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Photochemistry

v NTRODUCTION

Me(xlnz;l::::c.tlons can be initiated by the absorption of radiation lying in the visible
and ultraviolet regions (roughly from 800 nm to 200 nm). These reactions are
called photochemical reactions. The science of photochemistry deals with the study
of the effect of radiant energy on chemical reactions and with rates and mechanisms
by w.hich photochemical reactions proceed. The energy carried by the above
mentioned region of radiation is sufficient to cause an electronic excitation in the
molecule and thereby makes it more reactive which may result in a chemical
reaction. Thus with the help of absorption of radiations, many reactions of different
types, e.g. synthesis, decomposition, polymerization, isomeric change, oxidation and
reduction, can be carried out.

Before we discuss the kinetics of photochemical reactions, a few definitions are
in order.

32 TWO BASIC LAWS OF PHOTOCHEMISTRY

The Grothuss-
Draper Law

To all photochemical reactions, two basic laws hold good. These are:

This law states that

Only those radiations which are absorbed by the reacting system are effective
in producing chemical change.) '

B

This law can be easily accounted for as the molecules acquire energy for reaction

- by absorbing photons.

Lay of

Phot
Ochemic
EQUlvmenCe al

It should be clearly understood that though the law states that a photochem_icz_ll
reaction must have resulted because of the absorption of light, the reverse of Qns is
not always true, i.e. the system on absorbing light may or may nf)t result 1.nto.a
chemical reaction. In many cases, the absorbed light is converted into the Kinetic
energy of the ableeS and Fhereby only heat effects are produced. In
many cases, the absorbed light 1s re-emitted as fluorescence Or phosphorescence.

by a system is given by Lambert-Beer’s law, a
n in the next section.
The second law of photochemistry . the law of photochemical equivalence proposed

by Stark and Einstein. According to this law, we have

st

The amount of light absorb.ed
brief description of which 18 gIVe
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Jecule in @ photochemtcal reaction absorbs only o

Each light absorbing Mo
quantum of light which causes
“ s the frequency of the absorbed li

as given by the Planck’g

If vi
relation i
AE = hV
Hence, encrgy absorb:

AE = NAhV
known as 0ne Einstein of €

ed per mol of the substance 1

nergy-

and is conventionall y

3.3 LAMBERT-BEER’S LAW
absorbed by @ pure substance follows Lambert’s law which

The amount of light
states that:
on are absorbed by successive layers of

Equal fractions of the incident radiati
equal thickness of the light absorbing substance.

Statement of
Lambert Law

Mathematically,
d/

= 2{ o (dl) i =
! S b (3.31)

where the constant k is known as ]

/ absorption coefficient and i

ae : L K 1S XNOWD No| is characteristi

given material and the wavelength of the radiation. It has the unit of l”Stlt; (1>f 5
ength™.

Alternative Alternatively, Lambert’s law may be written as:

Definition
d/
tha 7 m m
t is, the rate of decrease of i ty
that s, the of intensity with thi
is proportional to the intensity of the radlic:ltiZMCkness o e medbum (e - Q0D
; n. =y

194

Integration Fo '
rm Equation (3.3.1) on ihtegration yields

1
dr .
‘J ==k kdl
Iy 4 ‘(!'
Le. ]
]
()=
or
. lied ort (332 |
(333 |

or

)
3.34) |
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The constant a which is equal to k/2.303
.303 is known as ab ( i rm
. . . . A SO
as absorptivity or extinction coefficient). It has the unit :;pful(:ggt? fﬁmem i

The absorption of light by soluti
; solutions of known concentration ¢ is gi
{aw, according, to which, we have concentration c is given by Beer’s

== K.C

Combining the above equation with Eq. (3.3.1), we get

d/
X (dh) (o)

U
or akn (d)) (c) (3.3.5)

Equation (3.3.5) is known as Lambert-Beer’s law which on integration gives

I
In E =— klc (3.3.6a)
or  I=1L0y" (3.3.6b)
where £= k/2.303 and has the unit of (concentration) (length)'l. It is knows as
molar absorption coefficient (formerly as the molar extinction coefficient or molar
absorptivity):
Beer’s law is applicable for dilute solutions, deviations are observed for
concentrated solutions. There is no exception of Lambert’s law.

The absolute value of the exponent in Eq. (3.3.6b) is defined as the absorbance A
or (formerly as extinction or optical density).

A= égle (3.3.7)

SRR . (3ol

The terms absorptivity (for absorption coefficient) and molar absorptivity (for molar
absorption coefficient) are to be avoided as these terms have been recommended
for the absorptance per unit length. Also the terms extinction (for absorbanf:e),
extinction coefficient (for absorption coefficient) and molar extincti.on f:oef.ﬁcmnt
(for molar absorption coefficient) are to be avoided as the term extinction 1S DOW

reserved for diffusion of radiation rather than absorption.

The ratio I/l is called the transmittance. The amount of light absorbed is given
Q.,— _,__,_,-———/—"‘“ﬁ"""————'

by
i s T=lg= 1o 10751 = I, (1 = 10759 (339
For a solution containing more than one light absorbing substance, Lambert-Beer's

law takes the form

_ T an(E ke (3.39)

On integraticl)n the above expression yields
1= Iy exp(-1CZs ko)) (3.3.10a)
(3.3.10b)

-AZ &)

ol
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. iq case 1s given t
236 A Textbook of on in this case 1S given Dy

soluti
The absorbance g > & al=2 A
€)= & =1 ' 3
= I(Z E‘C,) : - L - '-3,]
) I;sorbance of the ith constituent. | l
whesosty i 084 - dicates that the absorbance is additive, i ey, bsory,
Equation.(3-3-Ll|)l:)"ﬂ:e sum of absorbances of its constituents lce of,
solution 1s equ —
T % i h(: “ghl ilnd a \('H(\“ ‘l .
o smits 72.7% of t f Hier 40 94,
blue filter tran: same wavelength of two fi)e, 0 of y
At 460 nm a mittance at the sam & €18 1n COmpy, . e
Example 3.3.1 light, What is the trans Natigy,
ght. )
Solution We'bave A '
I |
1_0._._——& N - l:’
e Yellow
It is given that
h
L0722 and 2 -0407
10 ,l
Bl B ;' = 0.727 x 0.407 = 0.296
e ihien i Iy
Example 3.3.2 In a given absorption cell transm'ittance of 0.1 molﬂdm > of A is 0.75 and thay of
0.1 mol dm™ of B is 0.5 at a given wavelength. Calculate the transmittance of 5
solution that is simultaneous 0.1 mol dm™ in A and 0.1 mol dm™ ip B.
Solution

The absorbance of 0.1 mol dm™ in Ais

Ap=€le=-log IL =-log (0.75) = 0.124 9
0

Similarly, for 0.1 mol dm™ in B is

|
Ag = ¢elc = log e log (0.55) = 0.259 ¢

Now, the absorbance of th

. € solution which is
0.1 mol dm- In B is ;

simultaneously 0.1 mol dm™ in A and
ALJO’PM! e of wax 4yt MJ.\‘

hve , A=A+ Ap=0124 9+0.259 6 = 0384 5
Since Amis log L
I
therefore
Lk
. antilog (-4) <

. . 5
antilog (~ 0384 5) = antilog (T .6165) = 0412
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Solution

Eample 3.3.5

es. A mevRasy,

A% E = °
B Iy, =-c°t I '_[L—mAa ect

Photochemistry 237

A certain substance in a cell of length / absorb
: 341 ) ' s 10 per cent of the incident light. Wh
fraction of the incident light will be absorbed in a cell five times as lonr;? ight. What

We have
log | - I
og T = - &cl, where il =99
01 Iy ),
I
log (v] = ec(51)
I ),
e o loslil) g
log (1/1y),
or log (I/ly), = 5 x log (Ill,); = 5 x log (0.9) =5 x 1954 2 = 1.771
Thus Il = 0.590 2
Hence, light absorbed is 40.98 per cent.
-

s
In a cell of a certain length and at a pressure of 100 mmHg, gaseous acetone transmits
25.1 per cent of the incident radiation of wavelength 265 nm. Assuming Beer’s law to
apply, calculate the pressure at which 98 per cent of the incident radiation will be
absorbed by acetone in the same cell at the same temperature.

For gaseous system, ¢ in the Lambert-Beer’s law may be replaced by p. Thus, we have

ol
log | — | == €l
g(lo) b

Since at 100 mmHg transmittance is 0.251, we have
log (0.251) =—- £1(100 mmHg)

__ 10g (025D _ 006 003 mmHg"

or (el) =-
100 mmHg

For 98 per cent absorption or 2 per cent transmittance, we have
log (0.02) = - (¢D)p =~ (0.006 003 mmHg)p

or p=- ,d—lqg—(g—gz—)”j=2830mm}lg
0.006 003 mmHg

the concentrations of the two substances Aand Bin a

In an experiment (O determine
owing data were obtained.

certain solution spectrophotometrically, the foll

Solution [A] [B] Per cent Per cent
e ) e e Transmittance ~ Transmittance
moL ok 41 400nm  at 500 nm
1 0.001 0 10 60
2 0 0.005 80 20
) unknown unknown 40 50

Determine the concentrations of A and B in solution &
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b
The relation petween absor

Solution F{‘

A= glc =—108 7

have
For solution 1, we .
b 00 = 810, = - oz (1V100) =1

1 i
L = 1000 mol™" dm’
(Exlaoo nm = 5561 mol dm™

0.22 -1 3
My = 220 mol™" dm’
(&l)so0nm = 5901 mol dm ™ =

For solution 2, we have
Ag at 400 nm = &glcg = — log (80/100) = 0.097

Ay at 500 nm = glcg = — log (20/100) = 0.699

Since cg = 0.005 mol dm >, we have

0.097
(&l = = 19.4 mol™' dm’
)00 om 0.005 mol dm ™ ot om
0.669
(&l) = = 139, -1 dm?
Bso0am = G ons am oo mol dm

For solution 3, we have
At 400 nm: (gAl)m nm CA + (8B1)400 am B = log (40/100) = 0398

At 500 nm: (81500 nm €A + (&31)500 am Cp = — log (50/100) = 0301

Substituting the values, we have
(1000 mol™ dm’) ¢, + (19.4 mol™ dm®) ¢, = 0.398
(220 mol™ dm’) ¢, + (139.8 mol™! dm®) cg = 0.301

Solving for €4 and cg, we get

¢a = 0.000 368 mol dm™> and cp =0/001-57 mfﬂ’g/
4 nf [he ‘

NAartrani.
ol _a »
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\44 PRIMARY AND

Primary Process

—_—

SECONDARY PROCESSES
Photochemical reactions can be ¢

lassified as primary and secondary processes,
ol o il 5 —_— |

The primary process of the reaction )
the law of photochemical equivalence. As stated earlier, the photon absorbed

molecule causes the electronic excitation. The electronic transitions follow
Franck-Condon rule, according to which, the time required for the electron
excitation 1s so small that the internuclear distance remains unchanged during
excitation. R
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I In this ca i :
Tyaf:exceeds the rS;: : tbe ¥ibrationyl en_e rgy of the molecule in the upper electronic
.s Lt Tz;iumum va}ue, which leads to the dissociation of molecule i
its first oscillation. 1he electronic spectrum consists of a series of discrete vibratieoiln

rotation bands converging to a limit and f
: ollo : .
absorption. wed by a region of continuous

e e lII In .thlS case, the mo!ecule is simply excited to the upper electronic state
e electronic spectrum consists of a series of bands with no continuous region .

Type III The molecule i§ again dissociated as the upper level represents an
unstable state. The electronic spectrum is continuous throughout.

Type.I'V In this case, stable and unstable upper levels overlap each other
Transmo.n occurs from the lower level to the stable upper level. During the course;
of vibration, the molecule is switched over to the unstable one at the point where
two levels cross each other; and the molecule then dissociates. This behaviour is
referred to as predissociation. The electronic spectrum consists of a banded region.

In the predissociation region, the rotational lines are absent and the vibrational bands
have diffuse appearance.

gecondary The products of primary process may involve in subsequent thermal reactions. These
Processes processes are known as secondary processes. The secondary process may involve
only one step or more than one step. Sometimes, the secondary processes represent
the chain reaction.
For example, the photochemical decomposition of HI involves the following
processes:
Primary process HI —2 4+ H+I
Secondary Processes H+H —H +1
35 QUANTUM EFFICIENCY ER A el
Definition An important parameter of a photochemical reaction is the quantum efficiency or

quantum yield which is defined as the number of light absorbing molecules reacted
per photon of light absorbed, 1.e.

| ® Number of photons 2bsoe”_

In terms of amount of substance reacted, we have

Amount of the substance reacted
Amount of photons absorbed
hemical equivalence, the quantum efficiency will

According to the 1aw of photoc : .
always be egual to one. But reactions of low and high quantum yields (as low as

0.04 and as high as 10°) are known.

quantum yield is always one, it is the secondary
yield of the reaction. Therefore, the

For a primary process, the

processes which alter the overall quantum
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Determination of

Number of

Photons Absorbed

Experimental
set up of
Photochemical
Reactions

Fig.35]
Phﬂtﬂchemjca] reac

.

tions

Chemistry
s understanding the |

determination of quantum yield help

processes:
The number of photons absorbed are counted either with a 1, y
actinomeler. " op ‘
g ; M. 8§
The thermopile 15 made up of a large number of juncti, ol
- . C . » n
metals. The radiation falling on 1t 18 converted into thermal e, VO g;
temperature is a measure of the intensity of radiation. The i, ;; >J- The 1”“\1n“1ar
. SN Mean, Te-
with standard lamps. Nt i« thi;s@ a
A chemical actinometer depends on the use of a ph 3
e TR ; ; Photoche,
known quantum yield. A common reaction used in actinometer< . ,, " [ac
of oxalic acid, sensitized by uranyl ion. The uranyl ion l'(\ 1S th m"”n]dmn of
the wavelength region from 250 nm to 440 nm. The excit JJ absorh, r]mugn
. ‘ . s i 1ted [« ) 24 1ghs .
absorbed energy to the oxalic acid which is decomposed. T}, Hi“”\f{h[ in
€ [’\‘Y]‘T[Wn\, I3 [h
(“‘C

UuoZ + hv —— (UO3")*
(UOZ* + (COOH), —— UO3* + CO, + CO 4 |
ZRr ,O

The amount of oxali i
al :
undecomposed oxalic aci(ljc ac-ld decomposed can be deterp,
s il against KMnO, solution. The quantu; ed by ““'dting
bo .57. Hence, knowing the daiitum efficje
amount ()f oxali CNCy ﬂf
/\dllg \cid JV [he
acid d

f t b . v

The radiation used for the : .
are usually obtained by usinlgjhcfits(::(t:lhemlCaJ reaction must be monochroma

line of desired wavelength is isol arge tubes which give atomic li ﬁi‘maug TS

prism in a spectrograph. A de f) ated b){ means of a filter or by k. ”.]C *pectra; the

; vice of this kind is called 2 mon—ogj: g Tongil

Omator,

A 2 e il
B R o P - ——
First of all &
\ , the . D E
readmg is r cell filled w;
intervy] ecorded. Thg o: ith the solyent e Fore g
of tim g1ves the totg] xposed to the radiation &

€nergy incident upon the system in a give®

sed 103

the radjag; €. Next th :
tion gy, 1€ cell s fj :

the tota] energy o ﬂ;e Same interv:«l1lll ?)(; twimlth the reacting mixture and i expo>® ]

ansmitge g € and the reading i ded. This 83

. g is recordec- W

the 10

energy absy
rbed b e diff
Y the Feacting m erence between the two readings 21V¢%
fMixture in the given interval of time:
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Example 3.5.1

by any one of the following step
S.

s : y simpl I
orbed. The emitteqd radiatior? i}; igll;tc;he
ed re

radiatio
® The n of the f i
at.)sorbed energy may be re-emitgog requency which jt

Sonance radiation.

eith ;
or can gradually be degraded 8Y either can cause a reaction in the other molecul
e

® The excite
® The ex citeg 2‘;}%“16 may react with other molecules
ecule may decompose through predisé ociation

e y Cu e

dissociates to :
rodu - .
ol P Oduce active species which react with the
molecules in the secondary processes ALt molecliEns

A few reasons are:

1. The excited molecule is deactivated through fluorescence or phosphorescence

2. The excited molecule is deactivated by converting its energy into the kinetic;
energy of other molecules (heating effects are produced).

3. The secondary process may involve a step which produces the reactant molecule

as one of the products.
4. The energy absorbed might not
the molecule.

be sufficient to cause any fruitful excitation of

ns caused by the generation

The high quantum yield 18 attributed to the chain reactio
quantum yield depends on

of atoms or free radicals in the primary process. The

the length of the chain propagating steps-
e e

ition of ethylene iodide

In the photochemical decompos

C2H412+hv = C2H4+12 = i
inutes require :
formed after 20 miny he light sOurce was

f 424 nm, the iodine
oo I:szus;; ysi;eld assuming absorption Of the enerey was

with radiation 0O
0.002 5 mol dm
9.15 X 1047 ¢!, Calculate the qu
complete. : . :
The quantity of enerey consumed in 20 mmute;»9 "

=(9.15 X 1075 @0 60s) = 1 "
ociated with 1 mol of photons of wave
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Nphe _ (6. (424 x 107" m)
= i 1

Example 3.5.2

Solution

Example 3.5.3

4 emistry
ical Ch 4 78)(3 % 10® 1 «

A’ /4|
_ 5823 x 10° T mol

Amount of radiation consumed -6
10981 . =3.890 X 107 mol
= 2823 % 10" Jmol )
¥ d
t of S,0 consume

o (020032 5 mol dm™) (0.04114 dm?) = 1.028 X 107" mol

i -~ 2= I", we get
From the reaction 2820§ +1, =806 * / s g
Amount of ethylene {odide reacted = amount of iodine formed

1028 x 107 mol _ 594 x 10 mol

i 2

. Amount of ethylene iodide reacted

Hanos, it i Amount of radiation absorbed

Sl
g8alas 0 Lm0l 3995
(3.890 x 10~ mol)

The photoéhemical dissociation of gaseous HI to form hydrogen and iodine atom§
requires radiation of 404 nm or less. (a) Determine the molar energy of dissociation g
HI. (b) If radiation of 253.7 nm is used, how much energy will appear as kinetic ene

of atoms?
(a) On absorbing one photon of wavelength 404 nm, one molecule of HI is dissociateds

For the decomposition of one mole of HI, we will require N, photons. Hence, ene
carried by these photons is
Nphe _ (6.023 102 mol1)(6.626 x 104 Js)3 x 108 ms™) ¥
A (404 x 10~ m)
=2.963 x 10° J mol™’
which is molar energy of dissociation of HI. 5

(l')) If‘ tt?e we{velength of the incident light is less than 404 nm, the atoms after
dissociating will f‘ly.apart with the total kinetic energy equivalent to the excessive energy
One mole of radiation of wavelength 253.7 nm will carry an energy

E=

Nahe _ (6.023 x 10% mol™')(6.626 x 107 J s)(3 x 10° ms™)
A (253.7 x 10~ m)
=4.719 x 10° J mol™!
extra energy which appear as kinetic energy

Hence,

(4. s 5
(4.719 X 10° - 2,963 x 10%) J mol™! = 1.756 x 10° J mol”

When acetone vapo

s R : o5 10
form ethane and uris irradiated with light of wavelength 313 nm it decompos® 2

carbon monoxide,

CHY,CO4 hv — . 1. 4 co

Scanne d with CamScanner



sa’"ﬂan

Example 3.5.4

Solution

Using a reaction cell of 60.3 ¢y Capacity ang
_Capa A temperature of 329 K irradiati
330020 s at tghecl;t:uloaftf-(iit; 107 J ¢ Produced change in pressure lfl:oa:: 2};16%“0&:;
. - € Dumber of molecules of acetone d :
i qummmmﬂm AL ne €Composed, and (b)

Photochemistry 249

acetone dissociated gg given by ideal gas

1013 x 105

« <2 (603
@pV, _\ 760 ~X304Nm }(N m’ )
=20 N, =

- 10
RT @314N m KT 1

23 |
)(329K) X (6.023 x 10 mol™)

. Hence, number of molecules of
law ig

=538 % 10!°
(b) Quantity of energy absorbed

=(8.52 x 10 s (23 000 $) = 195.96 ]
Number of photons absorbed
_ (19596 1y 4 (19596 1)(313 x 10 )
hel A (6.626 x 107 1 5)3 % 10 ms)
= 3.086 x 102

5.38 x 10'°
Henes, @ 220X 1V =0.174
3.086 x 1020

In the photochemical comb

ination of H,(g), and C|
1 x 10° is obtained with

2(2), a quantum efficiency of about
a wavelength of 480 nm.

What amount of HCl(g) would be
nditions per calories of radiant energy absorbed?

Energy associated with 1 mol of photons of wavelength 480 nm

= Nahe _ (6.023 x 10% mol ™) (6.626 x 10- ) (3 x 10°

A (480 x 107 m)
=2.494 x 10° J mol"!
Amount of photons in 1 cal (i.e. 4.184 J)

e ) L 69 %107 ol
2.494 X 10° J mol

ms—‘)

. Amount of substance reacted
Since @ = :
Amount of photons absorbe

, we have

6 _ Amount of Cl, reacted
LR 10 =
1.677 x 107 mol

Hence,

Amount of Cl, reacted = (1 x 10°(1.677 x 10~ mol) = 16.77 mol

oduced is
1 mol of Cl, on reacting produces 2 mol of HCI. Hence, amount of HCI pr
33.54 mol.
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