Skoog — Chapter 7
Components of Optical Instruments

* General Design of Optical Instruments

* Sources of Radiation

* Wavelength Selectors (Filters,
Monochromators, Interferometers)

« Sample Containers

« Radiation Transducers (Detectors)

 Signal Processors and Readouts

* Fiber Optics



Image Detectors — powerful detectors used
instead of PMTs to detect a complete
spectrum or part of a spectrum
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Common Image Detectors

1) Electron Image Intensifiers

2) Image Dissectors

3) Solid-State Imaging Systems
a) Vidicon tubes

b) Optical Multichannel Analyzers (OMAS)
c) Photo Diode Arrays (PDASs)

4) Charge Coupled Devices (CCDs)

These are often used with intensifiers —
device to increase sensitivity



Photodiodes, Linear Diode Array & Two Dimensional Arrays
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FIGURE 6-24 (a) Schematic of a silicon diode.
(b) Formation of depletion layer, which prevents flow of
electricity under reverse bias.



Charge Coupled Device (CCD)
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Photovoltaic Cell

hv thin layer of Ag
v / selenium
~— semiconductor
“—— iron or copper
A
ammeter

Light excites electrons in Se at Se-Ag interface
Into “conduction band” and to metal
conductor = current

Good only for high light levels
Subject to fatigue effects



Another example of a Photovoltaic cell
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Photoconductive detector — semiconductor
used with voltage applied across it

Photons - electrons promoted to conduction
band - high conductivity (lower resistance)

PbS, PbSe, InSb good for 0.7 to 4.5 ym (near
IR)

Ge activated with Cu, Au or Zn good from 2 to
15 ym — operated at ~5 °K

Considerably less sensitive than PMTs
Better than thermal detectors in IR



Photographic detection — place film at focal
plane and expose (integrating detector)

Advantages:

1) good resolution

2) fairly sensitive

3) covers entire spectral region
Disadvantages:

1) very old technique

2) quantitatively very bad (can use
densitometer)



Thermal Detectors for IR — in IR region
photons have lower energies -> necessary
to resort to thermal detectors — radiation
absorbed and temperature change is
detected

Response time is limited by rate of heat
transfer = slow

Sensitivity is also much poorer




Three types of thermal detectors:

1) Thermocouples (most common) —
junction between dissimilar metals often
covered with black substance to increase
absorption

Voltage difference across junction is a
function of temperature

Amplify signal and detect
Response time ~60 msec (i.e. slow)

Sensitivity is greater using a thermopile = a
bundle of many thermocouples




2) Bolometer (thermistor) — resistance is a
function of temperature

Different kinds = Ni or Pt metal or oxides
like NiO, CoO or MnO

Many have black coating on side toward
source and a heat shield around them

Typically connected to a bridge circuit
Johnson noise is important
Requires stable power supply



3) Golay Pneumatic Detector (best performance
characteristics)

i - pnuematic chamber 34 | detector

7 | source
hy ——
/ _ N _
flexible mount & mirror
window

é) photodiode
o detector
Heat from radiation = gas expands -

mirror position changes - amount of light
reflected to photodiode changes

Best sensitivity

Response time ~4 msec = heat transfer in gas
phase faster than in solid



Schematic diagram
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Schematic diagram
of a Double Beam
Spectrophotometer




Schematic diagram
of a Single Beam
Spectrophotometer
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Light propagation down a Fiber Optic Cable
— based on Total Internal Reflectance

Light Signal 1 ——
Light Signal 2 =



Reflection = EM strikes a boundary between
two media differing in n and bounces back

Reflected
Incident | ray
ray Medium 1 (air)
0, : 0, n=1.00
:
| \\
% Medium 2 (glass)
| h n=1.50

Specular reflection = situation where angle of
incidence (8,) equals angle of reflection (6,)



Reflectance = R = ——— = i

Where | and |, = incident & reflected intensity

For radiation going from air (n = 1.00) to glass
(n = 1.50) as shown in previous slide

R =004 =4%

Many surfaces at 4 % each (i.e., many lenses) can
cause serious light losses in a spectrometer. This
generates stray radiation or stray light.




Reflectance varies with the angle of incidence

Percent Reflectance (R)
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EM going from glass (n = 1.50) to air (n = 1.00)

Percent Reflectance (R)
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light is completely
reflected back



Critical Angle (@) At 90° incidence sin ®,= 1.0

sin (pc — __r]_1_
Normal 2
to sl,urface
l
l
Incident —: Medium 1 (air)
ray is D,
90° to |
normal Dy Medium 2 (glass)
this is called :/
grazing incidence | Refracted

ray

Maximum value of @,
D, =D,

Important for:
1) Refractometers
2) Fiber Optics



Critical Angle (¢C) Wh_en Incidence Is at_the_
Critical angle, refraction is

at 90°
Normal Sin @, = __r]_z_
to surface N
| 1
l
l
Refracted ?: Medium 2 (air)
ray <«— 21
:CD1 Medium 1 (glass)
I Incident
' ray

Important for:
Maximum value of ®, for 1) Refractometers

Refraction @, = ® 2) Fiber Optics



Critical Angle (¢C) At_a_ngles greater than the
Critical angle, 100 %

reflection occurs or

Normal Total Internal Reflectance
to sl,urface
l
l _ i
S o Medium 2 (air)
ray < --<-d_2
| o S i
/:Bi\ | Medium 1 (glass)
Reflected | >~ Incident
ray : had

Important for:
New value of @, for 1) Refractometers

Reflection ®, > & 2) Fiber Optics



Light propagation down a Fiber Optic Cable
— based on Total Internal Reflectance

Light Signal 1 ——
Light Signal 2 =



Typical Fiber Optic Construction

Cladding

Core



Attenuated Total Reflectance (ATR) Cell

for IR Spectroscopy
Test Test
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Applying UV-vis Spectrophotometry
Qualitative (as discussed)

)  The UV-vis absorption spectrum is related to
molecular structure, therefore it provides
qualitative information as to structure both
from € and A. |In order to take advantage of
this it is desirable to have a scanning
Instrument to measure the entire spectrum
(either a double beam, direct reading
iInstrument or a single beam unit with
computer interface.

By itself an electronic spectrum is not sufficient to
identify a compound (while an IR spectrum is)



Quantitative

II) The UV-vis region of the spectrum is
particularly well suited to quantitative
analysis for several reasons (both
chemical & spectroscopic reasons):

1)  Large values for € make it
possible to measure low concentrations

2) Many compounds (both organic &
inorganic) absorb in the UV-vis region,
but most common solvents do not. This
IS a limiting factor in IR.



1)

3) Absorption bands are broad
making it easy to achieve conditions
where there are no instrumental
deviations from Beer’'s Law

4)  Good instrumentation is available,
l.e. good sources, detectors &
monochromators

UV-vis can be used for studying
chemical processes that involve
conversion of a non-absorber to an
absorber or vice versa



1)  Spectrophotometric Titrations
Example where titrant absorbs

Sample + Titrant > Product

absorbs
e

MnO, + Fe?* > MnO, + Fe’*

Reaction incomplete
at the endpoint

Volume of Titrant Added

Endpoint




(a) €,=€,=0 |(b) €,>0 () €.>0
€, >0 E,=€=0 E,=€,=0
o
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2 | E>€50 [(e) €>€,50, [(F)
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0 =

VYolume of titrant

Figure 14-18 Typical photometric titration curves, Mo-
lar absorptivities of the substance titrated, the product, and
the titrant are given by e, €, &, respectively.



2)  Study Equilibria (acid-base,
complex formation, redox, etc.)
Reactants - - M + nL &= |V||_ «— Products

don’t absorb —, «—— absorb

Fe3* + SCN- ¢<-> FeSCN?#

- —= - @®--- «——— Essentiallyall M is
reacted to ML and
excess L added

| ;
1

Hold [M] constant

[L)/[M] </ and increase [L]



Can calculate g, from A at excess [L]
Get n from extrapolated curve
Can calculate equilibrium constant (K) from

. - [ML, ] and mass balances

MI L e.g. Cy =[M] + [ML,]

/\\

Other calculation

methods can be used A
involving graphical or
computer curve fitting
procedures, e.g. Job’s Mole ratio
Method or the Method of Continuous Variation




3) Study Kinetics

absorbs

x+Yez/

Measure A vs time
after mixing

For quantitative
applications, we
usually want to measure at one particular A.
Must first scan spectrum to determine the
most suitable A for measurements.

time —



Errors in Photometric Analysis

1) Deviations from Beer’s Law - either
chemical or instrumental can be handled,
In general, by preparing a calibration curve

Important — the calibration curve should
include standards both at higher & lower
concentrations than the sample

2) Technique errors — cells must be carefully
cleaned & kept free of scratches,
fingerprints, etc. Clean in concentrated
HNO,. Rinse several times with water.
Rinse with sample before use.



Round cells, e.g. Spectronic 20 cells
should be positioned the same way for
each measurement because of
imperfections in glass (square cells too)

3) Source drift — in single beam instruments.
Must. a) Allow source sufficient time to

warm up
b) Check 0 and 100 % T settings

frequently



4) Stray Radiation — strikes detector without
going through sample

where | is intensity

A = [[5g)

measured "
of stray radiation

Stray Light Specification — important

characteristic of monochromators



Stray Light Specification

e.g. Cary14 | .=<10°1 atall\'s

Spectronic 505 |, =<103 1,

Stray light more serious at high concentrations
(i.e. high A) - makes it difficult to measure

high A (i.e. A = 3 or 4) Some instruments
are capable of measuring large absorbance

Spec 505 A | 100 + 0.1 1 96
measured — 10g ==========--- = 1.
for Atrue =2 sasured ) T+ 0.1
|
= |Og_llq = Iog-1-§-)-0- =2 . =103x 100 = 0.1



5) Reading Error — random error involved in
reading A value; today with digital
readouts this usually involves:

1) Not allowing instrument to stabilize before
taking the reading

2) Assuming greater precision (or accuracy)
than the instrument is capable of

3) Biasing the result

e.g. 0.019+0.002 and 0.021 + 0.002

Are these 2 readings different from one another?
Answer is NO! What about if s.d. is is 0.0017



Scale Expansion — sometimes reading error
can be improved upon by expanding scale

Normally use a blank solution to set 100% T
& set 0% T with shutter closed (i.e. no light)

Expand scale by using a standard that has
(for example) 50% T & set instrument to
100% T - this expands lower end of scale
by a factor of 2 & allows readings in the 0%
T to 50% T range to be made with greater
accuracy & precision



here Is a limit to scale expansion imposed
by instrument stability, so you can only
expand scale to a point, then source and
detector noise become limiting factors

Can expand both ends of the scale although
it is usually preferable to dilute

Often reading error is not significant so it
doesn’t help to expand the scale



Luminescence — light emission accompanying
a transition from higher to lower energy
levels

1) Phosphorescence — example of
photoluminescence (excited state generated
by photons) often exhibited by solids like
glow in the dark key chains, television
screens (CRTs) & “fluorescent” lights

2) Fluorescence — also photoluminescence
which is usually observed in solution like
quinine that is added to tonic water many
analytical applications




3) Bioluminescence — excited state induced
biologically (enzymatic process) exhibited
by fireflies, some algae & fish

4) Chemiluminescence — excited state
induced chemically by bond breakage,
often oxidation & used for light sticks &
some analytical applications

5) Triboluminescence — excited state induced
mechanically - bite down on hard candy,
also Curad bandaids

6) Electroluminescence — electrical excitation
found in some polymers & electric pickle



Photoluminescence is the most useful kind of
luminescence for analysis because:

1) Many compounds exhibit this phenomenon
2) The effect can be readily produced

3) Several variables can be used to control
the process (e.g. excitation A, emission A,
pulsing or modulating excitation source,
gating or synchronizing detector response)

Chemiluminescence can be used for analysis
also, but it is harder to control

Bioluminescence is chemiluminescence
Others are basically useless analytically
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When absorption of a photon occurs
(process #1), several things can happen:

Vibrational Relaxation (VR) - is a non-
radiative process (#2) by which the upper
vibrational levels lose energy & go to the
lowest vibrational level in a given
electronic energy state (very fast ~ 102 s)

Internal Conversion (IC) - non-radiative
process (#4) where excited state couples
to upper vibrational level of lower
electronic energy level followed by VR




Because of Vibrational Relaxation (VR) all
absorbed photons result in the promoted
electron ending up in the lowest
vibrational level of the first excited
singlet state

This level can then do one of three things:

1) Fluoresce - make transition to one of
the vibrational levels of the ground state

giving up energy as a photon (process
#3)




2)

3)

Radiationless Deactivation (#4) — return

to ground state giving up energy as heat,
by internal conversion or some sort of
collisional deactivation

Intersystem Crossing (#5) — lowest
vibrational level of first excited singlet
couples to upper vibrational level of triplet
state followed by vibrational relaxation

Once formed the triplet state can go to
ground state radiationlessly or by emitting
a photon = phosphorescence (#6)




The transition T, =2 S, (G) with emission of a
photon is spin forbidden, has a low
probability and a slow rate

Fluorescence involves a spin allowed
transition = very probable - fast rate &
short lifetime (typically 1-20 nsec)

Phosphorescence involves spin forbidden
transition - not so probable - slower
rate & longer lifetime ( from 10% — 10 sec)
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ground excited excited
singlet state singlet state triplet state



Moderately interesting website showing an
animated Jablonski Diagram for
absorption, VR, fluorescence,
phosphorescence, etc.

http://micro.magnet.fsu.edu/primer/java/jablo
nski/lightandcolor/




Spectra

1)

2)

Excitation Spectrum — fluorescence or

phosphorescence intensity (at fixed A) as
a function of excitation A or absorption A

Fluorescence Emission Spectrum -
fluorescence emission intensity vs. A for
a fixed excitation A (= absorption A, max.)

Phosphorescence Emission Spectrum —
phosphorescence emission intensity vs.
A for a fixed excitation A (= absorption A,
max.)




Phenanthrene
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Fluorescence and Phosphorescence spectra
are at longer A's because the transition A
from S, =2 S, or G is smaller than the
absorption A from S, (G) to some upper
vibrational level of S,

Degree of structure in fluorescence
spectrum is due to the degree of
solvation as discussed for absorption

The rigidity of the phenanthrene molecule
and its inherent lack of interaction with
the solvent also plays a role in spectrum



Spectra

4) Excitation Emission Matrix (EEM) or
Total Luminescence Spectrum — 3D plot
of emission for all possible combinations

of excitation A and emission A

Fluorescence
Emission
Intensity




EEMs represented
as contour plots

5001
' 1.00 M KCI
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FIGURE 3. Absorbance-corrected EEMs of PFAR (50 mg/L, pH 6.0)
at different ionic strengths.



