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• Photon/matter interactions play roles in

– Transformations in

• the atmosphere

• surface water

• water & wastewater treatment (e.g., disinfection, engineered wetland)

– Analysis

• Light absorption f(λ, Ccompound) – determine Ccompound by a spectrophotometer

• Photolytic transformations are often non-specific

– Attack bonds & structures resistant to biodegradation & other 

pathways

• Can be applicable to synthetic chemicals

– Potential for complete mineralization – CO2, H2O, inorganic N & P

– Combine with photocatalysts – visible light catalysis
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• Light interacts with matter 

in various ways

• Absorption

– Capture of the photon

– Moves electron from low 

energy (ground) to high 

energy state

Absorption
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• Grotthuss-Draper Law (1st law of photochemistry):

Light must be absorbed in order for a photochemical reaction to 

take place

• Stark-Einstein Law (2nd law of photochemistry):

A step of a reaction of a compound occur with each photon 

absorbed
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• Photolysis

– Refers to light induced chemical transformations

– Requires absorption of a photon by a molecule

• Photon absorption

– As a consequence, electrons are excited: may break the covalent bond to 

produce a different compound

– Absorptivity typically wavelength & solvent dependent

Molecule + photon Molecule* Products

(direct photolysis)
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� = ℎ� = ℎ
�

� � = energy of a photon (J/photon)

ℎ = 6.626 x 10-34 J·s, Planck constant

� = frequency of light (s-1)

� =  3.0 x 108 m/s, speed of light in a vacuum

� = wavelength of light (m)

On a molar basis,

� = 6.02 × 10�� · ℎ
�

�
=

1.196 × 10�

�
��/��������

� = energy of light on a molar basis (kJ/einstein)

einstein: 1 mole of photons

� = wavelength of light in nm
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• Compare to:

� =
1.196 × 10�

�
��/��������

• Energy of UV/visible light 

~ covalent bonds

 The covalent bonds may be 

cleaved as a consequence of 

UV/visible light absorption
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• Whether the photochemical reactions will take place depends on 

i) The probability with which a given compound absorbs light of a given 

wavelength 

ii) The probability that the excited species undergoes a particular 

reaction

• Absorbance: Beer-Lambert law

� � = ���� 

! (�)

!(�)
= $ � + &'(�)(' · �

� = absorbance

! & ! = light intensity at x=0 & l, respectively (e.g., in einstein/cm2-s)

$ = absorption coefficient of the solvent (cm-1)

&' = molar absorption coefficient for solute i (M-1·cm-1)

(' =  concentration of solute i (M)

� = path length of light (cm)
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• Absorption spectrum easily measurable by UV-Vis spectrophotometer

0.1 mM nitrobenzene in aqueous solution

Measure absorbance at 

each λ

Calculate molar extinction 

coefficient at each λ

Absorption maximum at 

λ = 267 nm
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• Chromophore

A structural moiety that 

exhibits a characteristic UV/Vis 

absorption spectrum

• Delocalized π electrons are 

often good chromophores

• λ<290 nm strongly absorbed 

in the atmosphere  not 

significant at natural 

conditions

�)*+: maximum absorption wavelength

,: molar extinction coefficient

Chromophore λmax, nm ε@ λmax Transition
C–C <180 1,000 σ σ*
C–H  <180 1,000 σ σ*
C=C 180 10,000 π π*

C=C–C=C 220 20,000 π π*
C=C–C=O 220 20,000 π π*
Benzene 260 200 π π*
Phenol 275 1,500 π π*
Aniline 380 10,000 π π*
Ar-NO2 280 7,000 π π*

Naphthalene 310 200 π π*
Anthracene 380 10,000 π π*

Indole 290 5,000 π π*
RS-SR 300 300 n  σ*
C=N <220 20 n  π*
C=O 280 20 n  π*
N=O 300 100 n  π*
N=N 350 100 n  π*

C=C–C=O 350 30 n  π*
Benzoquinone 370 500 n  π*

N=O 660 200 n  π*
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• Direct photolysis

When the molecule being transformed is 

the same species that absorbed the photon

A A*
ℎ�

A* B + C

A* + D B + C

A* + B A + C + D

A* + B A + C + D*

A* + B A + B*

B* + C B + E + F

A* + B* A + B

A* + M A + M

• Indirect photolysis

When the molecule being transformed is 

sensitized by other chemicals in the system 

excited by energy from light

• Quenching

A species accepts the electronic energy of 

the sensitized compound
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• Often have multiple pathways after photon absorption

– Multiple products

– Multiple deactivation routes

• Thermal

• Phosphorescence/fluorescence

• Interactions with solvent/solutes

• Quantum yield, -(.)

– Moles of compound transformed per moles of photons absorbed by 

the compound

• Pathway specific or overall yields

– Φs are often <<1; 10-2 – 10-6
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• Quantum yield for reaction pathway j

Φ'0 � =
(�123�4 �6 2����1��� � 4�7����� 38 97�ℎ:78 ;)

(���7� �123�4 �6 9ℎ����� �6 :7<������ℎ � 73��43�= 

38 �ℎ� �8���2 �:��� �� �ℎ� 94������ �6 �ℎ� ��29�1�= �)

• Reaction quantum yield (for all reaction pathways)

Φ'> � =
(���7� �123�4 �6 2����1��� � �47��6�42�=)

(���7� �123�4 �6 9ℎ����� �6 :7<������ℎ � 73��43�= 

38 �ℎ� �8���2 �:��� �� �ℎ� 94������ �6 �ℎ� ��29�1�= �)

• Quantum yields have to determined by experiments
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• Carboxylic acid derivatives

• Unsaturated, electron-deficient C

• Reacts predominantly with H2O & OH- (hydrolysis)

• General reaction mechanism

• Carbonic acid derivatives

* Here, X = O, S, or NR
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• Three mechanisms:

1) acid-catalyzed    

2) neutral

3) base-catalyzed

• Importance of each 

reaction depends on the 

structure of the reactant



4

• Ester carbon is protonated      

 enhanced depletion of 

electrons near the carbon       

 ester carbon gets more 

susceptible to H2O attack

• Reaction (2) is rate limiting

• Reaction rate depends on:

– kA’

– Ka of the protonated ester

– [H+]
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• (1) only or both (1) & (2) 

can be rate-limiting

If only (1) is rate-limiting: 

– Depends on the formation of

If both (1) & (2) are rate-limiting:

– Depends on the formation of                       & the property of the leaving 

group

• Rate depends on [OH-] and 

in addition:
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• Similar to base-catalyzed

• The property of the leaving group is more important for H2O (weaker 

nucleophile) than OH-
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• kh: pseudo-first-order hydrolysis rate constant (s-1), f(pH)

�� = �� �� + ��	
 ��� + �
 ���

= �� �� + �� + �
 ���

• Hydrolysis half-life (at certain pH)

��/� (���������) = �� 2
��
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IIJ = the pH value at which the rates for I and J reactions are the same

I, J: A (acid-catalyzed); N (neutral); B (base-catalyzed)
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Q: Estimate the half-life (in days) of CH3Br present at low 

concentration (i.e., < 0.01mM) in a homogeneous aqueous 

solution (pH=7.0, T=25°C) containing 100 mM Cl-, 2 mM NO3
-, 1 

mM HCO3
-, and 0.1 mM CN-. In pure water at pH 7.0 and 25°C, 

the half-life of CH3Br is about 20 days. 
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Nucleophile concentrations are all in excess compared to CH3Br concentration

� = − ! "�#$�
!� = % ��&' ()*

*
· "�#$� recall “reactions in parallel”

= ��,� · "�#$�
kobs = pseudo-1st order rate constant by reaction of CH3Br 

will all nucleophiles

The nucleophilic substitution reaction can be assumed to be in pseudo-1st

order

Solution)
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For a nucleophile with a concentration much lower than [Nu]50%, we can 

neglect its contribution (it should contribute much less than H2O)

EOC text, p. 501

NO3
- & OH- can be neglected.

[Cl-] = 0.1;  [NO3
-] = 2 x 10-3;  [HCO3

-] = 10-3; 

[CN-] = 10-4;  [OH-] = 10-7 (units in M)

�-. ��&
��	


= / · ��&,1�2
� = ��&,1�2
�

s=1 for CH3Br

��& = 10567,892:; · ��	
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��,� = ��	
 ��� + 10#.= "�� + 10#.> �"�#� + 10?.� "(�

= 174.2 B · ��	


Half-life for a 1st order (or pseudo-1st order) reaction 

is given as

��/� = ��2
�

EOC text, p. 498

In pure water, only hydrolysis reaction by H2O occurs:

��/� = ��2
� = ��2

��	
 ���

��	
 = ��2
��/� ��� = ��2

20 ! · 55.3 B

= 6.27 F 10�G B��!��
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Now, we are ready to calculate the pseudo-1st order rate constant for the 

solution:

��,� = 174.2 B · ��	
 = 0.109 !��

Therefore,

��/� = ��2
��,�

= ��2
0.109 !�� = I. J K
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Q: Following pseudo-first order hydrolysis rate constants, kh, 

were determined by a laboratory kinetic experiment for DNPA at 

25⁰C. Determine the rate constants for the neutral (kN) and base-

catalyzed (kB) hydrolysis of DNPA. Determine the INB.

pH 3.0 4.0 5.0 8.5

kh (s-1) 4.3 x 10-5 4.5 x 10-5 4.4 x 10-5 5.1 x 10-4

EOC text, p. 501
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Because kh is almost the same at pH=3.0-5.0, acid-catalyzed hydrolysis is 

insignificant.

As kh is neither a function of [H+] nor [OH-] at this range, neutral hydrolysis 

should be dominant at pH=5.0

�� L� = 5.0 = �� = J. J F MN�O P�M

At pH=8.5, both neutral and base-catalyzed hydrolysis will occur:

�� L� = 8.5 = �� + �
 ��� = 5.1 F 10�G /��

�
 = �� − ��
��� = 5.1 F 10�G /�� − 4.4 F 10�? /��

10�?.? B = MJR S�MP�M

��� = TU
�� = 10��G

10�>.? = 10�?.? B (pKw=14 @ 25⁰C)

Solution)
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At pH=INB, 

�� = �
 ��� = �

TU
��

�� = �

TU
��

= 147 B��/�� F 10��G

4.4 F 10�? /�� = 3.34 F 10�> B

L� = −�-. �� = 7.5

VWX = R. O
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