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If you really wish to understand
a problem, you should first
look at it from
far away

Ttalo Calvino



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

This dot is our Earth

A\




Earthrise

“We came all this way to explore the moo
S ..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 7@
wealth /\’Qja

environment

Everything around us and whatever we do

depends on energy



Energy consumption
in the history of mankind

60 - fossil fuels
(>80% of energy needs)
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Energy consumption
in the history of mankind

60 - fossil fuels
(>80% of energy needs)

\

fossil fuels,
industrial revolution

Fossil fuels are a
gift of nature,
that is going to be
exhausted.
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The use of fossil
fuels causes severe
damages

to human health and
the environment.
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The use of fossil fuels
causes strong disparities
among nations and people
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Energy consumption
in the history of mankind

60 - fossil fuels
(>80% of energy needs)

\

fossil fuels,
industrial revolution
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Need to develop
alternative
energy sources
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Energy saving
and efficiency
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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)



Space-ship Earth
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- 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.



Solar energy conversion

Natural photosynthesis:
and (in competition)

Artifician photosynthesis:

Photovoltaic cells:

\ Thermal collectors:
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The chemistry Department in Bologna
is named in honor of Giacomo Ciamician



Giacomo Ciamician (1857-1922)
University of Bologna
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Pioneer of photochemistry and prophet of solar energy
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THE PHOTOCHEMISTRY OF THE FUTURE*

MopegN ecivilization is the daughter of
coal, for this offers to mankind the solar
energy in its most concentrated form; that
is, in a form in which it has been accumu-
lated in a long series of centuries. Mod-
ern man uses it with inereasing eagerness
and thoughtless prodigality for the con-
quest of the world and, like the mythical
gold of the Rhine, coal is to-day the great-
est source of energy and wealth.

The earth still holds enormous quantities
of it, but coal is not inexhaustible. The
problem of the future begins to interest us,
and a proof of this may be seen in the fact
that the subject was treated last year almost
at the same time by Sir William Ramsay
before the British Association for the Ad-
vancement of Science at Portsmouth and
by Professor Carl Engler before the Ver-
sammlung deutscher Naturforscher und
Aerzte at Karlsruhe. According to the
caleulations of Professor Engler Europe
possesses to-day about 700 billion tons of
coal and America about as much; to this
must be added the coal of the unknown
parts of Asia. The supply is enormous but,
with increasirig consumption, the mining
of coal becomes more expensive on account
of the greater depth to which it is necessary
to go. It must therefore be remembered
that in some regions the deposits of coal
may become practically useless long before
their exhaustion.

Is fossil solar energy the only one that
may be used in modern life and civiliza-
tion? That is the question.

! General lecture before the International Con-

gress of Applied Chemistry, New York, September
11, 1912,
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"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



natural
photosynthesis

organic molecules:
co, food, fossil fuels

energy ;or' life . respiration (food)
energy Tor machines combustion (fuels)



is released
the flaming heat
of the sun

which was bound
to convert
the air into tree.




more than 50

natural ,
reactions

photosynthesis

organic molecules:
CO, food, fossil fuels

L

energy ;or' life . respiration (food)
energy Tor machines combustion (fuels)

2

100 billion tons of dry biomass annually



Photochemistry

photon of suitable energy

A +hy — *A

ground state electronically
molecule 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

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

P II:)exc
ground o
LUMO —-
hv
HOMO L ®
® O LK
LK ® O

Ground State Excited State



Redox Properties

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

EAground EA
exc

@

LUMO T
hv

HOMO ® 0 ® =
® O ® O

LK ® O

Ground State Excited State



**[Ru(bpy)s]**
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Photochemical Processes

photon of suitable
energy

A +hy — A

/

ground
state

electronically
excited state

reaction e.g, isomerization

—

> A+hV luminescence

radiationless

> A+ heat .
deactivation

energy and electron

" transfer processes



Energy and electron transfer processes
between molecules in fluid solution

A +hv—o*A 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

Avceeee B +hv—o *A oo B light absorption

K Penreees B — A-eeene *B energy transfer

FPA e B > At B- or (A ....B*) electron transfer



Sun light absorption

« 1 mi ElCC"’f‘Oﬂ
<? Transfer

Reaction

Center

Bacterial photosynthesis



Natural light harvesting
antennas

LH1 LH2
18 BChl molecules 9 BChl molecules

Bacterial photosynthesis

Isaacs, et al., Nature, 1995



Natural light harvesting
antennas

RC is the Reacion Center
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Schematic representation of two possible
arrangements for charge separation in a triad



Scheme of the bacterial Reaction Center

Cy Cytochrome
Cell
exterior
| ]
P special pair (excited)
BC Bac’rer(ochlorophyll
Q (no active role)
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Bp pheopny
Qa
Cell

interior
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Sun light absorption
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Activation of the OEC toward water oxidation

electron transfer (ET)

e
RN AG° ca. +0.08 eV
P680* YlGl—@—O—H--"N/\jN(\ngo >  P680 Y161—©—c')_,i|____,\c\|(\ H190
\H_ \H_
TYR, HIS
electron-proton transfer (EPT)
/e\ AG° ca. -0.36 eV
+ ~¢"H190 . o A ~H190
P680 YlGl—@—O—H-\--;N/\:N(\\H_ =  P680 Y161_©_O_--_H_N/\\/\I\I(: -
H+

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



02 = [Mn,Ca

evolution

PSI

= COZ
reduction

The five redox states (Sp->S,) of the Mn,Ca cluster



Efficiency of natural photosynthesis

- Threshold P680: 680 nm, 1.83 eV

- The two photosystems PSIT and PSI work in
series: therefore two photons are needed to
move an electron/proton from H,O to CO,.

- Formation of O, and reduction of CO.,.
require 4 electrons

8 photons are needed to generate 1 molecule
of O, and “fix" 1 molecule of CO..



Efficiency of photosynthesis

- 8 photons are needed to generate 1 molecule of O,
and "fix" 1 molecule of CO..

- formation of a molecule of glucose, C;H,Oq,
requires at least 48 photons.

- 48 photons with threshold 680 nm (42 kcal/mol),
correspond to at least 2016 kcal/mol.
- 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



Solar energy conversion

Natural photosynthesis:
and (in competition)

Artifician photosynthesis:

Photovoltaic cells:

\ Thermal collectors:




Towards an artificial photosynthesis

Type of material:

abundant, inexpensive, chemically stable,
available everywhere:

hitrogen, water, carbon dioxide

It should also be colored, but if it is not

colored we can use a colored sensitizer
like Nature does (chlorophyll)



suggested approach to artificial photosynthesis

Reprinted from
12 September 1975, Volume 189, pp. 852-856 S I E NCE

1975, 189, 856

Solar Energy Conversion by
- Water Photodissociation

V. Balzani, L. Moggi, M. F. Manfrin,
F. Bolletta, M. Gleria

H,O + sunlight —» H, + 1720,



Artificial photosynthesis
photochemical water splitting

fuel
H2 + O2
H,+1/20, (combustion) — H,O + heat
energy
Sun )
|igh'|' HO H.,+1/20, (fuel cell) » H,O + electr.

2

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



Proposed photosensitizers
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**[Ru(bpy)s]**

U\ 00 —
7\'max =450 nm E°°=2.12¢eV

Emax = 19000 M cm™ 1=0.6 ps

@, =0.04

*[Ru(bpy)z]?*

— hv’
0.86 V I y +0.84V I
Amax = 610 Nm I

V

+1.26V -1.28V

@—~®

[Ru(bpy)sl®* < > (@N--RUENG) > [Ru(bpy)s]*
N/ \
® ©

*Ru[(bpy);]°* has an energy content of 2.12 eV
H,O+123 eV » 1/2H, + 1/40,




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

3 vt

) Ru(bpy); g\
0X NPh; ~ My 2+
Ru(bpy);”  "Ru(bpy)]
hv

MVZ* + NPh, —/~— MV* +NPh;  AG=+145 eV

24
MV2*+ NPhy + hv(visible) — 2PV My* + NPh?

V T.J. Meyer et al. 1975




Artificial photosynthesis

p
hv (sunlight) e+ h

photoinduced charge separation

Catl
2H,O + 2e- -H, + 20H"

Cat2
ZHzo + 4h+ > OZ +4H+




A U0 S3 R /_ H*
Cat?2 : Catl
i s
10+H M>"" R L,

S: Ru[(bpy);]%* photosensitizer
R: methyl viologen electron relay
Catl colloidal Pt reduction catalyst

Cat2 ruthenium oxide oxidation catalyst



Artificial photosynthesis

2H20 + 4hV —> 2H2 + OZ

1) Catalyst

N
3
S
Q
=
D

Reaction center

- Artificial antenna systems

-Artificia
-Artificia
-Artificia
-Artificia

reaction centers

membrane

catalyst for H, evolution (2 el. process)
catalyst for O, evolution: (4 el. process)



Artificial antenna
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First, Second and Third generations of Ru(IT) dendrimers
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Balzani, Denti, Campagna, et al. Acc. Chem. Res. 1998



DEPARTMENT OF THE ARMY
ARMY RESEARCH OFFiCE
P.0. BOX 12211
RESEARCH TRIANGLE PARK, NC 277C8-2211

November 21. 1994

Chemical & Biological Sciences
Division

Dear Prof. (Dr.): Balzani,

You have been recognized as an active researcher working directly in the area of dendrimer technology or a
closely aligned field. As such, it is our pleasure lo invile you to a two-day workshop sponsored by the Army Researc
Office which will be focused on "dendrimer technology and its potential military applications to the U.S. Army." As

you may know, the U.S. Army Research OIlice supports basic research in academia, al privale research organizations

and at government laboratories. The Polymer Chemistry Branch of ARQ is investigating new research areas to enhance
U.S. Army capabilities and has elected to assess the dendrimer area for these possibilities.

In order to appraise and exploit the unique features of "dendrimer science", representatives from academia,
government laboratories and industry will be invited to present and share their perspectives at this conference. Because
of the importance of your role in forming a workplan from this meeting, attendance for both days is requested. The
workshop will take place at the Best Western Crown Park Hotel at Miami Blvd. and Interstate 40, Research Triangle
Park, North Carolina next spring on March 15-16, 1995. Expenses for academia/non-profit organizations will be
covered with details to follow later. We hope your schedule will allow you to attend this workshop. With this letter we
are attempting to define commitment for attendance; therefore, we must receive a response by December/2, 1994.

DENDRIMER TECHNOLOGY WORKSHOP
(Abstract and Plan)

This workshop will identify specific arcas of dendrimer research to solve U.S. Army problems. Unique dendrimer
properties which include the ability to precisely control critical molecular design parameters (CMDP's) such as size,
shape, surface chemistry, flexibility and topology suggest numerous applications of interest to DoD and the civilian
sector. We believe dendrimers will be useful (1) for the detection and detoxification/destruction of ¢hemical sveapons



US Army and MIT go nano

The Institute for Soldier Nanotechnologies
was launched recently as a research collabora-
tion between Massachusetts
Technology (l\ﬂl ), US, and the US Army.

Occupying a 2600m? site, the institute will
combine basic and applied research into de-
fence-related nanotechnology concentrating
on three areas: protection, improving perfor-
mance, and injury intervention and cure.

The institute will work with various in-
dustrial partners including DuPont, Dow
Corning, Carbon Nanotechnologies, Triton
Systems and Dendritic Nanotechnologies.
The institute will also work with the US
Army’s research laboratory on ‘field-ready’
products.

Michael Andrews, deputy assistant secretary

Institute of :

for research and technology in the US Army,
said: “The Institute for Soldier Nanotechnolo-
gies is an exciting innovation in government—
academic—industry teamwork, promising break-
through nanotechnologies and that will light-
en our soldiers’ loads, treat wounds and protect
them from injuries’.

Current research projects underway at the
institute include protection from convention-
al, chemical and biological weapons. Products
could include sensors and fabric coatings that
would be built into the soldiers’ battlesuits.

Other projects are investigating ways of
using nanotechnology for novel methods of
healing wounds as well as the potential for
treating injured soldiers while they are still in
combat. n

JULY 2002 CHEMISTRY IN BRITAIN
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energy transfer
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Artificial an'l'enn;

Sun light

Aida, et al., 2001
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Artificial photosynthesis

2H20 + 4hV —> 2H2 + OZ

1) Catalyst

-Artificia
Artificia
-Artificia
-Artificia
-Artificia

N
3
S
Q
=
D

Reaction center

antenna systems

reaction centers

membrane

catalyst for H, evolution (2 el. process)
catalyst for O, evolution (4 el. process)



Artificial
reaction center
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Wasielewski, et al.



reaction center
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electron transfer

g ISC
[C*-P-Cg;] Y[C=P=Ce]
—»

!

3C-P-Cy

C—P—Cqy ® =0.04; t = 300 ns; n-= 0.02 Gust, Moore, et al.
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Artificial photosynthesis

2H20 + 4hV —> 2H2 + OZ

1) Catalyst

-Artificia
-Artificia
-Artificia
-Artificia
-Artificia

N
3
S
Q
=
D

Reaction center

antenna systems ] .
reaction centers COHHCCTIOH
membrane

catalyst for H, evolution (2 el. process)
catalyst for O, evolution (4 el. process)



Combined antenna-reaction center system

\ Sun |lgh'|' /

Kodis, et al. 2006



Artificial photosynthesis

2H20 + 4hV —> 2H2 + OZ

2) Catalyst

-Artificia
-Artificia
-Artificia
-Artificia
-Artificia

N
3
S
Q
=
D

Reac 7‘/'0/7 center

antenna systems

reaction centers

membrane

catalyst for H, evolution (2 el. process)
catalyst for O, evolution (4 el. process)



Artificial photosynthesis
2H20 + 4 hy > 2H2 + OZ

n
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H,0 Catalyst
3
- Light excitation and charge separation:

molecular components in solution or
solid state (semiconductor) materials?

3
S
ja))
|
D

- catalysis:
homogeneous or heterogeneous catalysts?



A dye-sensitized photoelectrosynthesis cell

e >

PEM

chromophore
Hzo COZ
semiconductor oxidation reduction
photoanode proton exchange membrane
metal
cathode

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



Artificial photosynthesis

2H20 + 4hV —> 2H2 + OZ

1) Catalyst

-Artificial antenna systems

-Artificial reaction centers

-Artificial membrane

-Artificial catalyst for H, evolution (2 el. process)
- Artificial catalyst for O, evolution (4 el. process)

N
3
S
Q
=
D

k‘eac 7"/0/7 cenrer




The oxygen evolving complex (OEC)

P680
Q165 e 'H190
RasED..------.. 4
. B Mn,Ca
2H50 _—-;{ }{21\\ C-term l 1_
Possible reaction™. | ./ Ca ciustrter
site O1
I\ Db
D170 ——Mn4 “Mn1
/ n2 7L
W \'xk
5 ""--..D? H332
ey | 5% !
E312 D61 E354 H337
AS
H+
Lumen

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

ot ~~=
| IR
Ir2:\ Vi ir\ JJ\
HZC(/ OH, NN O CF,
H,0 |
o 0
Precursor to a
heterogeneous
catalyst Homogeneous
catalyst

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

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



A homogeneus binuclear Ru catalyst
(water oxidation by Ce* and Ru[(byp);]3*)
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B. Akermark et al., Chem.Eur.J., 2011, 77, 7953



A homogeneus tetranuclear Ru catalyst
(water oxidation by: electrochenistry;
photochemistry with Ru[(byp);]¢* and persulphate)
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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
(Co™1) or oxidative (Co™/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 + OZ
H,+1/20, (combustion) — H,0O + heat
energy
Sun N
|igh1‘ H O H,+1/20, (fuel cell) - H,O + electr.
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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.



Artificial photosynthesis
ZHzo + 4 hv —> ZHZ + OZ




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 peace, not for war

For alleviating poverty, not for
maintaining privileges

For reducing, not for increasing the gap
between developed and underdeveloped
countries
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Energy for a
Sustainable World
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