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Objectives

e Fundamentals of Spectrophotometry
o Properties of light
o Regions of the electromagnetic spectrum
o Absorption of light
e What happens when molecules absorb light?
o Electronic energy states
o Vibrational and rotational energy states
® Beer's Law
® Limitations and Deviations from Beer’s Law.




Spectroscopy is any procedure that uses the interaction of
Electromagnetic Radiation (EMR) with matter to /dentify and/or

to estimate an analyte. / \'
\ d
— molecules solid Qualitative
Quantitative ions liquid Analysis
Mixtures solutions

Electromagnetic radiation (light)

Ay
= EMR can be described in cecticfeld 1< ) .
ECINC feic
terms of both particles and
waves (Dual nature of light)

= Light waves consistof . .
perpendicular and oscillating
electric and magnetic fields

Magnetic field
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Light waves can be characterized By:

Wavelength (A, Greek lambda):
Distance from one wave peak
to the next. .
Units: m, cm, um, nm or'A

Frequency (v, Greek nu):
Number of peaks that pass a

given point per second.

Units: Cycles/second or s™' or
Hertz (Hz)

Wavenumber
Number of waves per cm.

wave numbe( 1
—_ cm-l
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Trough
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Violet light Infrared radiation
(v= 750x10“ ) (v=375x 10457
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Wave nature of light can explain phenomena such as reflection, refraction
and diffraction.
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3. The term "wavenumber"

(a) refers to the number of waveform cycles traveled by a photon in a fixed time.
(b) refers to a quantity often expressed in cm™.

(c) refers to the product of frequency and Planck's constant.

(d) refers to the distance corresponding to one cycle of a waveform.
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W aslaed  \\gve Calculation

V' The wavelength of a laser pointer is reported
to be 663 nm. What is the frequency of this

Ilght? ‘a'ol C 596801 o L‘gM(BxIOzm/s a2
v=—
A
107°m
A =663 nm x —6.63x10'm
nm
3 3.00x10°m/s

=4.52x10"s™" o 4,

U —
6.63x10"'m



A
Calculate the wavelength of light, in nm,

of light with a frequency of 3.52 x 1014 s-1,

V= &
C Pt
ﬂ/:— “5-
D X'—ﬂ /
157% |
8
A= 22211812/? _852x107"m
9
/1:8.52><1O‘7m><10 M 852 nm
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9. The wavelength of a laser pointer is 265 nm. What is the frequency?
(a) 1x10°s™

(b) 6.6x107 s’

(c) 500 s™

(d) 1.14x10"5 s
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» Electromagnetic radiation consists of discrete packets of
energy, which we call/photons.

» Photons are the particles of light or the quanta of light.

» Each photon carries the energy, E (Joule).
E = hv
where h is the Planck’s constant (=6.626x10-34 J.s) ) NPR
» The all characteristics of light can be related as follows:
E=hv=h_=hey

—sldl oe The greater the energy, the higher the frequency and
Yo wavenumber and the shorter the wavelength

The particle nature can explain phenomena like absorption and
emission of light.



Planck’s Equation: The relationship
between frequency v of light and energy E,
E = hv
h = Planck’s constant = 6.6 x 10-%’ cm?.g. s

1=6.6 x 103% joule.sec

In vacuum, velocity of light = ¢ =vA =3 X
10"%m/s which gives, v = c/A

E = h(c/A) = hcv (where, v = 1/ =
wavenumber)

Energy directly proportional to wavenumber
E = hc 7



/Calculate the energy (in joules) of a photon
with a wavelength of 7000 nm .,
N >~

-9
A =700.0 nm x 10" m =7.00x10""m
nm

. 3.00x10°m/s
7.00x107"m

= 4.29x10"s™

E =(6.63x107"J-5)(4.29x10"*s™)

/
E=284x10"J



b. A photon has an energy of 5.68 x 10~ J. What is its wavelength? @

(1) 250 nm E=hv S%C'
A= J”’C__ = &67&"‘0-3:3;(\0?
(2) 350 nm E B.48 x .10\
-4
(3) 450 nm »= 29010
A = 350 am

(4) 550 nm )



Regions of electromagnetic radiation
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./ 3all of the above

9. Which of the following lists correctly ranks electromagnetic radiation (EMR) from low to high

wave length * [
Cuw — )Lg

(1 Point)
(adio

— 3 amma

L1
1)

B
5 7
A
"
)
’
LFL
[
.

PO s 4 Lo




. 14 .
A photon with a frequency of 6 x 10 cycles/sec is | o d\z—m @

(a) an ultraviolet photon. 2z C = 3x0°
Voo gx10"
- P

(b) a visible photon. A=58x10

(c) an infrared photon.

(d) none of the above. @



8. Which arrangement is correct in order of increasing energy?

(a) visible < infrared < ultraviolet @
(b) visible < infrared < ultraviolet

(c) infrared < visible < ultraviolet

(d) None of the above



329 13210%2 golws frequency J! <! ULb.c.l@

1300 Wz 0-39-?'9"0 dsi‘q
1)UV N £ - 2303 0
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Absorption of light

A molecule that absorbs light photons'will end up with increased energy.
The molecule will be promoted to anfexcited state. Microwave energy
will cause rotation of compounds. IR energy is high enough to promote
bond stretching. UV/Vis energy promotes electrons into higher orbitals.

and XEFEFs can iGfiZeimolEcnles or cven BicaKIBORds. '

T A } — Excited states

P

2

o -

=

LLJ
AE (molecule) = E (photon) \ .
absorbed light is quantized max o,
feecause anly cetkain disceke G? - Ground state Wil 9"‘9’"( peick I

levels exish Flechons canno- (ADSOFPEION  EMISSION

absolb Jusk any amount & enelgy-

Most excited molecules relax again to the ground state emitting
the excess energy in the form of heat.




j. Infrared photons @

(1) can only be absorbed by molecules with a bond dipole.

(2) can only be absorbed when the photon frequency matches a vibrational frequency of

the molecule.

(3) can only be absorbed when their energy matches the difference in energy between two

vibrational states.

(4) all of the above. @
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Ultraviolet-Visible Spectrophotometry

What happens when a molecule absorbs UV-Visible radiations?

+ When a molecule absorbs light having sufficient energy (e.g. UV-Vis
radiation) to cause an electronic transitions, (additional vibration

and rotation transitions also occur)

+ Molecule can absorb one photon of just the right energy to cause
the following simultaneous changes:

E : .
2 y vibrational levels
2
V4
. +——— rotational levels Band
E .V Spectrum
1 TT A A
Pure electronic —
transition
V2. > AE =hv
V1 }\‘max 7\‘
s
Y _ spectrum
E, L «Z glectronic levels 12



A molecule can only absorb a photon if the photon’s energy exactly le&l’(omc |6(/6, <—"—/y§ U\/-v.'s 5&&5«4 <k 5&1}5 Lo w [

matches the energy gap between the initial and final energy levels. V&b(oJ—ion
okt on
Mathematically: . : 4 v
athematically roL;Lionaj + Vibabional \R(m?m(eal) v o
lo/ énelyy no oleckronic
‘ — / i ' v 7 p
Epnoton D ( (. —-» (2) fo,-i"{onoJ mi o iouwaVe N )

This is why energy levels are said to be quantized.




1. Atransition from the ground electronic state E, to the E, excited
electronic state

2. A change in the vibrational enerqy from the ground vibrational state
of E, to an excited vibrational state of E,

3. A transition from one rotational state of E, to a different rotational
state of E,

4. All the above transitions are quantized which means that they
required certain exact amount of energy

3. Thus, total energy absorbed = E_ ..+ E,;, + E,;
AEelec >> AEvib >> AErot
Q
As a result, a large numbers of photons %
of certain wavelengths are absorbed by 'g
a molecule. These individual S
wavelengths are too numerous and too e o
close to each other and a spectrum of 4000 500 600 700 (Bee
broad bands of absorbed wavelengths eavaiehion \aim)
are obtained | Spectrum (a graph that shows
.y, W‘IZZ: *5 Ui'“:c'; how absorbance varies with
sou« oot colodl SSeddw Vis 65,,2&« VMW

JOREN



6. Which statement is false regarding absorption of photons by molecules? @
(a) Absorption of a photon results in a change in the energy state of the molecule.

(b) There is a correspondence between photon energy and the energy difference between initial
and final states.

(c) Electronic transition energy is greater than vibrational transition energy.

(d) None of the above.



Transmittance and Absorbance T=0.7,%T =70%, A=0.155

6 A = -\09 0.1
10° photons ~ 0.7x10° photons

. AN Wavelength P P .
slélt?rr::te Bejeclof O Senpie d;—tlsgttor cr?aorrtnt%uttj?sr, getgél?lis
A (monochromator) A PARY
500 nml(__ -

There are two quantities that relate the change in the intensity or
radiant power of EMR before, Py, and after, P, interaction with

matter. ncideat keaasmitted
1. Transmittance, T, is simply defined as “the fraction of light 100 photons entec
that reaches a detector after passing through a sample” 40 lc’aveb A
"L 20 absofbe
Leansmitted < Z,l3l s el
“ :£ ? 0<T<1 "\’=\io%=o.1
ncideat < PO 5Ll syell A- -log 04 - 0.\%5
The percent transmittance, %T, is simply 100 T T
P As Lansmity ence
%T = Fx 100 0<%T<100 Absotbance §
2. Absorbance, defined as: b p
A=-logT — ~ A=-logp "~ ~ A=log(p) 14



What is the relationship between absorbance and transmittance of light through a sample
in a spectrophotometer? (;\j‘«\»

(@) an increase in transmittance usually results in an increase in absorbance
(b) a decrease in transmittance usually results in a decrease in absorbance
(c) a decrease in transmittance usually results in an increase in absorbance

(d) transmittance and absorbance should remain equal @



Which of the following equations is INCORRECT regarding the relationship between = \‘fS“‘J

Absorbance (A) and Transmittance (7 or %7)? @
/T = T x100
N A=—logd Loyl -0 w= T = AT
i 0o
B) A =2 — log(%T) -log T = - 109 4T
)00
C) A =1—log(%T) A= —( log /T - log j00)

D) None of the above (all are correct) A= 2- log 7.7 v/ @



-1
absorbabce = 1 Jl Gubso Jlsw A= T-10
percentage if transmition ouug A-og T

For purpose of chemical analysis

/T =10/

Absorbance is directly proportional to:
1. concentration, c, of absorbing species in the sample (A o c)

2. path length of light, b, through the sample (A o b)

Beer’s law A — 8bC

The previous equation is the heart of spectrophotometry as applied to
analytical chemistry, it is called Beer-Lambert law or simply Beer’s law

15



1- Concentration of the analyte is given in unit mol/L (M)

2-The path length, b, in cm

3-€, is called the molar absorptivity or molar absorption coefficient

“Absorbance of 1 M solution measured in a cell of 1 cm path length”
""5’“" \\\ 55_“ — no unit 1

none 1&g i o = =L mol_lcm_1 = M_lcm_1
be mol
o ——Ccm , . :
How skiongly L ? molar absorption J! 8>3 s&7
a substancé
absorbs hight 2 Eardgb as oL CUl gpgilon ol Sy

g:“ Dol 3.:9.'3 )i—in*qjﬂ il epsllo gh.,

€, is characteristic for each substance at a particular wavelength, A.

16



e. A 1.0x10* M solution is placed in a 1.00 cm pathlength cell and the absorbance is measured as \2
0.113 at 400 nm and 0.166 at 450 nm. Given that the concentration and pathlength are
identical, why does the absorbance change?

Absorbance is the product of absorptivity, path length and concentration. Absorptivity is a property of the analyte
and changes as a function of wavelength (i.e., the probability that the analyte absorbs varies with wavelength).




..In the lab | have you checked for noise when an instrument had an absorbance reading
of 2.5. How much light is being transmitted through the sample when it has this
absorbance?

(@) 0.22%

(b) 1%

(c) 099%

(d) 0.32% (circled)

5. The Beer—Lambert Law
(a) states that transmittance is linearly related to concentration.

(b) requires that the product of absorptivity and path length be known before absorbance can be
related to concentration.

(c) requires that absorptivity be independent of wavelength.

b

(d) cannot be used if more than one absorbing species is present in a sample.

2. Compound X has an absorptivity of 703 L g' cm™. The transmittance of a solution of X is £- 203 4 A
measured in a 1.00 cm path length cell and found to be 20.6%. Compute the concentration of the - 9.cm.L \6
solution in g/L. b= 1cm

T: 20.6/ = 0.206
A- -logT -log 0.206

(a) 81.732 x 107 g/L A Ebe
c= A - -l0g0.204

E; 703}4{(.5"1 A |9/‘

(c) 1.213 x 10" g/L = Q% » ,0-"9/1
(d)9.76 x 10* g/L d

(b) 0.4732 x 10° g/L






A=¢gbc
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slop lgiub> o 0aSTie o 1 Gy g
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exponentially as concentration
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absorbance and concentration
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9 wich of the following is obtained from beer law?
Obtained only from monochromatic light
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/4. An instrument used to measure transmittance \ 7’
(a) must have a monochromator. O

(b) must have a detector for measuring light intensity.

(c) must have the ability to ratio the light intensities measured with and without the sample.

(d) all of the above.



Beer-Lambert’s law proves a direct correlation between the absorbance (A)

of a molecule to the concentration (c) and the path length (b).
z— by
Devsivation of Beer Lambert Law.

This relationship is a linear for the most part. However, under certain

circumstances the Beer relationship gives a non-linear relationship.

These deviations from the Beer Lambert law can be classified into three

categories:

Real Deviations - These are fundamental deviations due to the limitations

of the law itself.

Chemical Deviations- These are deviations observed due to specific

chemical species of the sample which is being analyzed.

Instrument Deviations - These are deviations which occur due to how the

absorbance measurements are made.

19


http://pharmaxchange.info/press/2012/04/ultraviolet-visible-uv-vis-spectroscopy-%e2%80%93-derivation-of-beer-lambert-law/

1- Real Deviation

Beer law and Lambert law is capable of describing absorption behavior

of solutions containing relatively low amounts of solutes dissolved in it

(<0.01 Mor 10 mM). Works best gl low concentialion (baled 001)

When the concentration of the analyte in the solution is high (>_0.01 M

or 10 mM), the analyte begins to behave differently due to interactions

with the solvent and other solute molecules and at times even due to

hydrogen bonding interactions.

It is also possible that the concentration is so high, that the molecules

create a screen forother molecules thereby shadowing them from the

incident light.

20



2- Chemical Deviations

Chemical deviations occur due to chemical OH""‘,:,_O

phenomenon involving the analyte molecules [I/L;q

due to \association, ilissociation and /N 8 )
“interaction with the solvent to produce a 0%

Yellow
Acid Form

product with different absorption
]
characteristics. cl-.aaae in PH

For example, (phenol red undergoes a

resonance transformation when moving from

the acidic form (yellow) to thé'basicform

(red). Due to this resonance, the electron

Absorbance

distribution of the bonds of molecule changes

Wavelength (nm)

with the pH of the solvent in which it is

dissolved.
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3- Instrumental Deviations

A] Due to Polychromatic Radiation (Beers law assumes anly mmalqmmahc(ssrglc uatv.zlenglh)
Liah

Beer-Lambert law is strictly followed when a monochromatic source of

radiation exists. In practice, however, it is common to use a polychromatic

source of radiation with continuous distribution of wavelengths along with

a monochromators to create a monochromatic beam from this source.
cach Jave /engl-h has olicccwnl ¢

B] Due to Presence of Stray Radiation
L unwanted light thal reaches the debactor

Stray radiation or scattered radiation is defined as radiation from the

instrument that is outside the selected wavelength band selected.

Usually, this radiation is due to reflection and scattering by the

surfaces of lenses, mirrors, gratings, filters and windows. If the
analyte absorbs at the wavelength of the stray radiation, a deviation
from Beer-Lambert law is observed similar to the deviation due to
polychromatic radiation.

22



C] Due to Mismatched Cells or Cuvettes A :£bc

If the cells holding the analyte and the blank solutions are having

different path-lengths, or unequal optical characteristics, it is

obvious that there would be a deviation observed in Beer-

Lambert law.

1.0

Absorbance

Concentration

Deviations from Beer’'s Law

23



High-Yield Summary

Memorize these key points:

Total absorbed energy = Electronic + Vibrational + Rotational.
Energy order: Electronic > Vibrational > Rotational.

UV spectra show broad bands because many vibrational and
rotational transitions accompany each electronic transition.

Transmittance: 1'= P/ 1,

Percent transmittance = 100 x 7.

Absorbance: A = —logT'= log(F,/P),

Beer-Lambert law: A = cbe.

Absorbance increases linearly with concentration and path length.
The slope of an absorbance vs. concentration graph is €b.
Transmittance decreases exponentially as concentration increases.
Beer-Lambert law is valid for monochromatic light.

Three types of deviations:
1. Real: high concentration and molecular interactions.

2. Chemical: changes in the chemical form of the analyte.

3. Instrumental: polychromatic light or stray light.



