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Why and how do chemical reactions occur?

Thermodynamics determines the equilibrium state of a dynamic system,
that depends on absolute energies of reactants and products

Thermodynamics does not tell how fast or how a reaction takes place -
time, molecular structures, their environment, and geometrical relations
between reacting species are not parameters in thermodynamic
equations

Thermodynamics only deals with energies between the reacting system
and its environment during the process is taking place

What are the processes between individual molecules and atoms yielding

products, e.g. “mechanism” or “chemistry” of a reaction, this is a subject
of “chemical kinetics”
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From Kinetics to Dynamics:

For reaction orientated collisions needed — not random

2 BrNO > Br, + 2 NO

S 8

P @ — ® PP @
«ﬂ@ P — QO TG

No reaction

$ TAMPERE UNIVERSITY OF TECHNOLOGY
Department of Chemistry and Bioengineering



From Kinetics to Dynamics

Reactive species need energy

_E,
Svante Arrhenius (1889): k=Ae*™
-E,
or Ink o +C
The rate constant, k(T), does not )
provide a detailed molecular picture |
of the reaction. ON By o)
We need to know: e

how reagent molecules approach,
collide, exchange energy, break
bonds and make new ones, and
finally separate into products

Potential energy

(reactant) 2NO + Br, }AE

(products)

1
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From Kinetics to Dynamics

Henry Eyring and Michael Polanyi (1931): 13
Potential energy surphase il

Eyring, Polanyi and Evans (1935):
Transition-state theory

= kT O | -k
= Ae ¥ = B RT
k=Ae™ =( . )(QAQB)e

The fastest reaction at room temperature:

H. Eyring & M. Polanyi

k,T

k = ~6x10"s™
( . )

or =170 fs

The time scale of molecular vibrations is typically 10 - 100 fs
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Mater Waves Particle-type Control & Dynamics

de Broglie (1924)
Einsteins’s light wave/particle
E=hv E=cp
A=h/p p=mv
Schrodinger (1926)
The Wave Equation — Stationary waves
HY=FEY
Schrodinger (1926)
Micro- to Macro Mechanics
Quantum to Newton Mechanism

Femtochemistry & Quantum limit (h): Particle Type

A= h/p; Ax Ap = h/2xn At AE > h/2w
Ax =p/m At =v At At =10 fs Ax =0,01 nm
At = 10 ps Ax =10 nm
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Femtochemistry — Nobel Laureate in Chemistry 1999
Ahmed H. Zewall

Fs pump

l
Rasonance Raman
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Observation of atomic motions in a molecule?
Reactions in organized thin films?

The distance of atoms in a molecule is about 0.1 nm

The size of an organic molecule, e.q. chlorophyll ring is about 1 nm

The thickness of biological membrane, two molecular layers, is about 2 nm
The average time required for atomic motion is about 10 - 150 fs

Concerning the chemical reactions the pertinent questions are

How does the energy put in into a reactant molecule distribute among
the different degrees of freedom and how fast does this happen?

What are the speeds of the chemical changes connecting individual
guantum states in the reactants and products?

What are the detailed nuclear motions that chart the reaction trough its
transition states, and how rapid are these motions?
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Those questions concern random systems
How do reactions takes place

In organized and ordered systems, as in solid films?

How function the parameters determining the rates and efficiencies
of reactions in films?

distance short and fixed

orientation fixed and static

time fast

spatial distribution fixed or variable
“freedom” limited

How do the reactions take place when reacting species or molecular groups
are (already) close to each other?

Does the reacting species or molecular moieties recognize the presence
of the counter part, if does, how?
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Let's take one example:

Electron transfer (ET) is the fastest (and simplest)
chemical reaction

Rates of ET reactions are mainly controlled by

- the distances

- temperature

- mutual orientations (anisotropy) between the reactants

- environment viscosity and polarity

- organization: membranes, vesicles, micelles, layers, wires
- natural and artificial (supra)molecular structures
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Two ways of ET processes

Adiabatic Non-adiabatic

Energy
Energy

—_—
Reaction coordinate Reaction coordinate
(a) (b)
Adiabatic process can be accurately Nonadiabatic processes involve at least
described by a single electronic two electronic states, and cannot be
wave function described by a single potential energy

surface.
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Marcus ET theory for adiabatic process

(Nobel Price 1993)

product reactant

Eo—G (AG+A)
4 T R~ 4/{ -
( E,)
krr =x,Vv, exp| ——= |.
er = Kg P1 kT )
- (AG+A)]
k.p =x,v, exp ————|.
. A4kgT |

The Marcus theory works well for the one
step ET and BET.

However, more complex reactions, with one

X, X X,
reaction coordinate
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Paradoxes of ET reactions

Electron transfer (ET) reactions can proceed at different distances
- in loose reactant pairs (long range ET)
- Marcus theory and radiationless transition theory
a) transition state between two potential minima, that of
initially excited (LE) and charge transfer (CT) states
- in tight pairs (contact ET)
- strong electronic coupling between LE and CT states
- reaction is no more a single elementary step trough a
transition state
b) formation of intermediate state(s) with partial CT:
excimer or exciplex

LE
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Examples in solution: 1) Photo-induced electron
transfer reaction pheophytin-fullerene derivative:

Parametres: orientation, distance, spatial distrbution, environment

x 10
PF,, in

— toluene
"""" benzonitrile

e
Pin ,
"""""" toluene (normalized)
N ‘7(130' a '8(1307 a '960' B 10b0 '11|00
PF:M=2H,R=H wavelength, nm
Reference Pheopytin: 7,=4 -5 ns
J. Am. Chem. Soc., 121, 1999, 3978 .
_ toluene benzonitrile
Lemmetyinen, Tkachenko et al..
PaF: 7, = 0.59 ps 0.54 ps

7,= 8.5ps 4.4ps
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Pheophytin-fullerene derivatives: J. Am. Chem. Soc., 121, 1999, 3978
Time-resolved component spectra: Lemmetyinen, Tkachenko et al.

In non-polar toluene three components
in polar benzonitrile four components

a) 0.05 D*A > A*D
1 ken
0.00 ] kpx
§ -o.os?
010- j - 135 s (DA)* Recognize!
%50 600 650 700 750 ‘l’ K
wavelength, nm D+ A‘
) .
g 00 T e - DA
< 011 “f ——o32ps 0.35ps =k, energy transfer
0.2 L) DS ) 8 ps =k, exciplex formation
0.3° oo TS 19ps=k,  CT-state formation
550 600 650 700 750 65 ps = kg, CT-state recombination

wavelength, nm



The role of the exciplex in the ET and BET reactions:

it reduces the activation energy between the reactants and
reaction product, the CT state or radical ions

free energy

free energy
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Three-dimensional surfaces for the ET reaction: free energy,

distance and solvent polarization

a) Mixing of states D*A and D*A- is not taken into account
b) Mixing of states is taken into account
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J. Phys. Chem. A, 111, 2007, 9240
Murata & Tachiya
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A topographic surface for the ET reaction: free energy, distance
and solvent polarization:

As r decreases exciplex formation occurs, mainly in non-polar solvent,
but can be stabilized by solvation

No (or small) activation
energy 1s needed for
exciplex and ion
formation!

s

’~r"".

~ Exciplex

NO TEMPERATURE
DEPENDENCE !?

J. Phys. Chem. A, 111,

2007, 9240
Murata & Tachiya
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More examples: A series of electron donor-acceptor compounds

has been studied
Orientation, distance, spatial distrbution, environment

Chlorophyll-fullerene dyad

AL\,
: Qﬂ%ﬁl

Porphyrin-fullerene dyad
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... and more...:

Orientation, distance, spatial distrbution, environment

DHD6ee, M = 2H
ZnDHD6ee, M =Zn

ZInTBD6be, M =Zn

MPc-F: M =, 2H, Zn

R(M)—O—CHZNHC ’

MP-C-F

Submitted JACS 1.9.2013
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To conclude: covalently linked with two chains

J. Phys. Chem., B, 108, 2004, 16 377
Lemmetyinen, Tkachenko, Guldi et al.

W) ) ’
i o o 1 pA >
St R A k=10-20x102s" e.g. 50-100 fs
B3 005U S S

k.=08-14x10"%s"'e.g. 0.7-1.3 ps
TBD6be ZnD7mee
ke =16-20x 105! e.g. 50 - 60 ps

$ TAMPERE UNIVERSITY OF TECHNOLOGY
Department of Chemistry and Bioengineering



CONCLUSIONS:
ET reactions can occur by various different

mechanisms depending on diffusion, solvent, time,
and orientation:

1. In the first few ps the reaction rate is controlled by the distance and
fluctuations of orientations and displacements of reactant molecules.

2. During the following 10 — 50 ps ET depends on distance, time, and
spatial distribution of the quencher molecules related to the excited
molecule.

3. Finally the reaction becomes diffusion controlled, when the distance
increase between the reactive molecules.

These observations open new possibilities to handle, explain, and

understand ET reactions in different nanostructures and supra-
molecular solid arrangements.
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Electron transfer reactions in artificial solid molecular films
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Multilayer films of phthalocyanine-fullerene dyad, para-PcF

TTTTTT ODA = octadecylamine

A e | BBRR .
/ [TITTT ooa

833% ec, x 50-120
TTTTTT ooe

0.2} ’
e ﬁﬁga PcCy,

| | | |
900 400 500 600 700 800 900

O.GT

04r

Substrate é :
wavelength, nm : 5
Absorption spectra of phthalocyanine- s
fullerene dyad multilayer LS film and in

toluene.
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Vectorial and lateral electron transfer processes in organized solid films
of para-PcF: femtosecond pump-probe measurements

. Excitation of the electron donor

2. Intra-molecular electron transfer to acceptor

— 0 (70 =% 3. Formation of the charge separation state
N4 0.8 ps

4. Inter-molecular charge hopping from
acceptor to acceptor

35 ps

0.02 T—

0.01

. Formation of long-living CS-film

-0.01 A L ,
3 6. Recombination of the CS-film
——— 35 ps (av.)
-0.02 - Rl ~> 3ns >>2 us
VS e at 0 ps
-0.03 |
[ — at 10 ps
'0.04 1 1 ) I 1
600 700 800 900 1000

wavelength, nm H. Lehtivuori, T. Kumpulainen, A. Efimoy,

$ R ——— H. Lemmetyinen, A. Kira, H. Imahori, N.V. Tkachenko,
Department of Chemistry and Bioengineering J PhyS Chem C’ 2008, 112(26)’ 9896_9902



Vectorial and lateral electron transfer processes take place in
solutionsin time scale less than one ns, but

in organized solid films us — ms time scales

0.003 |- - 0.01
0.003F -
2 0.002
<
) i %
0.001 | "™
' Lk -u| |,, & 0
0.002 | . "
0 ,-_ 1 1 1 1 <
g 0 5 10 15 20 !
time, us
0.001 F data —0.01 4
dist. (2 us)
—o— f-p (1.6 us)x4
I ——=—— p-p (>> 3 ns)
O 1 1 1 1 1 _0-02 I 1 | | I I
0 200 400 600 800 500 600 700 800 900 1000
time, us Wavelength, nm

Transient absorption decay at 510 nm  Comparison of the spectra measured by pump-probe

of multi-layer PcC dyad. Flash- and flash-photolysis methods
photolysis

H. Lehtivuori, T. Kumpulainen, M. Hietala, A. Efimov, H. Lemmetyinen,
A. Kira, H. Imahori, N. V. Tkachenko, J. Phys. Chem. C, 2009, 113 (5), 1984-1992.
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Optical decay (left) and electrical decay curves (right) of PVT(or PHT) | DHD
three layer systems
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Kaunisto, Chucharev, Tkachenko, Lemmetyi- Kaunisto, Chucharev, Tkachenko, Efimov,
nen, Chem. Phys. Lett., 460, 2008, 10256 Lemmetyinen, J. Phys. Chem., 113, 2009, 3819
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Orientation of molecular thin films were obtained by using the

Langmuir-Blodgett technique:

DHD6ee O ™
- o3
The LB-film structures for photovoltage measurements d q
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Molecules in self-assembled or organized phase: in 2D films vectorial

electron transfer takes place ...

Electrode

S

\ /T ,__— PHT = a conductive polymer

Electrode
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... and create photovoltage or photocurrent!

Electrode

Electrode
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Intensity of the photovoltage signals depends on number of
electrons moving and on the distance of the movement

] "‘@'N‘ I i | | |
0.0 Y 200 400 600 800 1000
| DHfl up
o002 |
z 7 PHT down
=003
0.04 - PHT down/ DHtl up
0.05 —
-0.06 -

time (ns)

{_} EEEEEEEEEE (a.lower excitation intensity was used)
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Molecular Engineering: Building a device:

The elements for preparing of supramolecular film structures

ITO
i O 2 K

L
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LD
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Photovoltage signals for PVT3/Dyad/PPQ film systems:

As number of layers increases the signal intensity and
life time increase

amplitude

6

g g@"‘ 0 O

PhOC H,OH 8

9, O
O N

2
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10

tlme ns

S

PVT3

radical
\\00

S

PVT3

- PVT3 acts as an energy
donor to the porphyrin
moiety

- PPQ acts as electron
acceptor from fullerene
anion radical

- PHT acts as an electron

donor to porphyrin cation

PPQ

PVT3

Lifetimes are in time scale of of seconds!



CARBON NANO TUBES, FULLERENE AND DYE MOLECULES IN
SELF-ORGANIZED MOLECULAR ARRANGEMENTS

Donor covalently linked on the surface of nano tube

1) Porphyrin-NT composites with a “long” flexible bridge to SWNT, have showns
photoinduced charge separation b

NT--P* > NT---ZnP* > NT—P

-t el o 020020 0 920200 P
sy HNOG A ¢4 ¢ CONH o
SS-HNOC R S S B S SO O A
S5 HNOC CONH~-CC

2) Porphyrin-NT composites with a “short” rigid bridge to SWNT form exciplex
and decays directrly to the ground state

NT-P* 3 (NT-P)*> NT--P £h

c— ¥ ?
= H A

STTO-HNOCA 2 2 o
AAS-HNOC ™

afalat

g i CONH-C A
OO CONR-C
la2e2a0a0a2a 00004 ip SO0

Therefore, the separation distance and spatial orientation between porphyrin and

SWNT are crucial factors to control the relaxation processes from the excited
states.
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D-A pair on the surface of nano tube

Covalently linked electron D (porphyrin)
and A (Cg,) vield a long-lived
charge-separated state efficiently

N/(\;N?\\
N

Mixing D-A —pair, in a suitable solution_itermolecular
porphyrin—porphyrin (D-D) and Ce~C;, (A-A) interactions
yield to a formation of nanograins, where D and A moieties
are arranged separately.
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Formation of porphyrin—porphyrin (D-D) and C;,—C4, (A-A) nanograins on

the surface of nanotubes.

Adding of NTs cross-links the nanograins in the mixed solvent enhancing the
electric communication between the grains
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Electrophoretic deposition of the nanograins onto a nanostructured SnO,

electrode fabricates a desirable H,Por-C¢,-NT film on the electrode.
(step 2)

Step 1: Formations of the nanograins in the mixed

step 2

{_} e SIVERSITY O TECHROLOGY Angew. Chem. Int. Ed., 2011, 50, 4615-4619
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FE-SEM images on solid FTO/SnO,

FE-SEM images of FTO/SnO,/films
a) H,Por-C,,

b) H,Por-ref + C-ref

c) H,Por—C,+ NT electrodes

d) Corresponding photocurrent action
spectra of

1) H,Por—C,

2) H,Por-retf + C-ref

3) H,Por—C,+ NT electrodes

4) H,Por-ref + Cgy-ref + NT

IPCE=incident photon to current efficiency
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Donor covalently linked on the surface/acceptor inside of nano
tube
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Chem. Comm., 2011, 47,
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Absorption and emission spectra of components forming

Donor-Acceptor system separated by NT

(a) 1 4 (b) 4
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The porphyrin emission decays and transient absorption
spectra of C¢,@NT-ZnP and ZnP-ref

AAbsorbance

& &) &) :'5. Ar=
ﬂ“ 5" Cey@NT-ZnP : . . . .
0 70 00 900 1000 1100
T <70 ps avelength (nm)
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Why we do all this research?

We have a dream...

PF:M=2H,R=H

light energy

carbon |
el water —» carbohydrates + oxygen
ledee chlorophyll Y

. -‘;_
. light energy

CO;+ H,O = C:H.:O, + O;

chlorophyll

light energy

P 6CO.+ 6H.0 —» CHnO, + 60,

chlorophyll

... and not only we!
£ y

TAMPERE UNIVERSITY OF TECHNOLOGY
Department of Chemistry and Bioengineering



Jimmy Stewart on Photosynthesis

A memorable scene from the 1938 movie
adaptation of the play

"You Can't Take It With You",

starring Jimmy Stewart, Jean Arthur,
Lionel Barrymore, and Edward Arnold



World Energy Production
1970 to 2100
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2004
2010
2020
2040

EEEEEEEEEEEEE

Word energy consumtion annually

5,010%0 J 15,0 10> W 15 TW
541040 J 17,1 10> W 17 TW
7,1 1020 J 22,5 1012 W 23 TW

45 TW

In next 25 years (2015-2040) we need more
energy 25 TW
= 25 000 nuclear power plants (1 GW)
=~ 1000 power plants/year

OOOOOOOOOOOOOOOO



Figure 1 - Evolution of global cumulative installed capacity 2000-2011 (MW)
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Figure 12 - European cumulative scenarios until 2016 -
Moderate and Policy-Driven (MW)
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Schematic representation of photovoltaic (a) and photochemical (b) cells.

(a) (b)
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Binding modes of porphyrins and phthalocyanines

$ TAMPERE UNIVERSITY OF TECHNOLOGY
Department of Chemistry and Bioengineering



Photovoltaic conversion processes in bilayered organic solar cells:
1) exciton generation, 2) exciton diffusion, 3) charge transfer,
4) charge dissociation, and 5) charge transport.

-
\'?./'

ITO Hole-transporting Electron-transporting Al
material material
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Schematic of a bulk heterojunction solar cell and the simplified energy

level diagram of a donor/acceptor interface
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Conjugated polymers employed in polymer/fullerene solar cells:

a) MEH-PPV, b) MDMO-PPV, c) RR-P3HT, d) RRa-P3HT, e) Cq,,
f)y PCBM, g) [70]PCBM.
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Organic solar cell configurations
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Zn-benzothiazole as buffer layer
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Sample structure

ITO|ZnO|PHT:PCBM]|Alq,|Au 445 049 059 277
ITO|ZnO|PHT:PCBM|ZNnBTZ,|Au 495 053 0.61 3.26
ITO|ZnO|PHT:PCBM|Alq;|ZnBTZ,|Au 1418 046 053  6.70
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Doping the bulk heterojunction

Buffer|Metal
BHJ blend

== L Zn0O
\_  P3HTPCBEM 1,7-PyPDI ITO

1,7-PyPDlI  Jg. (MA/em?) U, (V) FF (%)

0 9.73 0.56 0.52 2.83

0.01 11.37 0.55 0.52 3.25

0.02 10.93 0.55 0.53 3.19 : :
Optimum concentration

0.04 11.37 055 058  3.63 (PDI) is 3 % (by weight)

0.05 11.23 0.56 0.58 3.65

0.1 10.37 0.56 0.62 3.6
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