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Photochemical processes for capturing energy 9/8/13 

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                       Br2 + 2 NO     
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From Kinetics to Dynamics 

Reactive species need energy 

Svante Arrhenius (1889):    
    
   or    
     The rate constant, k(T), does not 

provide a detailed molecular  picture 
of the reaction.  
We need to know: 
how reagent molecules approach, 
collide, exchange energy, break 
bonds and make new ones, and 
finally separate into products 
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From Kinetics to Dynamics 

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

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

The fastest reaction at room temperature: 

or                τ = 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 = h ν   E = c p 
  λ = h/p   p = m v 

Schrödinger (1926) 
 The Wave Equation – Stationary waves 
   H Ψ = E Ψ 

Schrödinger (1926) 
 Micro- to Macro Mechanics 
 Quantum to Newton Mechanism 

Femtochemistry & Quantum limit (h): Particle Type 

 λ = h/p;    Δx Δp ≥ h/2π   Δt ΔE ≥ h/2π 
 Δx = p/m Δt = v Δt   Δt ≈ 10 fs   Δx = 0,01 nm 
     Δt ≈ 10 ps   Δx = 10 nm 
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Femtochemistry – Nobel Laureate in Chemistry 1999 
Ahmed H. Zewail 
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The distance of atoms in a molecule is about 0.1 nm 
The size of an organic molecule, e.g. 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 
 quantum 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? 

Observation of atomic motions in a molecule? 
Reactions in organized thin films?  
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Photochemical processes for capturing energy 

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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The special case of adiabatic dynamic constitutes the Born−
Oppenheimer approximation. It is based on the fact that the
nuclear mass M is much larger than the mass of the electron,
that is, M ≫ 1 in a.u., allowing one to neglect the term
⟨Φi(r;R(t))|TnuclΦi(r;R(t))⟩. The resulting equation of motion
for the nuclear degrees of freedom is:
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The above equation allows for a simple interpretation of nuclei
moving on a single potential energy surface, Ei(R). If the
quantum-mechanical kinetic energy operator Tnucl is replaced
with the classical analogue, the nuclear wave function,
χ ̃i(t,R(t)), can be related to the classical probability density in
the phase space, ρi(t,R(t),P(t)), and eq 2.20 can be
reformulated into the classical Liouville, Hamilton−Jacobi, or
Hamiltonian equations of motion.
2.1.5. Nuclear Wave Functions: Nonadiabatic Approx-

imation. In a more general case, the wave function of a system
cannot be described accurately by a single term in the
expansion 2.11, for instance, when the kinetic energy of the
nuclei is large as compared to the spacing between the
electronic energy levels. This situation corresponds to avoided
crossings (conical intersections), when the electronic energies
of different states come to near-degeneracy. Here, a non-
adiabatic treatment of the nuclear dynamics is required.
For simplicity, similar to the adiabatic case, we will consider

only one classical degree of freedom. Repeating the steps
similar to eqs 2.16−2.18, but using an arbitrary number of
terms in expansion 2.11, we can arrive at a generalized,
nonadiabatic equation for nuclear dynamics:
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where dij
(n) are the nonadiabatic couplings of nth order between

states i and j:
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In a quantum-classical treatment, the quantum mechanical
operators can be mapped onto the classical variables, leading to:
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As a result, eq 2.21 transforms into:
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which is exactly eq 2.6 with the nuclear wave function given by
eq 2.10.
2.2. Electron Transfer Mechanisms

2.2.1. Adiabatic ET. As discussed in the previous section, a
process that can be accurately described by a single electronic
wave function is called an adiabatic process. Applied to ET, this
situation defines the adiabatic ET mechanism. In this case, the
system remains in the same electronic state at all times (Figure
4a), where the electronic state is an eigenstate of the electronic
Hamiltonian, eq 2.12. In particular, it is the lowest energy
(ground) state in Figure 4a. Even though the electronic state
remains the same, the electron density does not have to be
localized in the same place. Because the nuclear configuration
changes with time and the electron density adjusts to the
nuclear configuration, the density moves from one site to
another. For instance, if an electron is initially localized on a
donor (e.g., chromophore) and ends up on an acceptor (e.g.,
semiconductor), the overall process is seen as ET, induced by
thermal fluctuations and configuration changes of the nuclear
subsystem.
Adiabatic ET assumes that the electron instantaneously

responds to nuclear motion, even if the latter occurs on a rapid
(pico- to nanosecond) time-scale. Thus, the adiabatic ET rates
are determined by the rates of nuclear rearrangements, and

Figure 4. Adiabatic (a) and nonadiabatic (b) electron transfer mechanisms. The blue and red potential energy surfaces correspond to the reactant
and product states, respectively.

Chemical Reviews Review

dx.doi.org/10.1021/cr3004899 | Chem. Rev. 2013, 113, 4496−45654502

Adiabatic process can be accurately  
described by a single electronic  
wave function  

Nonadiabatic processes involve at least  
two electronic states, and cannot be  
described by a single potential energy 
surface.  

Two ways of ET processes 
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Marcus ET theory for adiabatic process 
 (Nobel Price 1993) 

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

However, more complex reactions, with one 
or more  intermediate steps, may be difficult 
to interpret quantitatively with the  
1-dimensional model.  
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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  
    

Paradoxes of ET reactions 
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Here, Ωi
# denotes the frequencies of the nonreactive (bath)

modes, while Ω0
# denotes the frequency of the mode, along

which the reaction takes place (reaction coordinate at the
saddle point). The frequencies Ωi and Ωi

# correspond to the
normal modes of the entire system composed of interacting
oscillators, while ωi are frequencies of individual oscillators
representing bond, angle, torsional, and similar types of motion.
Combining eqs 2.26−2.30, one obtains the reaction rate:
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As shown by Pollak,104,105 the term ((ω0Ω0
#)/(2πω#))

exp(−((V#)/(kBT)) describes the classical Grote−Hynes
rate.106 Hence, the quantity ρ is a quantum correction to the
classical rate. As temperature increases, the quantity ρ goes to
unity, and the classical description of the reaction rates
becomes valid. The quantum correction term was derived by
Wolynes107 and later rederived from different perspectives by
Pollak,105 Voth et al.94 Summarizing, the correction eq 2.32 can
be presented as:
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where Mn = ((2πn)/(ℏkBT)) is the Matsubara frequency, ω0 is
the harmonic frequency of the reaction coordinate in the
reactant well, ω# is the frequency of the parabolic activation
barrier, m is the effective mass of the reaction coordinate, and
α̃n is given by:
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where J(ω) is spectral density of the oscillator bath, given by:
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A correction similar to eq 2.33 was obtained by Dakhnovsky
and Ovchinnikov108 based on analysis of the generalized
Kramers theory.

2.3.1.2. Marcus Theory. When applied to ET in a condensed
phase environment, for example, solvent, such formulation
turns into the Marcus theory of electron transport.109−115 This
theory carefully takes into account various contributions to the
free energy change along the reaction coordinate. In summary,
the Marcus rate equation is given by:
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Δ ̃ = Δ + −G G w w0 0 p r (2.38)

where Aσ2 is the collision frequency, σ is the mean separation
distance between the centers of the reacting species in a
transition state complex, ΔG0 is the standard free energy of the
reaction in the medium, and ΔG̃0 is the work-corrected free
energy of the reaction. The quantities wr and wp represent the
work required to bring the reactant and product particles,
respectively, to the separation distance σ. Finally, the quantity λ
is the reorganization energy needed to form the transition state
complex from the reactant species and the surrounding solvent.
This quantity is computed as a sum of contributions coming
from the reactant, λr, and the solvent, λsol:

λ λ λ= +r sol (2.39)

The reactant and solvent contributions of the reorganization
energy are given by:112,116,117
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Here, f i
(r) and f i

(p) are the force constants for the ith normal
mode of the reactant and product states, respectively, Δqi is the
change in the ith normal coordinate, Δe is the amount of charge
transferred from reactant to product, Ri, I = 1,2, are the
diameters of reacting species (assumed to be spherical), and εs
and εop are the static and optical dielectric constants of the
solvent, respectively.
It is worth noting that in the simplest formulation, the

Marcus theory is based on consideration of two diabatic
potential energy surfaces (PES) corresponding to the reactant
and product states (Figure 5a). In the adiabatic limit, the
reaction coordinate describes motion of the system on the
lower adiabatic PES, obtained from the diabatic PES by

Figure 5. Schematic representation of the diabatic energy surfaces for
the simplest two-state donor−acceptor Marcus model (a), inclusion of
bath modes as a collection of displaced harmonic oscillators (b), and
two-state model with intrinsic disorder (e.g., in glasses) where multiple
local minima are present (c).

Chemical Reviews Review

dx.doi.org/10.1021/cr3004899 | Chem. Rev. 2013, 113, 4496−45654504

LE          CT       
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    Reference Pheopytin: τ1 = 4 – 5 ns    
  toluene   benzonitrile    

    PaF:       τ1 =  0.59 ps  0.54 ps   
      τ2 =   8.5 ps    4.4 ps    

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

Parametres: orientation, distance, spatial distrbution, environment 

J. Am. Chem. Soc., 121, 1999, 3978 
Lemmetyinen, Tkachenko et al.. 

e-
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Pheophytin-fullerene derivatives:  
Time-resolved component spectra:   
in non-polar toluene three components 
in polar benzonitrile four components 

0.35 ps = ken  energy transfer 
     8 ps = kpx  exciplex formation                   
   19 ps = kxcs  CT-state formation 
   65 ps = kcsg  CT-state recombination 

J. Am. Chem. Soc., 121, 1999, 3978 
Lemmetyinen, Tkachenko et al.

D*A A*D

(DA)*

D+A-
kxcs

kpx

DA

kcsg

ken

Recognize!
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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 
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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  

D*A D+A-

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  

J. Phys. Chem. A, 111,  
2007, 9240 
Murata & Tachiya 

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

NO TEMPERATURE 
DEPENDENCE !?
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Chlorophyll-fullerene dyad        Porphyrin-fullerene dyad         Phthalocyanine-fullerene dyad

   Porhyrin-porphyrin-fullerene triad 

   Porphyrin-fullerene dyad

Two isomers of perylenediimide-fullerene dyads 

More examples: A series of electron donor-acceptor compounds 
has been studied 
Orientation, distance, spatial distrbution, environment
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… and more…:  

Orientation, distance, spatial distrbution, environment 

Submitted JACS 1.9.2013

 

and subsequent demetalation afforded a mixture of cycliza-

tion products from which 3 was separated by column 

chromatography. After conversion of propyl ester 3 to al-

dehyde 4, 1,3-dipolar addition of 4 to C60 followed by 

treatment with Zn(OAc)2 yielded ZnDAP-C60.
9
 ZnDAP-

ref, ZnP-C60, and ZnP-ref were prepared according to 

similar procedures, as shown in Schemes S2 and S3. C60-

ref was also synthesized following the previously reported 

method.
9
 Synthetic procedures and characterization are 

provided in Supplementary Information. 

 

 
Scheme 1. Synthesis of ZnDAP-C60 dyad. 

 

The UV-visible absorption spectra of ZnP-C60 and 

ZnDAP-C60 in benzonitrile are superposition of those of 

each chromophore, implying that there is no significant 

electronic interaction in their ground states (Figures S1 and 

S2). It is noteworthy that the absorption of ZnDAP-ref is 

broadened and Q-bands are intensified relative to ZnP-ref, 

ensuring better matching of ZnDAP with solar energy dis-

tribution on the earth as a function of wavelength than ZnP 

(Figure 2). The steady-state fluorescence spectra of ZnP-

C60 and ZnDAP-C60 in benzonitrile revealed efficient 

quenching of the fluorescence in comparison with those of 

ZnP-ref and ZnDAP-ref (Figure S3 and S4). This suggests 

the occurrence of rapid quenching of the ZnP excited sin-

glet state (
1
ZnP*) and ZnDAP excited singlet state 

(
1
ZnDAP*) by the attached C60. 

From the intercept of the absorption and the fluorescence 

spectra, the zeroth-zeroth energies (E0-0) were determined 

to be 2.12 eV for ZnP-C60 and 2.14 eV for ZnDAP-C60. 

The driving forces (–!G
0

ET) for all the intramolecular ET 

processes were calculated by measuring the redox poten-

tials of ZnP-C60 and ZnDAP-C60 in benzonitrile (Figures 

S5 and S6 and Table S1). As predicted, the first oxidation 

potential of ZnDAP (0.59 V vs. Fc/Fc
+
) is shifted to a posi-

tive direction by 0.29 V relative to that of ZnP (0.30 V vs. 

Fc/Fc
+
). Thus, the driving force for charge separation (CS) 

from 
1
ZnDAP* to C60 (–!G

0
CS1 = 0.50 eV) is smaller than 

the value from 
1
ZnP* to C60 (–!G

0
CS1 = 0.77 eV), whereas 

the driving force for CR in ZnDAP-C60 (–!G
0

CR = 1.64 

eV) is larger than the value in ZnP-C60 (–!G
0
CR = 1.35 eV) 

(Table S1). 

 

 
Figure 2. UV-visible absorption spectra of ZnP-ref (dot-

ted line) and ZnDAP-ref (solid line) in benzonitrile. The 

magnified absorptions of Q-bands are shown as an inset. 

 

Time-resolved transient absorption spectroscopy and flu-

orescence lifetime measurements were performed for the 

dyads by exciting at 405 nm and the results are summarized 

in Table S2 and Scheme S4. Figure 3(a) shows the transient 

absorption component spectra of ZnP-C60 in benzonitrile 

obtained from global three-exponential fit of the data. The 

first state has a lifetime (!) of 1 ps, which matches well that 

of the porphyrin fluorescence (1.4 ps) at 640 nm (Figure 

S7a and Table S2). Thus, the first component can be as-

signed to 
1
ZnP*. The final state with "=65 ps exhibits char-

acteristic absorption of ZnP radical cation (ZnP
+•

) at 600-

700 nm
9
 and C60 radical anion (C60

–•
) at 1000 nm,

9
 corrobo-

rating the formation of the charge-separated state. The 8 ps 

component with negative absorption is almost a mirror im-

age of the final component, implying the efficient conver-

sion of the intermediate state to the charge-separated state. 

We have already reported that an analogous ZnP-C60 with 

the same spacer reveals the formation of an exciplex arising 

from 
1
ZnP* ("=1 ps), followed by the formation ("=12 ps) 

and decay ("=130 ps) of the charge-separated state.
10

 Con-

sidering the similarity in the lifetime and absorption feature, 

the middle component can be attributed to the exciplex 

state. The exciplex state is generated quantitatively from 
1
ZnP* given the long-lived 

1
ZnP* state in ZnP-ref ("=2700 

ps). On the other hand, minor, but efficient CS also take 

place from the C60 excited singlet state (
1
C60*) based on the 

short-lived 
1
C60* ("=61 ps at 710 nm, Table S2) in ZnP-C60 

in comparison with C60-ref (1300 ps).
11

 The overall CS 

efficiency at 405 nm was estimated to be ~100% consider-

ing the absorption ratio of ZnP : C60 = 88:12.  
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To conclude: covalently linked with two chains 
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 kpx = 10 -20 x 1012 s-1        e.g.  50-100 fs 

kxcs = 0.8 - 1.4 x 1012 s-1  e.g.  0.7- 1.3 ps 

kcsg = 16 - 20 x 109 s-1      e.g.  50  - 60 ps
TBD6be ZnD7mee

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

CONCLUSIONS: 
ET reactions can occur in solutions by various different  
mechanisms depending on diffusion, solvent, time,  
and orientation: 
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Knowing the mechanism in solutions open new possibilities to

handle, 
explain,
understand, 
and control 

the ET reactions in different

nanostructures, 
molecular assemblies, 
supramolecular arrangements,
and MOLECULAR THIN FILMS

Methods for film preparations
   - spin-coating
   - casting
   - dropping
   - vacuum-evaporation
   - Langmuir-Blodgett and
     Langmuir-Schäfer deposition

Experimental methods
   - time-reso fluorescence (fs-ns)
   - time -resolved absorbance (fs – ms)
   - time-resolved MDCM-method  (ns – s)

Electron transfer reactions in artificial solid molecular films  
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Multilayer films of phthalocyanine-fullerene dyad, para-PcF 

Absorption spectra of phthalocyanine-
fullerene dyad multilayer LS film and in 
toluene. 

= octadecylamine  
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1. Excitation of the electron donor 

2. Intra-molecular electron transfer to acceptor 

3. Formation of the charge separation state 
  0.8 ps

4. Inter-molecular charge hopping from  
    acceptor to acceptor 

35 ps

5. Formation of long-living CS-film 

6. Recombination of the CS-film 
>> 2 µs

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

H. Lehtivuori, T. Kumpulainen, A. Efimov,  
H. Lemmetyinen, A. Kira, H. Imahori, N.V. Tkachenko,  
J. Phys. Chem. C, 2008, 112(26), 9896-9902 
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Vectorial and lateral electron transfer processes take place in  
solutionsin time scale less than one ns, but 
in organized solid films µs – ms time scales 

Transient absorption decay at 510 nm 
of multi-layer PcC dyad. Flash-
photolysis 

Comparison of the spectra measured by pump-probe 
and flash-photolysis methods 

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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Kaunisto, Chucharev, Tkachenko, Lemmetyi- 
nen, Chem. Phys. Lett., 460, 2008, 10256 

Kaunisto, Chucharev, Tkachenko, Efimov,  
Lemmetyinen, J. Phys. Chem., 113, 2009, 3819 

Optical decay (left) and electrical decay curves (right) of PVT(or PHT) | DHD 
three layer systems  
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11 × ODA 

20 × ODA 

Al-electrode 

DHD6ee 
PHT ODA 

ITO ITO 

The LB-film structures for photovoltage measurements 

e- e-

Orientation of molecular thin films were obtained by using the 
Langmuir-Blodgett  technique: 

O

O

O

O

O

O

O

O

O
N

NN

N
O

PhOC
2
H
4
OH

O
OH

M

DHD6ee 



Department of Chemistry and Bioengineering

Molecules in self-assembled or organized phase: in 2D films vectorial 
electron transfer takes place …  
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PHT = a conductive polymer 
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... and create photovoltage or photocurrent! 
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Intensity of the photovoltage signals depends on number of 
electrons moving and on the distance of the movement  
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(a lower excitation intensity was used) 
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S
S

S S

S
S

The elements for preparing of supramolecular film structures 
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Molecular Engineering: Building a device:   

PHT 

     =

ITO 

=

PVT3 

PPQ 
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0 100 200 300 400 
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PVT3 

PPQ 

PHT 

-  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 
  radical 

Photovoltage signals for PVT3/Dyad/PPQ film systems: 

As number of layers increases the signal intensity and 
life time increase 
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Lifetimes are in time scale of of seconds! 
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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   

         NT--P*  NT-.--ZnP+.  NT—P 

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

        NT-P*  (NT-P)* NT--P 

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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5000, LB Minitrough, and Minialternate systems from KSV

Instruments. The subphase temperature was set to 18 ( 1 °C by

using a thermostat. Samples for photoelectrical measurements
were

prepared on indium tin oxide (ITO) coated glass plates with a
sheet

resistance of approximately 10 Ω/square. The plates were cleaned

in an ultrasonic bath in acetone as well as in chloroform and p
lasma

etched in a low-pressure nitrogen atmosphere plasma cleaner
PDC-

23G from Harrick. ODA layers were used as insulation betwe
en the

electrodes and the photoactive layers when preparing sampl
es for

the photoelectrical measurements. Typically, ∼11 layers of ODA
were deposited before the photoactive layers, and finally the sa

mples

were covered with ∼20 ODA layers. Samples for optical measure-
mentswere preparedonglass plates cleanedusing a standardpro

cess43

and plasma etched. Samples for surface characterization
were

prepared on silicon plates sonicated in acetone and rinsed
with

isopropanol.

Chloroform solutions of the film forming compounds in con-

centrations less than 1mMwere used for spreading inLBprepa
ration.

Spreading solutions were prepared from stock solutions of ODA,

PF dyad, AuNPs, or F-ref in chloroform and P-ref in hexane
. The

subphase was a phosphate buffer containing 0.5 mM Na2HPO4 and

0.1 mM NaH2PO4 in MilliQ water for ODA containing
films. With

this buffer, a solution pH-value of 7 was maintained. PF dya
d film

formation has been studied in detail elsewhere;
33 the selected

concentration was 10 mol % PF dyad in ODA, and the deposition

surface pressure was 15 mN/m with a dip velocity of 5 mm/min.

The orientation of the PF dyad relative to the substrate surfac
e was

controlled by the dip direction, that is, from water to air or vice

versa. P-ref films were prepared
44 in 10 mol % concentration in

ODA and deposited at a surface pressure of 28 mN/m with a dip

velocity of 10 mm/min. F-ref (100%) films were prepar
ed by

horizontal dipping (Langmuir-Schäfer, i.e., LSmethod) at a surface
pressure of 20mN/m from a 0.3mMCdCl2 subphase.

45 Pure (100%)

AuNP films were prepared by the LS method at a surface pre
ssure

of 8 mN/m using MilliQ water as the subphase. Mixed films
of 1.3

mol % AuNPs in ODA were deposited at a surface pressure of 7

mN/m with a dip velocity of 5 mm/min.

Surface Characterization. Atomic force microscopy (AF
M)

images of the surfaceswere obtainedwith aMolecular Imagin
g Pico

LE instrument in the tapping mode.

Spectroscopic Measurements. Absorption spectra of the fil
ms

were recorded with a Shimadzu UV-3600 UV-vis-NIR spectro-
photometer. Steady-state fluorescencewasmeasuredwith aFluo

rolog

3 Yobin Yvon-SPEX spectrofluorometer with a cooled infrared

sensitive photomultiplier (HamamatsuR2658). The emission s
pectra

were corrected to instrumentwavelength sensitivity using a corr
ection

spectrum supplied by themanufacturer. Time-resolved fluores
cence

wasmeasuredwith a time-correlated single photon counting (TC
SPC)

system consisting of a PicoHarp 300 controller and PDL 800-B

driver. The excitation wavelength was 404 nm from a pulsed
diode

laser head LDH-P-C-405B. The fluorescence signal was de
tected

with a microchannel plate photomultiplier tube (Hamamatsu

R2809U). Time resolution was approximately 100 ps.

PhotoelectricalMeasurements.Photoinduced chargemovem
ent

was studied with the time-resolved Maxwell displacement c
harge

(TRMDC) method.3
8,39 The principal configuration of the measure-

ment is shown in Scheme 2. Samples were excited by 10 ns p
ulses

from the second harmonic of a titanium-sapphire laser (adjusted
in the wavelength range 410-450 nm) pumped by the second
harmonic of a Q-switched Nd:YAG laser at a wavelength o

f 532

nm. A wavelength of 532 nm was also used for the excitation
of the

samples.

The optically active layers are insulated from the electrodes, a
nd

therefore, the photovoltage signal is caused by the photoin
duced

electron movement perpendicular to the sample plane in the

photoactive layers. The amplitude of the photovoltage is propor
tional

(43) Roberts, G. Langmuir-Blodgett films; Plenum Press: New York, 1990.

(44) Anikin, M.; Tkachenko, N. V.; Lemmetyinen, H. Lang
muir 1997, 13,

3002.
(45) Vuorimaa, E. Unpublished results.

Scheme 1
Scheme 2

AuNP Enhanced Charge Transfer in PF Dyad Films Langmuir, Vol. 23, No. 26, 2007 13119
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D-A pair on the surface of nano tube 

Covalently linked electron D (porphyrin)  
and A (C60) yield a long-lived  
charge-separated state efficiently 

Mixing D-A –pair, in a suitable  solution, intermolecular  
porphyrin–porphyrin (D-D) and C60–C60 (A-A)  interactions  
yield to a formation of nanograins, where D and A moieties  
are arranged separately. 

    Angew. Chem. Int. Ed., 2011, 50, 4615-4619
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Formation of porphyrin–porphyrin (D-D) and C60–C60 (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  

Angew. Chem. Int. Ed., 2011, 50, 4615-4619 

!"
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Electrophoretic deposition of the nanograins onto a nanostructured SnO2 
electrode fabricates  a desirable H2Por-C60-NT film on the electrode. 
(step 2) 

Step 1: Formations of the nanograins in the mixed 

Angew. Chem. Int. Ed., 2011, 50, 4615-4619 
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FE-SEM images on solid FTO/SnO2 

FE-SEM images of FTO/SnO2/films 
a) H2Por–C60   
b) H2Por-ref + C60-ref  
c) H2Por–C60+ NT electrodes
d) Corresponding photocurrent action
 spectra of 
1)  H2Por–C60
2) H2Por-ref + C60-ref 
3) H2Por–C60+ NT electrodes
4) H2Por-ref + C60-ref + NT

IPCE=incident photon to current efficiency
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Donor covalently linked on the surface/acceptor inside of nano 
tube 

               solution
     +

Chem. Comm., 2011, 47, 
11781-11883
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5000, LB Minitrough, and Minialternate systems from KSV

Instruments. The subphase temperature was set to 18 ( 1 °C by

using a thermostat. Samples for photoelectrical measurements
were

prepared on indium tin oxide (ITO) coated glass plates with a
sheet

resistance of approximately 10 Ω/square. The plates were cleaned

in an ultrasonic bath in acetone as well as in chloroform and p
lasma

etched in a low-pressure nitrogen atmosphere plasma cleaner
PDC-

23G from Harrick. ODA layers were used as insulation betwe
en the

electrodes and the photoactive layers when preparing sampl
es for

the photoelectrical measurements. Typically, ∼11 layers of ODA
were deposited before the photoactive layers, and finally the sa

mples

were covered with ∼20 ODA layers. Samples for optical measure-
mentswere preparedonglass plates cleanedusing a standardpro

cess43

and plasma etched. Samples for surface characterization
were

prepared on silicon plates sonicated in acetone and rinsed
with

isopropanol.

Chloroform solutions of the film forming compounds in con-

centrations less than 1mMwere used for spreading inLBprepa
ration.

Spreading solutions were prepared from stock solutions of ODA,

PF dyad, AuNPs, or F-ref in chloroform and P-ref in hexane
. The

subphase was a phosphate buffer containing 0.5 mM Na2HPO4 and

0.1 mM NaH2PO4 in MilliQ water for ODA containing
films. With

this buffer, a solution pH-value of 7 was maintained. PF dya
d film

formation has been studied in detail elsewhere;
33 the selected

concentration was 10 mol % PF dyad in ODA, and the deposition

surface pressure was 15 mN/m with a dip velocity of 5 mm/min.

The orientation of the PF dyad relative to the substrate surfac
e was

controlled by the dip direction, that is, from water to air or vice

versa. P-ref films were prepared
44 in 10 mol % concentration in

ODA and deposited at a surface pressure of 28 mN/m with a dip

velocity of 10 mm/min. F-ref (100%) films were prepar
ed by

horizontal dipping (Langmuir-Schäfer, i.e., LSmethod) at a surface
pressure of 20mN/m from a 0.3mMCdCl2 subphase.

45 Pure (100%)

AuNP films were prepared by the LS method at a surface pre
ssure

of 8 mN/m using MilliQ water as the subphase. Mixed films
of 1.3

mol % AuNPs in ODA were deposited at a surface pressure of 7

mN/m with a dip velocity of 5 mm/min.

Surface Characterization. Atomic force microscopy (AF
M)

images of the surfaceswere obtainedwith aMolecular Imagin
g Pico

LE instrument in the tapping mode.

Spectroscopic Measurements. Absorption spectra of the fil
ms

were recorded with a Shimadzu UV-3600 UV-vis-NIR spectro-
photometer. Steady-state fluorescencewasmeasuredwith aFluo

rolog

3 Yobin Yvon-SPEX spectrofluorometer with a cooled infrared

sensitive photomultiplier (HamamatsuR2658). The emission s
pectra

were corrected to instrumentwavelength sensitivity using a corr
ection

spectrum supplied by themanufacturer. Time-resolved fluores
cence

wasmeasuredwith a time-correlated single photon counting (TC
SPC)

system consisting of a PicoHarp 300 controller and PDL 800-B

driver. The excitation wavelength was 404 nm from a pulsed
diode

laser head LDH-P-C-405B. The fluorescence signal was de
tected

with a microchannel plate photomultiplier tube (Hamamatsu

R2809U). Time resolution was approximately 100 ps.

PhotoelectricalMeasurements.Photoinduced chargemovem
ent

was studied with the time-resolved Maxwell displacement c
harge

(TRMDC) method.3
8,39 The principal configuration of the measure-

ment is shown in Scheme 2. Samples were excited by 10 ns p
ulses

from the second harmonic of a titanium-sapphire laser (adjusted
in the wavelength range 410-450 nm) pumped by the second
harmonic of a Q-switched Nd:YAG laser at a wavelength o

f 532

nm. A wavelength of 532 nm was also used for the excitation
of the

samples.

The optically active layers are insulated from the electrodes, a
nd

therefore, the photovoltage signal is caused by the photoin
duced

electron movement perpendicular to the sample plane in the

photoactive layers. The amplitude of the photovoltage is propor
tional

(43) Roberts, G. Langmuir-Blodgett films; Plenum Press: New York, 1990.

(44) Anikin, M.; Tkachenko, N. V.; Lemmetyinen, H. Lang
muir 1997, 13,

3002.
(45) Vuorimaa, E. Unpublished results.

Scheme 1
Scheme 2

AuNP Enhanced Charge Transfer in PF Dyad Films Langmuir, Vol. 23, No. 26, 2007 13119

C60@NT
C60@NT-PhI

C60@NT-ZnP
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Absorption and emission spectra of components forming 
Donor-Acceptor system separated by NT 

C60@NT-PhI C60@NT-ZnP
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 τ = 2.0 ns 

The porphyrin emission decays and transient absorption 
spectra of C60@NT-ZnP and ZnP-ref 

τ  < 70 ps 

C60@NT-ZnP*  C60@(NT-ZnP)* C60
-.@NT-ZnP•+ 
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5000, LB Minitrough, and Minialternate systems from KSV

Instruments. The subphase temperature was set to 18 ( 1 °C by

using a thermostat. Samples for photoelectrical measurements
were

prepared on indium tin oxide (ITO) coated glass plates with a
sheet

resistance of approximately 10 Ω/square. The plates were cleaned

in an ultrasonic bath in acetone as well as in chloroform and p
lasma

etched in a low-pressure nitrogen atmosphere plasma cleaner
PDC-

23G from Harrick. ODA layers were used as insulation betwe
en the

electrodes and the photoactive layers when preparing sampl
es for

the photoelectrical measurements. Typically, ∼11 layers of ODA
were deposited before the photoactive layers, and finally the sa

mples

were covered with ∼20 ODA layers. Samples for optical measure-
mentswere preparedonglass plates cleanedusing a standardpro

cess43

and plasma etched. Samples for surface characterization
were

prepared on silicon plates sonicated in acetone and rinsed
with

isopropanol.

Chloroform solutions of the film forming compounds in con-

centrations less than 1mMwere used for spreading inLBprepa
ration.

Spreading solutions were prepared from stock solutions of ODA,

PF dyad, AuNPs, or F-ref in chloroform and P-ref in hexane
. The

subphase was a phosphate buffer containing 0.5 mM Na2HPO4 and

0.1 mM NaH2PO4 in MilliQ water for ODA containing
films. With

this buffer, a solution pH-value of 7 was maintained. PF dya
d film

formation has been studied in detail elsewhere;
33 the selected

concentration was 10 mol % PF dyad in ODA, and the deposition

surface pressure was 15 mN/m with a dip velocity of 5 mm/min.

The orientation of the PF dyad relative to the substrate surfac
e was

controlled by the dip direction, that is, from water to air or vice

versa. P-ref films were prepared
44 in 10 mol % concentration in

ODA and deposited at a surface pressure of 28 mN/m with a dip

velocity of 10 mm/min. F-ref (100%) films were prepar
ed by

horizontal dipping (Langmuir-Schäfer, i.e., LSmethod) at a surface
pressure of 20mN/m from a 0.3mMCdCl2 subphase.

45 Pure (100%)

AuNP films were prepared by the LS method at a surface pre
ssure

of 8 mN/m using MilliQ water as the subphase. Mixed films
of 1.3

mol % AuNPs in ODA were deposited at a surface pressure of 7

mN/m with a dip velocity of 5 mm/min.

Surface Characterization. Atomic force microscopy (AF
M)

images of the surfaceswere obtainedwith aMolecular Imagin
g Pico

LE instrument in the tapping mode.

Spectroscopic Measurements. Absorption spectra of the fil
ms

were recorded with a Shimadzu UV-3600 UV-vis-NIR spectro-
photometer. Steady-state fluorescencewasmeasuredwith aFluo

rolog

3 Yobin Yvon-SPEX spectrofluorometer with a cooled infrared

sensitive photomultiplier (HamamatsuR2658). The emission s
pectra

were corrected to instrumentwavelength sensitivity using a corr
ection

spectrum supplied by themanufacturer. Time-resolved fluores
cence

wasmeasuredwith a time-correlated single photon counting (TC
SPC)

system consisting of a PicoHarp 300 controller and PDL 800-B

driver. The excitation wavelength was 404 nm from a pulsed
diode

laser head LDH-P-C-405B. The fluorescence signal was de
tected

with a microchannel plate photomultiplier tube (Hamamatsu

R2809U). Time resolution was approximately 100 ps.

PhotoelectricalMeasurements.Photoinduced chargemovem
ent

was studied with the time-resolved Maxwell displacement c
harge

(TRMDC) method.3
8,39 The principal configuration of the measure-

ment is shown in Scheme 2. Samples were excited by 10 ns p
ulses

from the second harmonic of a titanium-sapphire laser (adjusted
in the wavelength range 410-450 nm) pumped by the second
harmonic of a Q-switched Nd:YAG laser at a wavelength o

f 532

nm. A wavelength of 532 nm was also used for the excitation
of the

samples.

The optically active layers are insulated from the electrodes, a
nd

therefore, the photovoltage signal is caused by the photoin
duced

electron movement perpendicular to the sample plane in the

photoactive layers. The amplitude of the photovoltage is propor
tional

(43) Roberts, G. Langmuir-Blodgett films; Plenum Press: New York, 1990.

(44) Anikin, M.; Tkachenko, N. V.; Lemmetyinen, H. Lang
muir 1997, 13,

3002.
(45) Vuorimaa, E. Unpublished results.

Scheme 1
Scheme 2
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Why we do all this research?                  
We have a dream… 

… and not only we! 
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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
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Word energy consumtion annually  

2004   5,0 1020 J   15,0 1012 W   15 TW 
2010   5,4 1020 J   17,1 1012 W   17 TW 
2020   7,1 1020 J   22,5 1012 W   23 TW 
2040               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 
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100 GW in five years
≈ 100 Nuclear Plants
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Schematic representation of photovoltaic (a) and photochemical (b) cells.  

pathways become available for further transformations (Figure
2b):
(a) The electrons and holes residing in the CB and valence

band (VB), respectively, can recombine, τrecomb,1.

(b) The charge carriers can diffuse away from each other,
τdiff,e and τdiff,h, leading to charge separation. Simulta-
neously, the electron and hole relax to the corresponding
edges of the bulk CB and VB.

(c) During diffusion and charge separation, electrons (τtrap,e)
and holes (τtrap,h) can be captured by trap states; this is
mostly due to surface defects and vacancies, although it
can occur in bulk as well.

(d) Trapped electron and holes can recombine with the VB
holes and CB electrons, respectively, τrecomb,2 and τrecomb,3.
Trapped electrons can also recombine with the trapped
holes; this process is slow, unless the electron and hole
traps are located close to each other.

Finally, when the electrons and holes arrive at the surface
reaction sites, they promote reduction and oxidation,
respectively. The reaction sites are usually separated spatially,
either by the use of cocatalysts, which direct the electron and
hole movement in the nanoparticle, or by relaying the
photoanode with the counter electrode, as in photovoltaic
systems. In the first case, the reactions occur on the same
nanoparticle or on the same electrode, producing a mixture of
products (e.g., O2 and H2 gases in the water splitting reaction).
In the second case, products of the reduction and oxidation
reactions are produced on different electrodes, simplifying their
separation. There is no significant voltage difference between
the anode and cathode, unlike in the photovoltaic cell.
The efficiency of the photovoltaic and photochemical cells

can be characterized by the overall power conversion efficiency,
η, and by the incident photon-to-current efficiency (IPCE).34

The power conversion efficiency is determined by the
photocurrent density, measured by the short circuit, Jsc, the
open circuit voltage, Voc, the fill factor of the cell, f f, and the
intensity of the incident light, Is, as follows:

η =
· ·J V ff
I

sc oc

s (1.1)

The fill factor is the ratio of the maximum power of the solar
cell, Pmax, and the product of the open circuit voltage, Voc, and
the short circuit current, Isc:

= ·ff
P
I V

max

sc oc (1.2)

Maximum power, Pmax, is the product of the photocurrent
and photovoltage, at the voltage in which the cell has maximal
power output. The fill factor has a range from 0 to 1, and
reflects the extent to which the power is lost during operation
due to ohmic resistance and electrochemical phenomena, which
require an overpotential.
The photocurrent density, Jsc, that enters the expression for

the power conversion efficiency is defined by integrating
IPCE(λ) over the solar spectral density, Is(λ):

∫ λ λ= λJ e IIPCE( ) ( ) dsc s (1.3)

where e is the charge of an electron. IPCE(λ) defines the
photocurrent density, produced in an external circuit under
monochromatic irradiation per photon flux. This quantity is
often used in conjunction with the power conversion efficiency
to better characterize the properties of a solar cell device. IPCE
can be high, even when the power conversion is low; however,
if it is low, it is very unlikely that the power conversion will be
high. Thus, the IPCE is useful for prescreening possible
candidates for high-efficiency solar devices.
The IPCE can also be computed using the formula:35

λ λ φ λ η η=IPCE( ) LHE( ) ( )inj coll reg (1.4)

The light-harvesting efficiency, LHE(λ), at wavelength, λ, is
given by LHE(λ) = (1 − 10−A), where A is the film absorbance.
The quantum yield for electron injection from the excited
sensitizer into the CB of the semiconductor substrate is ϕinj(λ).
The electron collection efficiency, ηcoll, reflects electron losses
due to back-electron transfer (ET) and related processes
happening after electron injection occurs in the semiconductor.
Dye regeneration efficiency is ηreg. The quantum yield for
electron injection, ϕinj(λ), can, in principle, depend on the
excitation wavelength, particularly for sensitizers with a dense
manifold of unoccupied orbitals near the excitation level, such
as quantum dots or graphene. In terms of the above kinetic

Figure 1. Schematic representation of photovoltaic (a) and photochemical (b) cells.

Chemical Reviews Review

dx.doi.org/10.1021/cr3004899 | Chem. Rev. 2013, 113, 4496−45654498
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At low coverages, when the porphyrins and phthalocyanines
are parallel to the surface, the orbitals of the dye molecule
strongly overlap with those of the CB of semiconductor,
leading to strong donor−acceptor couplings, thus providing the
basis for fast and efficient injection of the photoexcited electron
from the excited sensitizer group into the substrate.469 It has
been shown experimentally470 that the interaction of a ZnPP
metal atom and a rutile TiO2(110) surface at submonolayer
coverage is so strong that the metal atom is pulled out from the
metallo−organic complex, thus diminishing the light-harvesting
properties of the latter. In the physisorption mode, the metal
atom of the sensitizer remains in the complex, thus preserving
its optical properties. However, spatial separation between the
dye and the semiconductor decreases their coupling, leading to
an overall reduction of DSSC efficiency. Therefore, is it not
always possible to take advantage of both planar coordination
and chemical functionality of such dye molecules.
Using particular substituents in the porphyrin and

phthalocyanine rings, one can favor specific binding modes
(parallel or perpendicular to the surface) on the semiconductor
surfaces and prevent aggregation.443,474−477 For example, the
presence of four carboxylic groups in the substituents of the
porphyrin ring resulted in spider-like coordination474,476 of the
sensitizer on the oxide surface, with the ring parallel to the
substrate surface (Figure 24, left). On the contrary, if only one

or two carboxylic anchors are available, the resulting binding
mode is perpendicular (Figure 24, middle, right) so the
coupling between the aromatic ring and the surface is
minimized and mediated only by the π-system of the
carboxylate anchor. In the parallel coordination case, the direct
coupling between the aromatic porphyrin ring and the CB of
the semiconductor can be realized, leading to a more efficient
charge transfer and a higher efficiency of the DSSC.
Wrapping porphyrins in long alkoxyl and alkyl chains helps

prevent face-to-face aggregation (π-stacking), and increases the
CB edge energy, thus resulting in higher voltage.478 In addition,
bulky alkyl or alkoxyl chains help to prevent charge
recombination between the dye and the electrolyte species by
protecting porphyrin rings via formation of a hydrophobic layer
(see Figure 25). These innovations have resulted in increased
energy conversion efficiency for such sensitizers, up to almost
11%.478

3.5. Donor and Acceptor States
An understanding of the properties of donor and acceptor
states is necessary to accurately describe the electron injection
process from a dye molecule to a semiconductor substrate.
Depending on the nature of the chromophore, the substrate,

and their interactions, it is possible to classify the states into
two types, weakly and strongly mixed.

3.5.1. Weak Mixing. If the donor and acceptor fragments
are connected by a bridge, the coupling is weak, and the initial
and final states of the ET process are well localized on the
corresponding fragments. This is particularly true for donors
that have discrete energy levels. Examples include molecular
sensitizes, such as alizarin, coumarin, N3, and small QDs
(Figure 26). After photoexcitation occurs, the donor orbitals

are almost completely localized on the sensitizer group, while
the acceptor orbitals are localized on the substrate. Increasing
the length of the chromophore−semiconductor bridge
accentuates state localization on the donor and acceptor
fragments. In an idealized case, in which the donor and
acceptor states are degenerate, the eigenstates of the electronic
Hamiltonian (i.e., adiabatic states) are spread over both
fragments, even with weak donor−acceptor coupling. However,

Figure 24. Binding modes of porphyrins and phthalocyanines,
depending on the number and type of substituents.

Figure 25. Hydrophobic alkyl/alkoxyl chains help to prevent electron
recombination to electrolyte. Adapted with permission from ref 478.
Copyright 2012 The Royal Society of Chemistry.

Figure 26. Electron donor and acceptor states in TiO2 sensitized with
molecular and QD chromophores. (a,b) Alizarin/TiO2 donor and
acceptor states; (c,d) QD-TiO2 donor and acceptor states. Adapted
with permission from ref 154. Copyright 2011 American Chemical
Society. (e,f) N3/TiO2 donor and acceptor states. Adapted with
permission from ref 149. Copyright 2009 American Chemical Society.

Chemical Reviews Review

dx.doi.org/10.1021/cr3004899 | Chem. Rev. 2013, 113, 4496−45654529

Binding modes of porphyrins and phthalocyanines  
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Photovoltaic conversion processes in bilayered organic solar cells:  
1) exciton generation, 2) exciton diffusion, 3) charge transfer,  
4) charge dissociation, and 5) charge transport. 
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important to understand the origin of the losses limiting the

performance.

Several different factors have already been identified,

including the limited absorption, the nano-morphology7 of the

photoactive layer, the high exciton binding energy, losses due to

charge carrier recombination,8 inefficient charge transport9 and

the non-optimized offset between the donor and the acceptor

energy levels.10

Recently a lot of studies have pointed out the role of the charge

transfer (CT) state, since both its presence and its dissociation–

recombination dynamics may ultimately influence the perfor-

mance of the device.

In organic semiconductors, the absorption of light leads to the

generation of strongly bound electron–hole pairs, called excitons.

Due to their low dielectric constant (3¼ 2–4), the exciton binding

energy (0.3–0.5 eV) is considerably higher than in inorganic

semiconductors (0.01–0.05 eV). In order to overcome this energy

and to create free charges a type two heterojunction is necessary.

The heterojunction is constituted by an electron donor (hole

transporting) material and an acceptor (electron transporting)

material. The optimal heterojunction structure is the BHJ, in

which the two components form a bicontinuous network,

maximizing the interfacial area where the exciton dissociation

can take place. In state-of-the-art systems, the donor is generally

a narrow band gap polymer, and the acceptor a fullerene deriv-

ative. In the commonly accepted scheme, the working mecha-

nism of this class of solar cells has four fundamental steps:11 (i)

absorption of light and formation of the exciton, (ii) diffusion of

the exciton at the interface, (iii) dissociation of the exciton with

formation of charges, and (iv) charge transport and charge

collection. However, the details of the free charge generation

have not been fully understood.

Recent studies have pointed out also the presence of an

intermediate state between the exciton and the separated charges,

namely the CT state. In this case, a part of the excited state

population will form a weakly bound state at the interface

between the donor and the acceptor (Fig. 1).

Different mechanisms have been identified to compete with the

photocurrent generation: the ‘‘geminate’’ and the ‘‘non-gemi-

nate’’ recombinations. Geminate recombination indicates the

recombination of the originally generated bound charges, the CT

exciton, to the ground state. This mechanism therefore competes

directly with the dissociation at the interface. Alternatively,

charges can recombine after their dissociation, the ‘‘non-

geminate’’ recombination, during the transport to the respective

electrodes.

From this simplified description of the photocurrent genera-

tion in organic solar cells, it is clear that the dissociation–

recombination dynamics of the CT state may be of critical

importance in achieving high efficiency.

In this review article, after describing the spectroscopic

evidence of the existence of the CT state, we will discuss the

dynamics of this intermediate state in relation to the photovoltaic

performance. Central emphasis will be devoted to state-of-the-

art, high efficiency polymer–fullerene BHJ solar cells. For

a general treatment of the charge photogeneration in organic

solar cells the reader can refer to more extensive reviews recently

published.12–14

Charge transfer state

The charge transfer state is described as an excited state where

the promoted electron is transferred to the nearest neighbouring

molecular site, but still remains coulombically correlated with its

parent hole.15

Different terms are used in the literature to refer to this

intermediate state between the exciton and the fully separated

charge. Some examples are: geminate pair, bound polaron pair

and exciplex. However, these different terms refer to different

physical properties. The ‘‘charge transfer exciton’’ is accessible

from the ground state,15 while the terms exciplex, geminate pair

and polaron pair are substantially synonyms.16 In this text we

will refer to ‘‘charge transfer state’’ and ‘‘charge transfer

exciton’’.

Evidence of charge transfer state in polymer:fullerene
blends

The CT state can be populated via the photo-excitation of the

donor or acceptor molecules followed by relaxation into the CT

state or via direct excitation in the CT band. After population,

the CT state relaxes to the ground state radiatively or non-

radiatively or it may eventually dissociate forming free charge

carriers. If the CT states are coupled radiatively to the ground

state, they are easily observed by using steady-state and time-

resolved photoluminescence (PL) techniques. Emissive CT states

have been shown to be characterized by a broad, red-shifted PL

band, with a long radiative lifetime, that occurs only in the blend

and cannot be assigned to PL from either of the individual

components. Therefore a detailed analysis of the ground-state

absorption and the PL of donor–acceptor blends allows for the

identification of the transition characteristic of the CT state.

Most examples of intermediate state emission come from

polymer:polymer blends,17,18 and this is often considered as an

‘exciplex’ emission. There have been few reports of such emis-

sions from polymer:fullerene blends.

One of the first reports by Loi et al.19 showed the presence of

the CT state in blends of poly((2,7-(9,9-(di-n-octyl)fluorene)-alt-

5,5-(40,70-di-thienyl-20,10,30-benzothiadiazole))) F8DTBT

(F8DTBT has also been called APFO-3 in the literature) and

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), by

combining steady-state PL spectroscopy and time resolved

measurements. The comparison of the PL spectrum of the

Fig. 1 Schematic of a bulk heterojunction solar cell and the simplified

energy level diagram of a donor/acceptor interface in the type two

heterojunction, showing the formation of the charge transfer state.

4142 | J. Mater. Chem., 2012, 22, 4141–4150 This journal is ª The Royal Society of Chemistry 2012
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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) C60,  
f) PCBM, g) [70]PCBM. 
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Organic solar cell configurations 

Electron donor (HTL)

Electron acceptor (ETL)

BULK HETEROJUNCTIONLAYERED

PLASTIC or GLASS
                               ITO

Al or Au

+_

PLASTIC or GLASS
                               ITO

Al or Au

+_
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August 29, 2013 

Zn-benzothiazole as buffer layer 

Sample structure JSC,  
mA/cm2 

UOC, 
V 

FF η

ITO|ZnO|PHT:PCBM|Alq3|Au 4.45 0.49 0.59 2.77 

ITO|ZnO|PHT:PCBM|ZnBTZ2|Au 4.95 0.53 0.61 3.26 

ITO|ZnO|PHT:PCBM|Alq3|ZnBTZ2|Au 14.18 0.46 0.53 6.70 

Sample lifetime is one year at ambient 
conditions. 
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Doping the bulk heterojunction 

1,7-PyPDI  JSC (mA/cm2) UOC (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 

0.03 12.57 0.55 0.55 3.8 
0.04 11.37 0.55 0.58 3.63 

0.05 11.23 0.56 0.58 3.65 

0.1 10.37 0.56 0.62 3.6 

Optimum concentration 
of doping compound 
(PDI) is 3 % (by weight) 
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