘lodk-in’
— amp that only
measures a signal
with the right

S I frequency - based
on our chopper.
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Single Beam Scanning Spectrophotometer
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Multichannel spectrophotometers

photodiode array

Lo liayin 167
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Spedrophotometric titrations

The absorbance of a solution
can be monitored during a
titration.

Experimental
setup

In this example, stirring will
cause the solution to cralate
in the awvette and the
response can be measured.

You could also use a pump
or simply transfer o somple at
known intervals.
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Spectrophotomefric Tifrations

= Use spectrophotometer as detector instead of eye
or potenfiometer

= Use special titration cell

1 Set wavelength fo 2., of absorbing species
.. Plot A (volume corrected!) vs Volume of titrant

170
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Spectrophotometric titrations

The type of titration curve you obtain s dependent on
the reaction involed.

In this example
- the somple does not obsorb
ot the measured wavelength

- the titrant will absorb

equivalence point

g 171



endpoint

~

Volume titrant (mL)

But, we don't measure A, .,

5

V, +V
p%w:,q,ﬂhs[ Vﬂdd]

observed absorbance
(initial) sample volume

Vigq = volume of titrant added (in total from beginning
ﬁ titration)




3
=
=
o
o
=
7
0
<

Volume of titrant




Determine what would cause these types of
titration curves.
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IR b (o) 5

: Wavelength Range, |Wavenumber Frequency Range,
Region )
um Range, cm-1 Hz
Near 0.78-2.5 12,800-4,000 3.8E14 - 1.2E14
Middle 2.5-50 4,000-200 1.2E14-6.0E12
Far 50-1,000 200-10 6.0E12-3.0E11
Most used 2.5-15 4,000-670 1.2E14-2.0E13

Z.Es'haghi
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IR absorption

Each moleawle can have a large number of vibrations
that it can undergo.

Examples

_—'_'--_-
E S

symmetrical
stretching

-

\““-_‘

asymmetrical
stretching

13
i

scissoring
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Only some modes may be IR active:
Example CO2 O=C=0 linear

4 4 | b

4 4 | b
No net dipole

moment change

l | b
4 | b
Net dipole

moment change

Net dipole
moment change

vsnot IR active  vas. bend IR active




_i_\]\_ﬂ The Infrared Part of the EM Spectrum

ERNENT DRLARDD LAWRENMOED
Hreeel ey BMammeds, L ascrmaTormy

THE ELECTHOMAGNETNIC SPECTRUM

=i o v~ T . “wd Bagterly  ¥ias Probil
Vs LT * . tes FEmirad ; I? 1 Wl WA w
- - —— ™ J el
LA ' ' -
Win IS
[ i i 1) i | e [l T il o fiae T Tt gt
[ — i 1
LRI TE |

IR units: wavenumbers (cm-'), Near-IR: 4000 — 14000 em-!
10 micron wavelength = 1000 ecm-? Mid-IR: 500 -4000cm-!
1eV=8100cm~ Far-IR: 5 - 500 cm-!

1 THz = 33 cm™?
300 Kelvin =210 cm? IR covers ~ 1 meV to 1&V




IR absorption

The real strength of IR is its ability to identify functional
groups.

Functional wavenumber wavelength
Group (em?) (1um)

C-H, aliphatic 3000-2850 3.3-3.5
C-H, aromatic 3150-3000 3.23.3
O-H 3600-3000 2.8-3.3
C=0, aldehyde/ketone 1740-1660 5.746.0
LH,Cl 1300-1200 7.68.2

850-890 13.2-14

o g 185
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=tretching vibrations

KR

Symmetric Asymmetrc
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Bending vibrations

Mear Mear Mear
y y Fi%
In-plane rocking In-plane scissonng  Out-of-plane wagging  Cut-of-plane twisting
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Molecular stretching and bending motions in the infrared

Antisymmetric
stretching

Out-of-plane
bending

Z.Es'haghi 188



Key Functional Groups by Region
of the IR Spectrum

P Pt T
e T R

100 o R SR

Transmittance (%)
e 8 8 8 &

4000 3000 2000 1600 1200 1000 800
_ - Wavenumber (em~1)
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IR absorption

Due to the large number of vibrational states, IR
spectra can be very complex.

ﬂ —-\/\r\t
=
|
:
g * CH,
= ! C-H rock
bend
il el
g . / 6 B 10 12 14
C-H 7 c=0 wavelength, um

stretch stretch
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| DIOXIDE VIBRA

(A) (B) (C)
SYM. ASYM. BENDING
TRETCH STRETCH (2)




THE ABSORPTION PROCESS

+

RADIATION

——a

BEAM

<
O
_
o.
o
O
"y
-2
=

FREQUENCY
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Classical vibrational motion:

_|_}r

Force required to displace m 1s
F=-k-vy Hooke's Law
spring constant (N/m)




Alad ) S 3

v - 1 |k 1 [k(m+m,)

" 2z\u 2rx m,m,

i \/?:5.3X1012\/E
27C \| M
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m,m,

m, +m,

195



505 sl 31 San clila ) slaes ;o (sled sSa

Sl J S

3N-5
cilala ) alad ; ad pe i) dia sl Sa
S e om0 ) (Sea

3N-6

Z.Es'haghi

196
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IR .'\h::mlsci_wc'_

Eamin DELAREE LawminD 13
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An Example: CO,

5
%
b
gL
L3
B
l ¥ :-;.1
¥ HE
oI =5
SH . Be
ek g
& b
-
&

.‘n::r.rrl:n * diretich
wedicte d at 30 cml
Vorerw i b I35 em 1

¥ I

&

HOT IR &

T —

i
o - &

Inn mnn 3400 Fann 2 AN 1900 1400 ann
Wavenumber (cm-f)

A Dipole Moment = charge imbalance in the molecule

II

O [ O
Syminetric Stretch
(Dipole moment = 0 <o not IR active)

— g P

Asymmetric Stretch
{Has dipole moment so IR active)

4 t
}

Bending Mode

(Has dipole moment so IR active)

Z.Es'haghi
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== Example infrared spectrum
et e of a biological system

n-B hd T ¥ T B T ke T 5 T v T

Amade [ >
Armde IT

06} ! T
¥ anlde I
L] Wate
= e ater " :

04+ Lipads C c
= F 5

v {-’.—-

e L C e N 7
S p2t (] . % ud
» U |
-~ enide 17
p H

0.0F

4000 3500 3000 2500 2000 1500 1000
1
Wavenumber (cm )

Protein Amide 1 1690-1600

o)

. : The peak positions of Anude T and IT
Typical IR  Protein Amide II:  1575-1480 pes’ .1_ :
- are sensitive to the protemn secondary

absorbanc Lipid =CH- 3 100-3000 o E
absorbance Lipid =CH, l structure (a-helix. g-sheet. random
= & S ™= ~H._ NNONT8 8 =
positions: Lipad -CH,. -CH;: 3000-2850 coils. ete.)

Nucleie Aaid -PO,:1215, 1084
A good reference: Mantsch and Chapman, Infrared spectroscopy of biomoleciies. 1996, New York: Wiley-Liss
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O-Hmjuuatu)\ojm

Consider a typical O-H bond (like the one in 2-butanol). The bond length is not
fixed, but rather expands and contracts (stretches) over time.

It's like the atoms are connected by a spring which vibrates with a characteristic v:

170t

Time \ '\
bond compressed
bond compressed

bond stretched bond stretched
Time required for one cycle = 1/v
The periodic vibration of a bond over time describes a wave motion

A wave of electromagnetic radiation can transfer its energy to the vibrational motion

of a molecule only if there is an exact match between the frequency of the radiation
and the frequency of the vibration.

When energy is absorbed in this way, the result is an increase in the amplitude of the
vibration.

Z EShagni
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IR a2l

Inert solid electrically heated to 1500-2200K

Nernst Glower
— Rare earth oxides formed into a cylinder
— Formed into a resistive heating element, 1200-2200K

Globar Source

— Silicon carbide rod, also electrically heated, 1300-
1500K

— Greater output than Nernst Glower below 5 um

Tungsten Filament Lamp
— Used in near-IR region of 4,000-12,800 cm1

Infrared lasers
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Light Path

(shown by red line)
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Detector




Interferometer

Jfixed mirror
T -
'FE"‘T i
+ x frarnsiaring
source N |
x INLrror

beamsplitter 1/ 22—
1F

detector
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AL F-transform: i{ﬁL)—Dc-
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Frequency
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Rule of thumb:
symmetric=Raman active, asymmetric=IR active

Co, L0
—Oul@pol)—> Raman: 1335 cm™!
cﬁ'(l% Raman + IR: 3657 cm™!
>
Ou@uO—> IR 2349 cm-! e
A IR £ GGQ% Raman + IR: 3756 cm™!
‘L ‘L m 667 C -1 / k\
I oo+ IR 1594 em™!
e @u® 3 <
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Main Optical Transitions: Abgorption, Scattermng, and Fluorescence

2nd Electronic
Excited State

0
Ii:
E
p—
@ 1st Electronic
o wm Fxeited State
%.: SElas’[.i_c: :
cattering —
= (Raleigh} — |
m nl D ,]_-,:
— ' =
3 * 5
E | G El Qm
1
= clla,.. =
b
|

|

states Eln:-:trcrilic
1 jopocoscooooooooooooooOCE Do 0| oo OO {_1 - |-1
, Jrowmdd State
R UV/ Vi

Fluorescence




Raman Spectroscopy: Abgzorption, Scattering, and Fluorescence

i

atokes  Anti-Stokes

Excitation Energy, o (ecm™1)

|
I
|
I
£
|
I
|
I
!

] e o e —— e — — — — —

2nd Electronic
Excited State

1st Electronic
Excited State

Electronic
Ground State

4.000T —; o
.....................................................................
{;, | Ccssmmmssamasnbiotpss—————
IR Raman Resgonance Raman
G AG=G, .G AG=G,, .—C
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Molewlar fluorescence

Normal reloxation process

- Large jumps are
! 1 .ff"7 colled internal
- A e conversion.
7 3""_; ;..f?
S ¥ The process in
& well understood
1;" but is tempaerature
;.Y dependent
absor ption relaxation
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Q = rate of fluorescent relaxation
total relaxation rate
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8-hydroxyquinoline
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Fluorescent methods

Calibration curves are often linear over a 10° range.




- I.S. ‘)S‘

Lo g oad da 7y 58 68 A8 Jlaial YU gla culale g0 e
Coal 2l ) 298 s Lol Sle R

( Self quenching , (=329 sy ) o

Sl sisd sl (San pp Jslae j3 25 90 sla 48 il o
S s g e

( Matrix Effect LColored Matrix )
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This is an emission method,

All three of these work together
- as our source and sample.
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) cfjs‘*“))m‘

. ~0% population

A

Emission Absorption
] B 3

Y

~100% population

Energy
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BB P SR P e

Atomic energy

Molecular energy

' N > E \E
p-::-pulat.mn(;) _ Ny exp L exp Ly
population(0) N, kT RT

Atom Wavelength N./N, at 3000 K
Cs 892.1 nm 7.24 < 10°
Na 589.0 nm 5.88 « 10
Ca 422.7 nm 3.69 < 10°
Zn 213.9 nm 5.58 = 10-1¢







sl
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( Flame photometry) ! 4l=d (5 yic 5id o
(Atomic Fluorescence) <l oxilbu 5158 o
(Arc & Spark ) 4 s 5 ugd | S mugs o
(Plasma Emission ) Lewdly i e
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L &) o i paddio Jaghd 3 (A g
Atomic emission

Qualitative analysis

Methods rely on the presence of specific emission
lines.

Element  Major emission line, A

Ag 328
Cu 3248
Hg 2537
K 3447

Zn 3345



Excitation Sources

Flomes
This approach works best for ‘

Group IA and lIA elements

because they are easier to ‘
ionize. )

Samples are introduced via
aspiration into the flame so
must be liquids or gases.
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Excitation sources

Flome excitation
This method of exctation is of relative low

temperature:
Air/H, 2100°C
O,/H, 2700°C

N,O/C,H, 3050°C

This results in only a very small percentage of the
atoms being ionized (<1%). One option is to go to
higher T - Plasma emission.
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Excitation Sources

Inductively coupled

plasma source
(ICP)

o g 239






5299 5 slanl

Excitation Sources

Microwave plum'nn soure

reagent gas Tuned to He vibrations

microwave :
cavity water out

41



asimple filter




excited @& wavelength |
atoms « selector
excitation cetector
SoLurce 21996 8. M. Tisswe
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number

Atomic absorption

As the temperature increases,
more atoms are exdted.

T Most are still in the
1 atomic state.

Minimum

energy for
ionization

I <T,<T,

energy

Z.Es'haghi

245



) P L ) Qs annlaa

) i 4 Qi a8l 2 (5Ll e o
S sl Cran) ja o

) Al g Lad 4 yieS o

Gl gy (pig) Gna s Cunla o

(C2at 2% L5 ppb pardsian)

) e 4 Qo 2 culza o

4 palic 4y 532 3 S sl palic (g y dasd e
3533 e 23] e e

i) i (oS 4y 5 (g) Lokl e

Z.Es'haghi 246




Atomic absorption equipment

In its simplest form, an AA resembles a single beam
spectrophotometer,

detector
‘ sample l

i) e A D

o m——

Lf) monochromator




PRI JSRKEN @.UA

30 a8l ha 5 AT arie 4 ) (i aia o
Agd s 8 sl San 2a U die ) sla Caal a

(R 9) aga atia 5 e
A 5 S Y e

(Hollow Cathode Lamp , HCL ) -
35 A s 41T el e
(Electrodless Discharged Lamp , EDL)
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Hollow cathode lamp

This source produces emission lines specific for the
element used to construct the cathode.

The cathode must be capable of conduding
a wrrent for it to work.

249



Hollow cathode lamp

This source produces emission lines specific for the
element used to construct the cathode.

The cathode must be capable of conducting a cwrrent.
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Yy LS jJ\A J\S u.n\.u\

base plug cathode glass shield Dw-Pressure inert gas
\ \ £
1 == —N
'i < window
anode glass envelope

Electron and ionic impact on cathode

M(s) —

M(g) —

M(g)
— — M¥(g)

M*(g) — M(g) +hv

The hlack "getter spot

Thin lay of cathode material
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Hollow cathode lamp

The lamp is filled with an inert gas like argon or neon.
When a potential is applied, it causes the gas to
become excited and it is driven towards the cathode.

Metal atoms are then
sputtered off the
surface of the cathode.
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Hollow cathode lamp

Repeoted bombardment of the metal atom by the gas cuses it
to be exdted. It ultimately reloxes, producing spedfic atomic
‘emission lines.




Electrodeless discharge lamp

S

‘salt’ containing bulb

RF coil
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Flame atomization

A floame atomizer will usually have
a long, narrow burner head that
serves as a sample path (b). [

Sample is introduced
via ospiration. mixing

The nebulizer controls sample Ehaml;rgr
flow, producing a mist. |

The mixing chamber assures that
the saomple mixes with the
oxidant and fuel prior

to entry into the flame.

nebulizer
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HC

Background correction

With the HC, we measure
absorption of our element
and badkground over a very
narrow bandwidth.

With the D, lomp, we measure

absorption over o mudch larger
bandwidth. Because the

elemental line is so narrow,

- we mostly measure
badkground.
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Background correction
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absorbance

budtgruund

|

|

Background correction

The difference
between the two
+————— signals gives us

------ our background
corrected sample

+—HC output
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hollow
cathode lamp

1996 B. M. Tizzue

cletector
monochromator|
atomized
sample :
readout || amplifier

Z.Es'haghi

263




il (il ) 53 51

= D18 DN 4 Cui 4a 53 90 4l ) HCL Y e
28

oo L A ) il ) s 618 iald 4SS s ei\m o
Al e R o Hlail dian

Z.Es'haghi 264



Atomic fluorescense

Fluorescence

detector
Absorption
Grahng

source
sample

chopper
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THE BASIS OF NMR A spnang mdeushas

More energy when 1ts

The case of the spin half nucleus magnetic field opposes
lHﬂ 13{-;1 lﬂN- qu- '“'P the applied field

Energy gapin field

corresponds to radio B
frequency

Nuclet are charged and
many have spin which
makes them magnetic

NOFIELD

MAGNETIC FIELD APPLIED 200
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NMR Instrumentation CW Continous Wave

« An NMR machine is basically a big and expensive FM radio.
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CAllsNMR 2 (2l 4iua T

Gl 220 230 95 538 Lisign 5 Ledg sisioslad ) e
) Jled e atia ) g Gl jaia atin

| =0 (12C, 160) :Jix o

230 3 8 Ll 5i gy adlal 43 i g Jigh Mani g gana K o
O sl 1/2, 3/2, 5/2.....) Nf2 S Gl e

| = half integer (1H, 13C, 15N, 31P) :J&s
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Energy levels for a nucleus with spin quantum number 172

Applied
Mo field magnetic field

Energy
0

1
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U, sl nbline lae 500 age sial L

‘ n=ylh/2n l

* h is the Planck constant

* v is the gyromagnetic ratio, and it depends on the
nature of each nuclei.
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S5 A 5 S H8 g el g

AE=hv
} ‘v=';r301'211: l
AE=vhB,/2n

* For 'H in normal magnets (2.35 - 18.6 T), this frequency is
in the 100-800 MHz range. For '3C, 1/4 of that...

r-rays x-rays UVVIS [|R p-wave radio

—————

1010 10+8 108 104 10+ 100 104
wavelength (cm)

* To explain certain aspects of NMR, we need to refer to
circular motion. Hz are not the best units to do so. We define

the precession or Larmor frequency, m:

®=2wv = | @,=7v B, (radians) |
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I .
/#&&&#B
A A4 444 | 4 B,>0 =
T~ AE=hv

« Each level has a different populiation (N), and the difference
between the two is related to the energy difference by the

Boltzmman distribution:
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Sl TMS | o2 s (0 S 5 O5503 NMR G (e e 21210 o
CH,

CH, - Si - CH,
CH,
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24 "

« For protons, ~ 15 ppm:
Alcohols, protons o

Aromatics to ketones
- Amides
Acids
Aldehydes A Olefins Aliphatic
A
- | | Tl [ T S——
15 10 7 5 2 0
TMS
« For carbon, ~ 220 ppm:
Aromatics,
l?e‘t.; L"s conjugated alkenes Aliphatic CH,,
Olefins CH,, CH
= A
| I | | [ T |
L ' m
I I I I | ki
210 150 100 80 50 0
v TMS
C=0 of Acids,

Carbons adjacent to

aldehydes, esters alcohols. ketones
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Sp]]'l Ifi
Nucleus nucleus

A Chemical bond(s X

The resonant frequency of A 1s dependent
on the alignment of X. A’s signal 15 split
into two equal parts because X 1s about
equally divided between alignments.

! Coupling
Hpecira; constant (m

No coupling A coupled to X

Z.Es'haghi
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JUia

('H; 250.13 MHz2)

J |

PPM2.8 26 24 22 20 18 16 1.4 1.2 1.0 0.8 0.6
&

CH, CH,

No spin-spin coupling is observed if:
1. protons are separated by four or more single bonds, i.e..
2. H-C-C-C-H

3. protons are equivalent. i.e.,within a CH ; or CH, group
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(CH3);C—CHz-CHO (CBa)sC—¢~CHa (CBa)yCH=¢~CHy—CHa
o) 0]







'H and 1°C NMR

0591 5 RS NMR 4ulas o
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Chemical shift (6, ppm)




CH,CH,CH,CH,CH,

Chemical shift (6, ppm)
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INTRODUCTION
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Sample Ion Mass 1 L
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AMla (65 ) 9 atutu

Batch 2.2: Direct lonization Direct Inlet

i [l s s W =

€5 electrons

ionization chamber for El or Cl
—>

& & &« &

sample molecules in condensed phase

FIG. 6.4. Sketch illustrating that in direct-exposure ionization {direct El or Cl), the sample in the
condensed phase is placed directly into the ionizing medium. DCI is especially useful in analy-

ses of nonvolatile samples.

)4



Aiiina (635 9 adunius ) (5 PR E 5

Continuous | (g): Direct Injection

- N B Rooal el
?mmass Analyser

Lenses
— ——
| |
| |
I |
| lonization I
| Chamrher |
[ i IR | I
- S | lar Sgurge
Capillary L‘““T' =i s oo uid | Housing
Column /
from GC

|on Source Block 1

FIG. 16.6. Sketch ¢f inlei-ayatem configuration showing an example of inserting capiflary gas
chromategraph column directly into iorization chamber of a mass spectrometer.
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Continuous 2 (g): Jet-Orifice Separator

e

s Y s s s Y =

1

lon Source

Y

:\i.

to Mass
—— 3 Analyzer

I

vac

Yao
FIG. 16.8. Schematic diagram of jet-orifice separator for GC-MS.

From Watson
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BERTEPPEF

Continuous 3 (g): Open-Split w/ Purge Gas

Figure 4.2
Open-split coupling. The helium current protects the
eluent from air oxidation

N QR Q--]
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lonization

A number of ionization techniques exist.

/E‘ \Elc-:tmn impact €l

increasing energy

:
5
:
£
5

Chemical ionization (CI)
Fast atom bombardment (FAB)
Field ionization

Plasma desorption

Z.Es'haghi
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Electron Impact Ion Source

) ~
Electron slit 4 Y

First auccl slit Second R

Focus slit m:r:el slit
I -
*@ To mass
|\F?"- dnaly.'r.r.r

Molecular Gas Filament

SO

\ Repellers / 70 volts
\ Ionizing region
\ Bl ﬂnw lon ucctlcrﬂllng ;
\ - region
N, I‘Jtlm Aﬂ'ﬂdﬂ- 5 fj
1 S -
_____________________ h__.-
5000 volts Ground

Iy
L

*
-
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Electron impact source

When a sample molecule enters the source, it
passer through the electron beam and is ionized.

The repeller insures =
that the ion is rapidly

pushed out of the |
source, towards the + !
-

lens stack.

Any negative ions are
pulled into the
repeller.

‘_

e
‘_— —
-

=
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Electron impact source

As an ion accelerates
towards the first lens, it
comes under the influence
of the next, more negative
lens. It passes the first

lens and accelerates = i
towards the next. T;, I|
By the final lens, it is /
traveling so fast that it |V /

simply passes directly
into the analyzer.

- constant KE
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*Tons moving in magnhetic
field will have a force
exerted on them

Radius of curvature will
vary with m/z:

m =

Z

R2p2

2V

Where: B = magfield
V = accel. potential
r = radius of sector

Grasecin Samiple —

Hot
filament
gélectron

i -~
lonization -
chamber

heavier ions

analyzer -
tube f
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Double-Focusing Analyzers

R -:-i-:-i-:-:i:-:-i-:-:t-:-:«‘\-:-:t-:-:i:-:-i-:-:iz-:-i:-:-:t-:

eso
limited . ... How?

Electrostatic
Sector

. smv2 = zEr/2

where: E = electric !

field ;

ution can be improved if the K.E. of the ions is

Magnetic
Sector

Z.Es'haghi
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Time-of-Flight (TOF)
Mass Analyzers

B e R R P R
B Simple concept: Blecton conrsl KV, sub-ps pulse, kHz

gnd
v Accelerate all —
. Filemest / E!
iohs to same K.E. / s gd

1§ rd lom cuthaoape Dyeode

. . $ . £rip

v Velocities of ions v w7

: H !‘:Jrr-'p.-—_t ':-,- ———————————— F
will vary with p Vg bbb m— Anode
their masses: = Field-free -u'd"_, LI
. : ] LEpArMioE Tegion o —
DRLEEnon o

rEgion -
£ Amode Electron

1
V - ( ZE’V/m) = Acceleration v ' muebuplicasion P
f , i region i fEEhon L IJ:‘; le

} mass/ion 1-2M Oucilloscone = o
(grams)
v

cem/sec

1.60 x 10-2 erg/V
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Z.Es'haghi

Quadrupole

lons are produced
and accelerated.

They enter a region
with four poles.

The pﬂ_larlﬁu| of
the poles varies
resulting in ions

o= of a specific mass

reaching the
detector.
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Quadrupole

This type of analyzer is the most commonly used for
GC/MS work, A large number of spectra are available
for comparison to your unknowns,

Z.Es'haghi 320



Quadrupole

At any set of conditions, only ions of a specific M/Z
can successfully travel through the entire filter.

Others are drawn into the rods.

Z.Es'haghi
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ions that are too heavy
bend too little

i ..':'-H!'-""-- N /ﬂlghttube
&N only ions of the right mass
'\ can enter the detector

ions that are too light L
bend too much " B detector slits

tovacuum < XY detector

pump




GC-MS

A mixture of compounds is separated
by gas chromatography, then identified
by mass spectrometry.

gas chromatograph mass spectrometer
injector

He inlet == 10n
source mass filter

= i detector
S P i i i

N Mrd=A e

column ™ e e Sy
(
m \ \\

evacuated chamber

hf:atﬂd oven
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Relative Abundancs
n
=

oduwﬁdg.k«_iﬁ

A simple mass spectrum

Mass [ Charge

et s L EAY
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A simple mass spectrum

The masses in this example should look familiar.
This is a spectrum for air - a mixture.
4 - |

/" Its small because "N is not
: very common in nature




A simple mass spectrum

Well we know what most of the lines are due to but
what could 16 and 17 be from?

o
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Isotope classes

A+l
Two isotopes. Exampdes. Cand N

A+2

At least two isotagpes with the highest mass isotope

being +2 from the lowest mass isotope. Examplss.
0, S, Cl, Br.

In organic MS, the most abundantisotopes are
also the lowest mas.

329
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Working with the molecular lon

lets assume that you have obtained the following
mass spedral data:

m/e abund m/e abund
26 3472 41 14044
27 20593 42 7575
28 48287 43 27536
29 70823 44 31440
39 14675 45 1026

Which line would be the molecular ion2

331
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Atomic masses and isotope

Mass RE Mass HRB Mass RE Class

H 1.0078 100 A

C 120000 100 13.0034 1. A+l
N 140031 100 150001 037 A+l
0 159948 100 179992 0.2 A+2
i 189984 100 A

S 31.8720 100 328715 08 339679 44 A+2
Cl 349982 100 1369659 325 A+l
Br 78818 100 809163 98 A+2

KRB = relative abundance

Z.Es'haghi 333



How did | know there were three carbais?
No, | didn't just make it up,

The key to using the A+1and A+2 Hnes i&the lmm
abundances of naturally occurring Isc :

In our simple exampk, all that was pesent was H
and C so lets consider them first.



Carbon - an A+1 element

When we normalize b the molecular ion, the A+l
element can help B determine the nunber of

carbons in our compound.

Roughly speaking, for every 100 carbons we
measure, one of them will be a 13C,

When normalized to the molecular ion, this equates
to an inaease inthe A+l peak of 1.1 for every
carbon.

Z.Es'haghi 335



Carbon - an A+1 element

As the number of carbons incease, the probability of
there being a!>C also goes up. This is an additive

Proccss.

For our propane example

HsC - CH; - CH; 11
H.C - CH, - CH; 11
H.C - CH, - CH; 11

total 53

For hydrocarbons, the
intensity of the A+1 line
tells us the # carbon.

“H has too small of an
intensity to be seen.

Other A+1 elements will
also contribute to the
intensity of this line.

Z.Es'haghi
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Carbon - an A+1 element

There is also the dance that a molecule might congin
more than one 13C,

The probability of this happeningis pretty rare -
#C *(1.1)% - 0.0003649% for 3 C

You instrument wil not be able to see this. lts less
intense than thecontribution from deuterium.

Z.Es'haghi
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The A+2 elements

Chlorine and bromine are both common in organic
compounds.

They also produce very charaderistc patterns due to
the relatively high abundance of there isotopes.

lets look at some oftheir patterns. You need to be
able to identify them if you ever plan of finding the
molecular ion of a brominated or chlorinated
compound.

Z.Es'haghi
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Chlorine

o cl, Cl, Cl,

By the time you have 4 chlorine, the A+2 line is
significantly larger than the A Ine,

Z.Es'haghi 339



Another example

Dichloromethane - a common GC/MS solvent
49







n-hexanevs. 1-hexene

n-hexane
Note how the molecular
ion for 1-hexene (at 84)

| ] i is more intense.
i 20 Al (510 B A' 3 h | t

i haxens so, in each cluster,
theC H,, ,and C H,_
ions are of increased

\ intensity.

42



All three hexenes

1-hexene
Here you can see that the
....L L is not a large difference
e - regardless of where the
2-hexene double bond is.

| H L The tendency for the bond
o " w~—l—m~ to migrate during

ionization tends to make
3-hexene the spectra look quite
similar.
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Some other helpful tools

Some simple tools can be used to help inerpret your
spedra.

The odd elecron rues. Lised to confirm ifa
spedral line could be due to a8 moleadar ion.

The nitrogen rule Helpful if an odd number of N
are present.

Llogical losses. Do the other lines make sense
based on your molecular ion?
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Logical losses

Only a limited number of neutral fragments of low
mass are commonly lost

1 H 27  GH,
15 CH, 29  GHs or CHO
16 NH, 31 OCH; or CHy,OH
17 OH 35

19 F 43  OGHs or COOH
26 CN 46 NO,

348



Logical losses

We can also have neutral losses [t requires thatat
least two bonds arebroken so they areless

commaon.

2 H, 97
17 NH; 28
18 Hy0 30
20 HF 34

HCN
CO/CyH,
CH,0
HgS

36
44
74
80

HCI
CO,
CsH.Oq
HBr

We can use these ‘bsses’ to help piecething together

349
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Logical losses example

lets see how logial losses can help.

First, here is the idformation needed for the parent
ion.

M/e Rel, Abund

57 100.00 80 appears to be the
84 0.10 parent jon.
85 0.40

It's even numbered
86 15,01 so we either have o
&7 1.00 N or an even number,
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So n-hexane appears to be the likely material.
Mass, elements, lines and losses all make sense.




ther logical loss example - CH,Cl,

49
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Fresh solvent
(eluent)

Initial band ./
with A and B solutes

Column packing
(stationary phase)
suspended in

solvent (mobile phase)

Porous disk

Solvent flowing

(s bl 2l

out (eluate)

(a)

(G)

0 emerges

(a)

@ emerges

(e)



Adsorption Chromatography

« * Solute adsorbed
on surface of
® « stationary phase

L]
Adsorption chromatography




A R silas S G
lon Chromatography

® © Mobile anions
held near cations
that are covalently
attached to

0® stationary phase

i\ Anion-exchange

resin; only
anions can be
attracted to it
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Size-Exclusion

lobile anions Large molecules
2ld near cations are excluded

iat are covalently

ttached to

ationary phase




One kind of molecule
in complex mixture
becomes attached to

J molecule that is
\ covalently bound
to stationary phase
42 \\ molecules simply

*’ wash through

Affinity chromatography
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Partitioning
Partitioning
- > A

A bk partitioning of analyte A

stationary

each analyte will have some equilibrium partitioning between the
mobile and stationary phase, analogous to the partition coefficient
used in solvent extraction.

Distribution Constant (partition coefficient)

_Ss
CM
C, : concentration of analyte in stationary phase
Cy concentration of analyte in mobile phase

Retention Factor (capacily factor)
. Inoles ,(stationary) CsVs K Vs
~ moles,(mobile)  CyV,  Vy

363
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Retention
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Time ez

Figure 26-4 A typical chromatogram for a two- mmponent mixture, The
smiall peak on the left represents a species that is not retained on the column
and so reaches the detector almost immediately after elution is started. Thus it
retemtion thme By s approximately equal to the time re quired fora malecule of

the mobile phase to pass through the column

ty; = time for mobile phase (unretained component) to travel from injector to detector

tg = time for retained analyte to travel from injector to detector.
tg' = tp-ty; = adjusted retention time 364
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Selectivity

Selectivity in analytical separations is achieved through selecting proper conditions
such that two (or more) analytes have differential retention (and thus Avy and Atg).
Selectivity is achieved through differential affinity for the stationary phase, ie- K =

Kg. Thus the selectivity coefficient for analyte B with respect to analyte A is
defined as:

Ka
Where “B” is the more strongly retained component (longer retention time). Thus
a is defined such that it is always greater than 1.0

o a = selectivity coefficient

_k's Igp—-Iy 1t'p

It is easy to show the following: o = —_
L ] I
Kan tra—Iy Ua

Thus, we get selectivity coefficient from chromatogram!
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- The column -
|
Theoretical
plate
NV =t&
o
v L6’
'!-1'2
v 5.4t
Wy,
W = width of peak at the baseline as measured by the

tangent to the slope of the guassian curve at the
inflection points (ie- calculus can show that W=4+}

W,,= width of peak at half peak height
N is a dimensionless quantity. 100 <N <2 x106

Both N and H can be quoted but must be quoted for a specific
analyte and set of conditions
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N = 1000

- —N = 100
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Inflection point
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POSSISTRICES

Band broadening in chromatography

H - O-;-Jemﬁ:
X

Why do peaks disperse?
- Kinetic factors
- thermodynamic factors

Van Deemter Equation

H=A +£+ Cy ™ = flow rate
U
A = Eddy diffusion coefficient

B = Longitudinal diffusion coefficient
C = Mass transfer coefficient
(C,+Cn  C, =stationary phase mass transfer
C,, =mobile phase mass transfer
370
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van Deepter Plot

A - eddy diffusion
B — longitudinal diffusion
C — mass transfer

Optimum
column TOTAL

efficiency

l
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(Resolution) s & )8

lisa Sy 53 D) 51 e () g S A3 8a 4S Gl iy e
A s 805G 51

@ - Vy Vs
(Wt w,)/2

R,=

sincew=4v/NV2

Note: times or any

reprasentotive unit can be

used in place of v and w terms.
£.ES'haghi
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Resolution

For 2 adjacent peaks, A & B:

R = Alp Ire —1RA 2(tp g —1p.a)

TwW _f'WA+WE“ W, +Ws
Tz
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Example

i
%2

‘_u—w‘—-:
|

i |
.l

Time, min
Figure 26-11  Separations at theee resofations. Here, B, = Z3Z00(W, + Wil

Chromatogram C
tgp=13.4cm
tgy=81cm

W,=18cm
Wy =3.75cm

_ 2(tg g —1g.a)

s WA + WB
2(13.4-8.9)

1.8 +3.75
=19

Usually one needs
R_= 0.5 to identify
presence of 28 peak,
R ~1.5 to quantify
the 2™ peak
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Rsztﬁﬂ_f”-ﬂ H=1E% = W=4f£
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. —-RBTIRA Iy oy RB "M _ -‘flg _Kpg
4tpp tra—tu Ka Ky

_ﬁ..-"'H(a—ﬂ k's
4\ a J(1+k'g)

If the peaks are very close (not well resolved necessarily),

R

then a ~1

Z.Es'haghi

375






e é‘)gjzujjs

(Adsorption Chromatography) s 8 Ksilas S o
(Partition Chromatography) emsi il S silas S

( lon-exchange Chromatography) (s s (s 8l Sgilag S e
(Size Exclusion Chromatography) s2_k-s jlail 8 Sgilag S o
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The stationary phase is a solid. Separation is due to a
series of adsorption/desorption steps.
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Separation is based on solute partifioning between two
liquid phases.
(relative solubility)
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lon exchange chromatography

The stationary phase has an ionically charged surface,
opposite that of the eluents.

.1—
’
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Size exclusion chromatography

Separdtion is based on molecular size. Stationary
phase is a material of controlled pore size. Also

called gel permeation.

R
.._‘:ﬂk
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Common diameters for analytical work

diameter plates
10 um 5000
5 um 2000
3 um 15,000

All are for a 15 cm x 4.6 mm id column
301
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Injection systems

common approach is the use of sampling
g o s







UV/Vis detector - filter type

light
source

I

If the filter is replaced by a monochrometer, you end up
with a variable wavelength UV/ Vis system

Z.Es'haghi

flowcell

dual photocell
detector

fixed ).
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Photodicde array detector

photodiade crray

The photodiode array allow you to simulraneously
monitor a range of A or obtain complete specra.

Z.Es'haghi 399
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Refractive index detector

Bulk property detector - general purpose.

Based on refraction of light as it passes from one media
to another. Presence of a solute Ehﬂngﬂs the

refractive index of the solvent.

solvent only sample present

Z.Es'haghi

400









Aand 5 ) ) siSa £ 58 S

Amperometric detectors

electrodes

Several electrodes and combinations can be
used. Allows for some interesting data.

403
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e Gas Liquid Chromatography (GLC)
e Gas Solid Chromatography (GSC)
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Schematic of a packed column
gas chromatograph

heated

w
E

carrier | _
gas

column

o
-~

data
system
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FAow control

a - compressed gas qylinder
b - pressure regulator
¢ - valve

d - filter

Z.Es'haghi
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Injection port
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GC &y

Syringes

Syringes are used to introduce a known volume of a
liquid or gas samples .

Adapters can be used to help control the volume
injected.

(]
. IEEEEERENENNERNEEREEEN
i 1
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Types of columns

Conventional
1/81/4" OD, stainless steel or glass tube
6 - 20 feet in length

Preparative
> /4"
>10 feet in length

Capillary
0.1-0.5 mm ID
10 - 100 meters in length

i O IIMUI 1

411



Types of wolumns

Packed

£

X

porous
packing

non-porous
packing

Open tubular
(capillary)

Packed with
porous layer

coated with
porous layer

liquid
coated

bound
phase

packed
capillary

liquid coated

wall

L.Esliagri
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Types of columns

Packed open (capillary)

. bead column Porous Wall
Layer Coated
. porous layer Open Open

Tube Tube
O conventional

£.ES 1ayrin 413






(Gas Flow

Injection Port

\
I'.

Carrer
Gas

Reservoir

Make-up Gas
{optional)

Sample .
Introduction

Injection Port Oven
Temperature T,

70 -
L .

\\\

Separation
column
T
Detector Oven
Column Oven Temperature T,

Temperature T,

Z.Es'haghi
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Quter wall of column

0.1 -0.53 mm
inner diameter

Stationary phase
(0.1 — 5 um thick)




Column wall

Wall-coated =~ Support-coated  Porous-layer
opentubular  open tubular open tubular
column column column
(WCOT) (SCOT) (PLOT)




GC 0 Saisdh g Jal e
e H=A+B/u+ Cu

¢ Which of the above affects H the most in GC?
B/u effects!
Diffusion coefficients are large in the gas phase.

o = ED%

e Simply increasing the flow rate partially
addresses the B/u effects in GC

Z.Es'haghi 419
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)l 3 e sEddy

e No “A” term, straight path.

Cuter wall of column

*

Flow . 0.1 -0.53 mm
inner diameter

Stationary phase
(0.1 = 5 pm thick)

Z.Es'haghi 420
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Y

Trapped polar solute

Mobile Phase
|

Silica Support

Z.Es'haghi
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A = EtOH

B = methylethyl
ketone

C = benzene

D = cyclohexane

Chromatogram 1
= unmodified

Chromatogram 2
= silinazied




GC 0 Usiw lam

Phase polarity examples.
Non-polar - methyl silicone
Best for non-polar compounds

Intermediate - methyl silicone/phenyl
N silicone: 20-50% phenyl
<.__" Best for mixed samples
4

< Polar - Carbowax 20M
@ Best for polar compounds
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Column Selection

Internal diameter

As diameler increases, the pressure requirements
are reduced. The sample capacity increases and
resolution decreases.

Diameter plates / m capacity, ng/peak
0.2 -0.25mm 4000-5000 2 - 100

0.32 3000 400 - 500

0.53 1600 1000 - 15,000

2 mm packed 2000 20,000






G obwlan p oSle 8 Canlad il

#1 n-heptane

#2 tetrahydrofuran
#3 2-butanone

#4 n-propanol

We can reason this order h%
considering the polarity of the
analytes and of the s.p.

In GC the s.p. characteristics
have the largest effect on the
order of elution.

Ph!uf <. P

2

al NL i

TYPICAL CHROMATOGRAM ON CARBOWAX
]

a 2 ”m—?wl-w EF
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® The more
volatile cpds
elute very
close together
under
isothermal
conditions

(upper).

Ramping T
from 50 to 250
oC at 8 °C/min
separates out
those volatile
cpds (lower).




(Sade ) dala € sl S5s
O, is usually avoided since it will oxidize the s.p.

3 most common gases N, H,, He.

Each have very different H_.  characteristics.

min

The lighter gases He and H, require faster analysis flow rates
20-50 cm/min.

Diffusion in He and H, causes more band-broadening in m.p.

Greater MT effects decrease band-broadening at faster flow
rates

H=A+B/u+ Cu

N, H._ ., occurs at about 10 cm/min.
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GC sl g

CCD - Catalytic Combustion Detector

TCD - Thermal Conductivity Detector

FID - Flame lonization Detector

DELCD - Dry Electrolytic Conductivity Detector

FID/DELCD - combination Flame lonization Detector and Dry Electrolytic Conductivity Detector
HID - Helium lonization Detector

PID - Photo lonization Detector

PD - Nitrogen-Phosphorus Detector
NPO/DELCD - combination Nitrogen-Phosphorus Detector and Dry Electrolytic Conductivity Detector

. 11D - Thermal lonlzatlon Detector

. FPD - Flame Photometric Detector

. FPLVFID - combination Flame Photometric Detector and Flame lonization Detector

. Dual FPD - dual wavelength for simultaneous sulfur and phosphorus response

. FII} dual FPD - combination dual Flame Photometric Detector and Flame lonization Detector
. ECD - Electron Capture Detector

. BGD - Reduction Gas Detector
. ASD - Aromatic Selective Detector
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FID(Flame lonization Detector)

collector

igniter

air
A make-up gas may
burner jet  also be present if

capillary columns
Hycrogen are to be used

End of column

—_—e—— ey e
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FID

Exit (Gases

Insulated
Connection \ T ‘ Insulated

to Clollector

Collector
Electrode \ Electrodes
4, .‘IA—;
ﬁ 1 — Flame
Insulation |~ Insulated Jet
Insulated
C :;“‘1]‘::“““ ™ Insulation
o 1l
Hydrogen
A
Capillary Column ‘ :
. ing Mohile b Ajror Oxygen
Phase (Helium) for :
Combustion
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Termal Conductivity Detector (TCD)

carrier
zZero .
rofera:ce\ ol carrier +
contro
AN sample

power —
supply —

dedector recorder
block
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Electron Capture Detector(ECD)

e As an analyte flows through
past the Ni-63 source
electron capture is possible
by electron-withdrawing
species:

= A+e-=>A

e Current decreases as a
result of e- capture by
analyte. This is one of the
few instances in which a
signal is produced by a
decrease in detectable
phenomenon.

Megative
valtage
pulse

Radiosctive

T [
= gl T
-~

i -
"
Erle -
3
> "ﬂfxﬁ‘ﬂ’ﬂff&

Cumilo <\

o

Cs

Bz -7]'“5’:'31

e, =

e

Electron

“‘:— T collector

A

i

E:
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Insulator

\ Radioactive

Source

Nitrogen or Hydrogen.
For Pulsed Mode
Operation 10%p
Methane in Argon
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