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Se vuoi capire bene una cosa 
o un problema, prima di 

tutto devi guardarli 
da lontano

Italo Calvino

If you really wish to understand 
a problem, you should first 

look at it from 
far away

Italo Calvino



This dot is our Earth

Photograph 
taken by the 
Cassini Orbiter 
spacecraft on 
Sept 15, 2006, 
at a distance of 
1.5 billion km 
from Earth. . 



Earthrise

“We came all this way to explore the moon, 
and the most important thing is that 

we discovered the Earth”



Space-ship Earth

passengers: 7 billions
(8 billions in 2025)

increase:
75 millions per year

new-borns per minute
32 Indians
24 Chinese

............



The four most important
problems of mankind

food 
water
wealth
environment

Everything around us and whatever we do 
depends on energy
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Currently, the world 
consumes about
1000 barrels of oil 
a second....

fossil fuels
(>80% of energy needs)
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Fossil fuels are a 
gift of nature, 
that is going to be
exhausted.

The use of fossil fuels 
causes strong disparities 
among nations and people

The use of fossil
fuels causes severe 
damages
to human health and 
the environment.
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and efficiency



Requirements needed for an ideal energy 
source capable of taking care of our planet

- abundant

- inexhaustible

- well distributed on the planet

- not dangerous today and in the future
-capable of:

- supporting the economic development 
- reducing disparities
- fostering peace



Possible solutions for the 
energy crisis

-Nuclear energy

- Solar energy (and other 
renewable energies)



- Earth receives from the Sun
in 1 hour the amount of energy
consumed by mankind in 1 year. 

- Sun will continue to shine for 4,5 billion years.

- Solar energy is fairly well distributed on the Earth.

Space-ship Earth



Photovoltaic cells:
electricity

Natural photosynthesis:
food and fossil fuels

Thermal collectors:
heat

Solar energy conversion

food and biofuels (in competition)
Natural photosynthesis: food

Artifician photosynthesis: fuels



Giacomo Ciamician 
1857-1922

Professor of Chemistry
University of Bologna

The chemistry Department in Bologna
is named in honor of Giacomo Ciamician



Giacomo Ciamician (1857-1922)
University of Bologna

Pioneer of photochemistry and prophet of solar energy



G. Ciamician:"The Photochemistry of 
the Future“ Science, 1912, 36, 385.

coana
Rectangle



“Where vegetation is rich, 
photochemistry may be left to the 
plants and, by rational cultivation, 
solar radiation may be used for 
industrial purposes. 
In the desert regions, unsuitable to 
any kind of cultivation, 
photochemistry will artificially put 
their solar energy to practical uses”.

Giacomo Ciamician
"The Photochemistry of the Future“ Science, 1912, 36, 385



“On the arid lands there will spring up 
industrial colonies without smoke and 
without smokestacks; forests of glass tubes 
will extend over the plants and glass 
buildings will rise everywhere; inside of 
these will take place the photochemical 
processes that hitherto have been the 
guarded secret of the plants, but that will 
have been mastered by human industry which 
will know how to make them bear even more 
abundant fruit than nature, for nature is not 
in a hurry and mankind is.”

Giacomo Ciamician
"The Photochemistry of the Future“ Science, 1912, 36, 385



And if in a distant future the supply 
of coal becomes completely 
exhausted, civilization will not be 
checked by that, for life and 
civilization will continue as long as 
the sun shines!”.

Giacomo Ciamician
"The Photochemistry of the Future“ Science, 1912, 36, 385



“... If our black and nervous 
civilization, based on coal, shall be 
followed by a quieter civilization 
based on the utilization of solar 
energy, that will not be harmful 
to the progress and to human 
happiness”

Giacomo Ciamician
"The Photochemistry of the Future“ Science, 1912, 36, 385



respiration (food) 
combustion (fuels)

organic molecules:
food, fossil fuels

energy for life
energy for machines

natural 
photosynthesis



A tree is essentialy 
made of 

air and sun. 
When it is burned, 
it goes back to air, 

and in the flaming heat 
is released 

the flaming heat 
of the sun 

which was bound 
to convert 

the air into tree.
Richard Feynman



respiration (food) 
combustion (fuels)

organic molecules:
food, fossil fuels

energy for life
energy for machines

natural 
photosynthesis

100 billion tons of dry biomass annually

more than 50 
reactions



Photochemistry

A  + h *A
ground state

molecule

photon of suitable energy

electronically 
excited state

(an excited state is denoted by an asterisk)

The excited state is a new chemical species
with its own chemical and physical properties



Redox Properties

HOMO

LUMO

IPground
IPexc

h

An excited state is always a better reductant than the 
ground state

Ground State Excited State



Redox Properties

HOMO

LUMO

EAground EAexc

h

Ground State Excited State

An excited state is always a better oxidant than the 
ground state



N N

N

NN

N Ru2+

*[Ru(bpy) ]3
2+

**[Ru(bpy) ]3
2+

[Ru(bpy) ]3
3+ [Ru(bpy) ]3

+

+ 0.84 V  0.86 V h
max = 610 nm

*A = 1
E°° = 2.12 eV

em = 0.04
  = 0.6 s

max = 450 nm
max = 15000 M cm-1 -1

h’

+ 1.26 V  1.28 V



A  + h *A

reaction

A + h’

A + heat

+ B ….

e.g, isomerization

luminescence

radiationless
deactivation

energy and electron
transfer processes

ground
state

photon of suitable 
energy

electronically 
excited state

Photochemical Processes



A  + h  *A                               light absorption

*A  + B  A + *B                         energy transfer

*A  + B  A+ + B- (or A- + B+)    electron transfer

Energy and electron transfer processes 
between molecules in fluid solution



A        B  + h  *A         B light absorption

*A        B   A        *B energy transfer

*A        B   A+ B- or  ( A- …. B+ )      electron transfer

Energy and electron transfer processes 
in organized supramolecular systems
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Sun light absorption

Energy Transfer

Electron
Transfer

Antenna

Reaction 
Center

Bacterial photosynthesis



Natural light harvesting 
antennas

Isaacs, et al., Nature, 1995

LH1
18 BChl molecules

Bacterial photosynthesis

LH2
9 BChl molecules



LH1

LH2

LH2

h

RC

RC is the Reacion Center

Natural light harvesting 
antennas
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Scheme of the bacterial Reaction Center

special pair (excited)

Bacteriochlorophyll
(no active role)

bacteriopheophytin

quinone

Cytochrome

*
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CO2

Carbohydrates

2H2O

O2 + 4H+

Sun light absorption

Energy Transfer

Electron Transfer

Green plant photosynthesis
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Pheo QB

h
e

_
e_

e_

e_

CO2
reduction

O2
evolution

TyrZ

a

Mn4Ca P680 QA

PS II

Water oxidation by PSII

Mn4Ca

PS I

CO2
reduction

Activation of the 
Oxygen Evolving Complex

h



NN
H190

H
HOY161P680+

e
_

G0 = +0.22 eV +

Electron Transfer

PCET

NN
H190

H
HOY161P680

NN
H190

H
HOY161P680+

e
_

G0 = +0.19 eV +

NN
H190

H
OY161P680

H+

H

electron transfer (ET)

G° ca. +0.08 eV
e-

electron-proton transfer (EPT)
G° ca. -0.36 eV

e-

H+

Activation of the OEC toward water oxidation

T.J. Meyer, et al., Angew.Chem.Int.Ed., 2007

TYRz HIS



Pheo QB

h
e

_
e_

e_

e_

CO2
reduction

O2
evolution

TyrZ

a

Mn4Ca P680 QA

b

h

e
_

h

e_

h

e_

h

e_

O2 + 4H+

S0 S1 S2 S3 S4

2H2O

PS II

The five redox states (S0->S4) of the Mn4Ca cluster

Mn4Ca

PS I

CO2
reduction



Efficiency of natural photosynthesis

- Threshold P680: 680 nm, 1.83 eV

- The two photosystems PSII  and PSI work in 
series: therefore two photons are needed to 
move an electron/proton from H2O to CO2.

- Formation of O2 and reduction of CO2.
require 4 electrons

8 photons are needed to generate 1 molecule 
of O2 and “fix” 1 molecule of CO2.



- formation of a molecule of glucose, C6H12O6, 
requires at least 48 photons.
- 48 photons with threshold 680 nm (42 kcal/mol), 
correspond to at least 2016 kcal/mol.

Efficiency of photosynthesis
- 8 photons are needed to generate 1 molecule of O2
and “fix” 1 molecule of CO2.

- energy content of glucose: 672 kcal/mol; efficiency 
of the photosynthetic process: about 30%.
-Threshold and saturation effects reduce the 
efficiency to 4.5%. 
-Maximum real efficiency: about 1
- Normal efficiency: around 0.1



Photovoltaic cells:
electricity

Natural photosynthesis:
food and fossil fuels

Thermal collectors:
heat

Solar energy conversion

food and biofuels (in competition)
Natural photosynthesis: food

Artifician photosynthesis: fuels



Towards an artificial photosynthesis

It should also be colored, but if it is not 
colored we can use a colored sensitizer 
like Nature does (chlorophyll)

Type of material:
abundant, inexpensive, chemically stable, 
available everywhere:
nitrogen, water, carbon dioxide



1975, 189, 856

H2O + sunlightsunlight  H2 + 1/2O2

suggested approach to artificial photosynthesis



H2 + O2

H O2

Energia
ce
are

Artificial photosynthesisArtificial photosynthesis
photochemical water splitting

Sun 
light

energy

H2+1/2O2 (combustion)  H2O + heat

H2+1/2O2 (fuel cell)  H2O + electr.

fuel

a closed, pollution free energy cycle
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V. Balzani, et al. Science, 1975, 189, 852

--------------------------------------------------------

IR

Vis

UV

------- onset of the absorption spectrum of water ----------------

direct
H2O + sunlightsunlight ----/ /------

far
UV

photosensitizer
P

H2O + sunlightsunlight 1/2 H2 + 1/4O2

H2O + 1.23 eV (1010 nm)                     1/2H2 + 1/4O2

absorption spectrum
of water



V. Balzani, et al. Science, 1975, 189, 852

Proposed photosensitizers



N N

N

NN

N Ru2+

*[Ru(bpy) ]3
2+

**[Ru(bpy) ]3
2+

[Ru(bpy) ]3
3+ [Ru(bpy) ]3

+

+ 0.84 V  0.86 V h
max = 610 nm

*A = 1
E°° = 2.12 eV

em = 0.04
  = 0.6 s

max = 450 nm
max = 15000 M cm-1 -1

h’

+ 1.26 V  1.28 V

H2O + 1.23 eV                    1/2H2 + 1/4O2

*Ru[(bpy)3]2+ has an energy content of 2.12 eV



Conversion of light energy into chemical energy
mediated by an electron transfer photosensitizer

ox

red

T.J. Meyer et al. 1975



Artificial photosynthesis

Cat1
2H2O  +  2e- H2 +  2OH-

P
h (sunlight) e- + h+

photoinduced charge separation

Cat2
2H2O  +  4h+ O2 + 4H+



S: Ru[(bpy)3]2+ photosensitizer

R: methyl viologen electron relay

Cat1: colloidal Pt reduction catalyst

Cat2: ruthenium oxide oxidation catalyst

Cat2 Cat1

Cat1

Cat2



2H2O  +  4 h  2 H2 +  O2

-Artificial antenna systems
-Artificial reaction centers
-Artificial membrane
-Artificial catalyst for H2 evolution (2 el. process)
-Artificial catalyst for O2 evolution: (4 el. process)

- Artificial antenna systems

Reaction center

Artificial photosynthesis



luminescent units

E

Artificial antenna

dendrimers

hh h’
h’



dendritic 
deca nuclear 
metal complex

dendritic 
deca nuclear 

Ru metal complex



First, Second and Third generations of Ru(II) dendrimers

Balzani, Denti, Campagna, et al. Acc. Chem. Res. 1998







O

O

O
O

O
O

O O

O

O

O
O

O

O
N

N

N
NZn

O

OO

OO

O
O

O O

O
O

O

O O

N

NN

N
Zn

O

O

O

O

O
O

O
O

OO

O

O

O
O

O

O
N

N

N
N Zn

O

O O

O O

O
O

OO

O
O

O

OO

N

N N

N
Zn

O

O

N
N

N
N

N
N

N
N

OO

N

NN

N
Zn

O

ZnZn

N

NH N

HN

Artificial antenna

energy transfer

Sun light

Sun light

Sun light

Sun light

Aida, et al., 2001
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2H2O  +  4 h  2 H2 +  O2

-Artificial antenna systems
-Artificial reaction centers
-Artificial membrane
-Artificial catalyst for H2 evolution (2 el. process)
-Artificial catalyst for O2 evolution (4 el. process)

- Artificial reaction centers

Reaction center

Artificial photosynthesis
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Artificial
reaction center

back electron trasfer

triad



N

NH N

HN N
H
N C

O

14

C P C60
triad

 = 0.04;  = 300 ns;  = 0.02 Gust, Moore, et al.

*
*

Artificial
reaction center

energy transfer

electron transfer

isc

back electron trasfer



 = 0.83;  = 55 s; 

pentad

Gust, Moore, et al.

Artificial reaction center

charge separation

*
*

energy transfer

electron transfer

back electron trasfer
(not shown)



2H2O  +  4 h  2 H2 +  O2

-Artificial antenna systems
-Artificial reaction centers
-Artificial membrane
-Artificial catalyst for H2 evolution (2 el. process)
-Artificial catalyst for O2 evolution (4 el. process)

- Artificial reaction centers
Reaction center

Artificial photosynthesis

] connection



Combined antenna-reaction center system

charge separation energy transfer

Sun light

antenna
reaction center

Sun light

Sun light

 = 1       = 10 ns Kodis, et al. 2006



2H2O  +  4 h  2 H2 +  O2

-Artificial antenna systems
-Artificial reaction centers
-Artificial membrane
-Artificial catalyst for H2 evolution (2 el. process)
-Artificial catalyst for O2 evolution (4 el. process)

- Artificial reaction centers
Reaction center

Artificial photosynthesis



Artificial photosynthesis

2H2O  +  4 h  2 H2 +  O2

- Light excitation and charge separation:
molecular components in solution or 
solid state (semiconductor) materials?

- catalysis:
homogeneous or heterogeneous catalysts?



A dye-sensitized photoelectrosynthesis cell

semiconductor
photoanode

chromophore

H2O 
oxidation

proton exchange membrane

CO2
reduction

metal
cathode

W. Song et al., Pure Appl. Chem. 2011, 83, 749



2H2O  +  4 h  2 H2 +  O2

-Artificial antenna systems
-Artificial reaction centers
-Artificial membrane
-Artificial catalyst for H2 evolution (2 el. process)
-Artificial catalyst for O2 evolution (4 el. process)

- Artificial reaction centers
Reaction center

Artificial photosynthesis

Artificial catalyst for O2 evolution (4 el. process)



The oxygen evolving complex (OEC)

Mn4Ca
cluster

J. Barber, et al.  Science 2004
J. Yano,  et al., Science, 2006



Attempts to design artificial 

- homogeneous catalysts

- heterogeneous (film) catalysts

Attempts to evaluate their performance by

- chemical or electrochemical catalysis 

- sacrificial photocatalytic processes



Iridium complexes

Depending on the composition, they can behave has 
heterogeneous  or homogeneus catalysts

Precursor to a 
heterogeneous
catalyst Homogeneous

catalyst

N.D. Schely, et a, J. Am.Chem. Soc., 2011
T.J. Meyer, Nature Chemistry, 2011



A homogeneus binuclear Ru catalyst 
(water oxidation by Ce4+ and Ru[(byp)3]3+)

B. Akermark et al., Chem.Eur.J., 2011, 17, 7953

L = pyridine



ruthenium

oxygen

tungsten

silicon[Ru4O)4OH)2(H2O)4SiW10O36)2]10-

A homogeneus tetranuclear Ru catalyst 
(water oxidation by: electrochenistry; 

photochemistry with Ru[(byp)3]2+ and persulphate)

Bonchio et al., J. Am. Chem. Soc. 2008, 
Scandola et al.,Chem. Comm. 2010,



Splitting water with cobalt
V. Artero, et al., 
Angew. Chem. Int. Ed., 2011, 50, 7238
Cobalt compounds, either as molecular species or 
materials, can be used as catalysts for reductive 
(CoII/I) or oxidative (CoIII/II) electrochemical
reactions of water.

Efficient water oxidation catalysts based on readily 
available iron complexes
J.L. Fillol, et al., 
Nature Chemistry, 2011, 3, 807
Iron coordination complexes catalyze homogeneous 
water oxidation by Cerium(IV) 



H2 + O2

H O2

Energia
ce
are

Artificial photosynthesisArtificial photosynthesis

Sun 
light

energy

H2+1/2O2 (combustion)  H2O + heat

H2+1/2O2 (fuel cell)  H2O + electr.

fuel

The grand challenges of chemistry:
the artificial production of a solar fuel that can be 
stored and transported and that, when used, is 
reversibly converted into the starting material.



2H2O  +  4 h  2 H2 +  O2

Artificial photosynthesis



Education has produced

many people 

who are able to read,

but unable to distinguish 

what’s worth reading

G.M. Trevelyan



Scientific education 
has produced many people

who are able to make science,

but unable to distinguish 

what’s worth making with science



As scientists and citizens, we have a great 
social responsibility.

We must carefully control that science and
technology are used

For alleviating poverty, not for 
maintaining privileges

For reducing, not for increasing the gap 
between developed and underdeveloped 

countries

For peace, not for war
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