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S area of an interface m
2
 

T absolute temperature K 

t time s 

v potential sweep rate in LSV and CV V s
-1

V volume dm
3
 

Vc voltage V 

Vf volume of a film dm
3
 

Vmp voltage corresponding to maximum power V 

(of a photovoltaic cell) 

Voc open circuit voltage V 

Vs surface potential V 

z tip-to-sample distance in AFM nm 

α Brewster angle degree 

 surface tension of a subphase solution in a Langmuir trough J m
-2

 

with a Langmuir film spread 

0 surface tension of a subphase solution in a Langmuir trough J m
-2

 

without a Langmuir film 

pulse diffusion layer thickness in potential pulse electrochemical m 

methods

sweep diffusion layer thickness in potential sweep electrochemical m 

methods 

f frequency change of a quartz crystal resonator Hz 

m mass change of a quartz crystal resonator g 

W difference between the work function of the sample  eV 

and the XPS detector material 

0 electric permittivity of vacuum F m
-1
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r electric permittivity of a material F m
-1

 

A molar absorptivity of a substrate 

e relative electric permittivity of a material F m
-1

 

p incident electric vector of p-components of radiation 

p
′  reflected electric vector of p-components of radiation  

s incident electric vector of s-components of radiation  

s
′  reflected electric vector of s-components of radiation  

R molar absorptivity of an analyte  

RA molar absorptivity of a complex 

c angle of incidence of an IR light beam degree 

 compression coefficient of a Langmuir film  


 wavelength nm 

 electric dipole moment D 

 component of a dipole moment normal to the D 

interface plane 

q shear modulus of quartz g cm
-1 s

-2
 

 surface pressure mN m
-1

 

q density of quartz g cm
-3 

L density of a working solution g cm
-3

p phase change in the p-component of radiation degree

s phase change in the s-component of radiation degree

 overall power conversion efficiency of a photovoltaic cell % 

L dynamic viscosity g cm
-1

 s
-1

k kinematic viscosity kg s-1 m-1

 solar energy conversion efficiency, i.e., quantum yield 

ω angular velocity of a rotating disk electrode rad.p.s. 

t AFM tip oscillation frequency Hz 

t,0 AFM tip resonance frequency Hz 
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Streszczenie pracy doktorskiej 

Tytuł: „Cienkie warstwy funkcjonalnych materiałów redox do przetwarzania energii 

słonecznej, elektrokatalizy i gromadzenia energii”. 

Autor: mgr inż. Ievgen Obraztsov 

Promotor: Prof. dr hab. Włodzimierz Kutner 

Niniejsza praca doktorska opisuje przygotowanie i właściwości cienkich warstw 

funkcjonalnych materiałów organicznych, zbudowanych z [C60]fulerenu, pochodnych 

porfiryny kobaltu lub ftalocyjaniny cynku, jak również nanorurek węglowych, do 

przetwarzania energii słonecznej, elektrokatalitycznej redukcji tlenu i gromadzenia energii 

elektrycznej. 

Najpierw przedstawiane są diady donorowo-akceptorowe.  Pierwszy rozdział opisuje 

przygotowanie i właściwości diady donorowo-akceptorowej [C60]fullerenu z dołączoną grupą 

uracylową oraz 2-aminopuryny, [C60ur-(2-AP)].  Diada ta była przygotowana przez 

samoorganizację w warstwie Langmuira na granicy faz wody i powietrza za pomocą 

parowania zasad nukleinowych typu Watsona-Cricka.  Drugi rozdział opisuje badania warstw 

Langmuira i Langmuira-Blodgett (LB) diady donorowo-akceptorowej zbudowanej z 

pochodnej ftalocyjaniny cynku, z peryferyjnymi podstawnikami eterowymi, i [C60]fulerenu z 

dołączonym pierścieniem imidazolowym, Zn(TPPE)-C60im.  Trzeci rozdział przedstawia 

wyniki badań diady składającej się z polimeru porfiryny cynku z trifenyloaminowymi 

grupami peryferyjnymi jako donora i C60im, jako akceptora, osiowo przykoordynowanego do 

centralnego atomu cynku, [(Ph3N)4ZnP polimer]-C60im.  Struktura tych diad została 

zoptymalizowana za pomocą obliczeń DFT.  Powstawanie diad w warstwach Langmuira i ich 

morfologię uwidoczniono za pomocą mikroskopii kąta Brewstera.  Wielowarstwy LB diady 

Zn(TPPE)-C60im i [(Ph3N)4ZnP polimeru]-C60im przeniesiono na różne podłoża stałe i ich 

właściwośc zbadano za pomocą spektroskopii UV-vis, femtosekundowej przejściowej 

spektroskopii absorpcyjnej i PM-IRRAS oraz uwidoczniono za pomocą AFM  jak i pomiarów 

elektrochemicznych.  Zbadane zostały również właściwości fotoelektrochemiczne warstw LB 

diady Zn(TPPE)-C60im i [(Ph3N)4ZnP polimeru]-C60im.  

Druga część pracy przedstawia badania materiału do elektrokatalitycznej redukcji 

tlenu, zbudowanego z polimeru porfiryny kobaltu z dołączonymi peryferyjnymi 

podstawnikami trifenyloaminowymi.  Za pomocą dwukleszczowego ligandu organicznego, 

przed elektropolimeryzacją przygotowywano dimer zbudowany z dwóch cząsteczek 

monomeru.  Aktywność elektrokatalityczna tego polimeru względem redukcji tlenu uległa 

znacznemu podwyższeniu dzięki zastosowaniu tego ligandu.  Warstwę polimeru 

scharakteryzowano za pomocą różnych technik elektrochemicznych i spektroskopowych oraz 

za pomocą AFM. 

Trzecia część pracy jest poświęcona badaniom sprawności elektrochemicznej nowego 

kompozytu do odwracalnego gromadzenia ładunku elektrycznego.  Kompozyt ten składał się 

z elektrochemicznie spolimeryzowanego [C60]fulerenu, z dołączonym podstawnikiem 

ferrocenowym, na powierzchni elektroforetycznie osadzonej na elektrodzie warstwy 

niekowalencyjnie zmodyfikowanych jednościennych nanorurek węglowych.  Zmontowano 

kondensator electrochemiczny do gromadzenia ładunku, składający się z dwóch jednakowych 

elektrod złotych pokrytych warstwą kompozytu.  Następnie zbadano elektrochemiczną 

trwałość tych warstw w trakcie galwanostatycznego wielocyklicznego ładowania i 

rozładowania.  Wyznaczono również moc całkowicie lub tylko częściowo naładowanego 

kondensatora.  
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Summary of the Ph.D. thesis 

Title: “Thin films of functional redox materials for solar energy conversion, 

electrocatalysis, and energy storage”. 

Author: Ievgen Obraztsov, M.Sc. 

Supervisor: Prof. Włodzimierz Kutner, Ph.D., D.Sc.  

The present Ph.D. thesis describes research on preparation and characterization of thin films 

of organic functional materials based on the [C60]fullerene,  Co porphyrin, and Zn 

phthalocyanine derivatives as well as on carbon nanotubes, for solar energy harvesting, 

dioxygen electrocatalytic reduction, and electric energy storage. 

The first part of the thesis is composed of three chapters devoted to electron donor-

acceptor dyads.  The first chapter describes preparation and characterization of the electron 

donor-acceptor dyad of uracil-appended [C60]fullerene and 2-aminopurine, C60ur-(2-AP).  The 

dyad was self-assembled in a Langmuir film on the water-air interface by the Watson-Crick 

nucleobase paring.  The second chapter describes investigations of the Langmuir and 

Langmuir-Blodgett (LB) films of the electron donor-acceptor dyad of (alkylether-appended 

Zn phthalocyanine)-(imidazole-derivatized [C60]fullerene), Zn(TPPE)-C60im.  The third 

chapter presents results of the research of an electron donor-acceptor dyad composed of a 

polymer of triphenylamine-appended Zn porphyrin as the donor moiety and C60im axially 

self-assembled to the Zn central atom, [(Ph3N)4ZnP polymer]-C60im.  Structure of the dyads 

was optimized with the DFT computing.  Formation of dyads in Langmuir films and the film 

morphology were unraveled by Brewster angle microscopy imaging.  Multilayer LB films of 

dyads and the [(Ph3N)4ZnP polymer]-C60im construct were prepared on different solid 

substrates and characterized with the UV-vis, PM-IRRAS, and femtosecond transient 

absorption spectroscopic as well as electrochemical measurements, and AFM imaging.  

Finally, photoelectrochemical behavior of the multilayer LB film of the Zn(TPPE)-C60im 

dyad and the [(Ph3N)4ZnP polymer]-C60im construct was examined. 

The second part of the thesis presents investigations of an electrocatalytic material for 

dioxygen reduction based on a polymer of Co porphyrin appended with triphenylamine 

peripheral substituents.  A bidentate templating organic ligand was used to form a face-to-face 

dimer of two monomer molecules prior to electropolymerization.  This templating enhanced 

electrocatalytic activity towards dioxygen reduction of the resulting polymer film.  The film 

was characterized with different electrochemical and spectroscopic techniques as well as by 

AFM imaging. 

The third part of the thesis describes electrochemical performance of an electric charge 

storage material composed of the electropolymerized ferrocene adduct of [C60]fullerene 

immobilized over an electrophoretically deposited film of non-covalently modified single-

wall carbon nanotubes.  The electrophoretic deposition procedure was optimized and a charge 

storage device, composed of two identical Au disk electrodes coated with the composite films, 

was assembled.  Then, electrochemical stability of the films in galvanostatic multi-cycle 

charging and discharging was evaluated.  Finally, power of the fully or partially charged 

device was determined. 
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1.  Motivation and research goals 

Energy becomes one of the most important resources in the world of 21
st
 century and its 

importance is expected to increase even more in the nearest future.
1
  Current access to energy 

sources and its perspectives become an issue of economic security.
2
  Globally, ~15 trillion 

watts (15 TW) of power is consumed annually and this value is expected to grow by 50% till 

2035.
3,4

  Despite decreasing reserves of fossil fuels, they are intensively being used providing 

nearly 86% of total energy consumed in 2011.
5
  Moreover, the use of fossil fuels produces 

harmful side effects, such as environmental pollution that threatens human health.
6
  One of the 

prospective ways to address the energy issue is to devise new materials and to develop new 

technologies, which will make energy generation and storage cleaner, safer, and cheaper.   

The present research is focused on fabrication and characterization of new organic 

molecular constructs for use as electrode materials for solar energy conversion, 

electrocatalysis, and energy storage.  Until recent years, conventional photovoltaic cells, fuel 

cells, or supercapacitors were primarily used in the space and military applications.  The main 

reason limiting their widespread personal use was a high cost.  Now, billions of energy 

demanding mobile devices along with a global energy shortage problem require alternate 

solutions to the fossil fuel energy and “an electric socket in the wall”.  One of the ways to 

address the energy issue is to devise functional materials for solar energy conversion, oxygen 

reduction catalysis, and energy storage devises.  This field of materials science has 

intensively been explored for the last decades.   

Photovoltaics is an efficient way of conversion of solar energy into electric energy.  

Traditional photovoltaics is based on silicon.  It is relatively efficient and modestly durable.  

However, a high purity silicon required and limited production capacity make the large-scale 

application of silicon-based photovoltaics costly.
7,8

  A viable alternative to silicon 

semiconductors are organic semiconducting materials.
9
   

Energy storage is complementary to energy generation, particularly by the 

photovoltaic and fuel cells.  Here, one of the main goals in devising electrode materials is to 

combine such properties as high energy density, high capacity, and fast charge-discharge 

ability in one electroactive material.  Successful combination of these functional 

characteristics of faradaic capacitors and rechargeable batteries in novel active materials for 

energy storage devices may result in another energy revolution.  A promising candidate for 
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that is a mixed-type energy storage material, revealing both the double-layer capacity and 

faradaic, i.e., redox pseudocapacity properties. 

Despite a huge effort and massive investment made, devices such as photovoltaic cells 

and supercapacitors based on organic functional materials were commercialized only recently 

still leaving much room for improvement, which is addressed in the present thesis.
10
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2.  Critical literature survey 

The present chapter describes both fundamentals and critical review of selected recent 

research on organic photovoltaics, dioxygen electrocatalytic reduction, carbon nanomaterial 

composites in application to energy storage devices, and mechanisms of 

electropolymerization of monomers used in the present research.  Moreover, it briefly depicts 

all techniques used. 

2.1  Organic photovoltaics 

Sun is a powerful and inexhaustible source of energy.  It delivers to Earth more energy than 

the mankind consumes now and will need in far perspective.  That is, only one hour of 

sunshine illumination (3.8 × 10
23

 kW) is more than enough to satisfy human energy demand 

for the entire year (1.6 × 10
10

 kW in 2005)
11

 (Fig. 2.1-1).   
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Figure 2.1-1.  Reference solar spectral irradiance, (a) AM 0 standard, (b) direct normal 

spectral irradiance, (c) AM 1.5 standard.  (Adapted from 

www.rredc.nrel.gov/solar/spectra/am1.5). 
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Although the photovoltaic effect was discovered by Alexandre-Edmond Becquerel as 

early as in 1839, first commercial solar cells were manufactured, for the space program, over 

a century afterwards, and, their use had been very limited for a long time. 

Organic photovoltaic (OPV) materials are single molecules, complexes, oligomers, or 

conjugated semiconducting polymers capable of charge separation upon photoexcitation.  

Their advantages over the crystalline silicon photovoltaic materials consist in (1) low-to-

negligible cost of an active photovoltaic material,
12

 (2) easy to up-scale production, (3) 

variety of sources of materials, i.e., different systems can be used as active photovoltaic 

materials, (4) exceptional processability as they can be transferred onto a solid substrate from 

solution with a range of low-cost techniques including drop-casting, spray-coating, ink-jet 

printing, offset printing, gravure technique, Langmuir-Blodgett technique, etc., (5) high light 

absorbance in a wide range of wavelengths, (6) exceptional mechanical flexibility,
13

 which 

allows for broad application.  However, they reveal also drawbacks with respect to inorganic 

semiconductors, which include (i) lower long-term photochemical stability,
14

 (ii) relatively 

lower efficiency, (iii) challenging solvent- and electrolyte-free cell construction for some 

types of OPV, as the solvent presence in an OPV cell introduces a range of problems 

including solvent evaporation and solvent toxicity.  Intensive research on the OPV materials 

aims at eliminating these deficiencies. 

 

 

 

Figure 2.1-2.  Research on photovoltaic cells made of emerging photovoltaic materials, 

efficiency records.  (Adapted from www.nrel.gov/ncpv). 
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An active material must be in an electric contact with two electrodes in a PV cell.  At 

least one of them must be transparent.  A tin-doped indium oxide (ITO) or fluorine-doped tin 

oxide (FTO) film modified glass is commonly used as a photoelectrode due to high light 

transparency and electric conductivity.  Indium is very expensive.  Therefore, devising and 

fabricating a cheap electrode material, as efficient and durable as the best quality ITO or FTO 

transparent electrode, for commercial solar cells is another task.  It is attractive and 

challenging both scientifically and technologically.
15-17

  

Despite of a relative immaturity of the OPV compared to the silicon photovoltaics, 

research on the OPV cell efficiency has rapidly been growing for the last five years.  The 

actual world record of the OPV cell efficiency exceeds 11% (Fig. 2.1-2), which is still much 

lower than that of a record silicon solar cell exceeding 40%.
18

  However, it is already 

approaching efficiency of commercial silicon solar cells.  

 

2.1.1  Types of organic photovoltaics 

With respect to the photoactive material used, photovoltaics can be divided into three large 

groups, i.e., to that using the inorganic, organic, and hybrid materials.  The last two groups 

appeared in 1986 and 1991, respectively.
19,20

   

 

 

Figure 2.1-3.  A simplified cross-sectional view of relative orientation of the donor and 

acceptor molecular layers in an OPV cell with respect to each other in a (a) flat 

heterojunction, (b) ideal bulk heterojunction, (c) typical bulk heterojunction, and 

(d) molecular multilayer.  (Adapted from Ref.
21

) 
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With respect to molecularity of the donor and acceptor moieties, pristine OPV cells 

can be classified as either the small-molecule,
22

 polymer, and/or block-copolymer OPVs.
23

  

Other classification defines the OPV cells by mechanical organization of the donor and 

acceptor moieties into a single layer, flat heterojunction (Fig. 2.1-3a), bulk heterojunction 

(Fig. 2.1-3c), multilayer molecular (Fig. 2.1-3d), tandem OPVs, etc.   

The hybrid photovoltaics usually uses an organic donor and inorganic acceptor 

moiety.  A classic example is the dye-sensitized or Grätzel cell (Scheme 2.1-1) where TiO2 is 

used as the electron acceptor and some efficient dye, such as a ruthenium complex, 

metalloporphyrin, or metallophthalocyanine, as the electron donor.  

 

 

 

Scheme 2.1-1.  A simplified diagram of a TiO2 dye-sensitized solar cell operation.  

(Adapted from Ref.
24

) 

 

2.1.2  Mechanisms of solar energy conversion by organic photovoltaic cells 

Different nature of active materials applied in the OPV and silicon photovoltaic cells is the 

cause of a fundamental difference in their operation principles.  That is, light absorption by 

the OPV material results in formation of excitons in organic molecular materials rather than 

free electrons and holes,
25

 as is the case for inorganic semiconductors.  An exciton is 
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considered as a tightly electrostatically bound electron-hole (e
-
 - h

+
) pair.  Due to its electrical 

neutrality and strong electron-hole binding, the exciton can be regarded as a mobile excited 

state.  In other words, after photon absorption by a donor moiety of an organic electron donor-

acceptor dyad, an electron is promoted from the donor highest occupied molecular orbital 

(HOMO)D to its lowest unoccupied molecular orbital (LUMO)D energy level (Fig. 2.1-5).  

Then, the electron migrates to the (LUMO)A energy level of the acceptor because this level is 

lower.  The energy diagram for a photovoltaic cell under two limiting conditions, i.e., 

showing maximum open circuit voltage, Voc, and maximum short-circuit current, Isc, (defined 

in Fig. 2.1-6) is shown in Fig. 2.1-5a and 2.1-5b, respectively.   

 

 

 

Figure 2.1-5.  Potential energy diagram for a molecular solar cell under (a) the open-

circuit conditions and (b) the short-circuit conditions where an exciton dissociates at the 

donor-acceptor interface.  (Adapted from Ref.
26

) 

 

For a flat-heterojunction OPV with the one donor and one acceptor layer, five stages 

in the mechanism of energy conversion can be distinguished (Scheme 2.1-2).  (1) First, light 

is absorbed by an electron donor (D), which results in generation of an exciton.  (2) Next, the 

exciton, during its short lifetime, appears at or migrates to the donor-acceptor interface.  (3) 

Subsequently, at the interface, electron is transferred from the excited donor (D∗) to acceptor 

(A) molecule; a physical requirement for that is a small distance between D and A, so that this 

electron transfer is fast.  (4) The charges in the acceptor and donor diffuse by hopping to 

neighboring molecules.  (5) The charge is abstracted from the cathode and injected via an 

external electric current to the donor at the anode.
21
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In the most simple case, when there is only one molecular layer of a donor and one of 

an acceptor at the anode and cathode, respectively, there is no need for charge transport to the 

D-A interface.  However, if the donor and acceptor moieties are bound within one dyad, then 

the order of stages in the mechanism of the photovoltaic energy generation is different.  That 

is, the charge is separated between the donor and the acceptor moieties immediately after light 

absorption by the donor molecule and its transition to an excited state.  Then, the charge 

separated state rather than an exciton migrates towards the electrode.  

 

 

 

Scheme 2.1-2.  A simplified energy diagram and operation scheme of an organic 

photovoltaic cell.  The processes numbered are explained in text.  (Adapted from Ref.
21

)   

 

2.1.3  Performance of a photovoltaic cell 

In order to experimentally determine operational parameters of a PV cell, the current-voltage 

(I-V) curves for the cell in the dark and under light illumination are recorded (Fig. 2.1-7).  The 

light used in our experiment is the AM 1.5 standard light.
27

  It corresponds to the solar light 

passed through the 1.5 Earth atmosphere thicknesses (Fig. 2.1-1).  Solar energy conversion 

efficiency, , may be expressed as the number of electron/hole pairs generated per absorbed 
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photon called quantum yield or internal quantum efficiency.  Another parameter is the 

number of electron/hole pairs generated per incident photon, IPCE (incident-photon-to-

current efficiency) or external quantum efficiency (Eqn. 2.1-1). 

 

 IPCE () =  
𝑛electrons

𝑛photons
=  

𝑗/𝑒

𝑃𝑖𝑛/ℎ𝑣
=  

𝑗

𝑃𝑖𝑛
 ×  

ℎ𝑣

𝑒
=  

𝑗

𝑃𝑖𝑛
 ×  

1240

 (nm)
 (2.1-1) 

 

Here, j is the photocurrent density (A m
-2

), and Pin is the incident light power (W m
-2

).  Other 

symbols have their usual meanings.  The IPCE parameter provides a deep insight into the 

performance of a photovoltaic cell.  It characterizes its three parameters, i.e., efficiency of 

light absorption by an active material, efficiency of charge separation between the donor and 

the acceptor, and efficiency of collection of electrons on external electrodes. 
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Figure 2.1-7.  Schematic photocurrent-voltage curves for a PV cell (1) in the dark and (2) 

under light illumination; Voc – open circuit voltage; Vmp and Imp – voltage and 

photocurrent corresponding to maximum power of the photovoltaic cell, respectively; 

Isc – short-circuit current; 𝑃max
PVC – maximum power of the PV cell; 𝑃max,ideal

PVC  – maximum 

power of an ideal PV cell. 
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The most complex parameter describing the solar cell efficiency is the ratio of the 

output power of a photovoltaic cell, Pout, to the irradiation power, Pin, i.e., the overall power 

conversion efficiency (PCE), , (Eqn. 2.1-2).
26

 

 

  =  
𝑃out

𝑃in
= 𝐹𝐹 ×  

𝑉oc 𝐼sc

𝑃in
 (2.1-2) 

 

Here, FF is the so called fill factor, reflecting “ideality” of the cell, determined as a fraction 

of the maximum power divided by the ideal power (Eqn. 2.1-3). 

 

 𝐹𝐹 =  
𝑖mp 𝑉mp

𝑖sc 𝑉oc
 (2.1-3) 

 

2.1.4  (Metallo-porphyrin or -phthalocyanine donor)-(C60 acceptor) OPV materials 

Promising examples of solar light converting systems, which include photoelectroactive 

molecules as well as efficient mechanisms of charge separation upon photoexcitation and 

transfer, are provided by nature.
9,22,28-31

  To mimic nature, electron donor-acceptor dyads of 

the metallophthalocyanine or metalloporphyrin and C60 adducts have, among other systems, 

been studied intensively (Fig. 2-8).
26,32,33

   

 

 

 

 

 

 

 a b c 

 

Figure 2.1-8.  Commonly used compounds as building blocks of the photoactive, 

electrocatalytic, and energy storage materials.  Structural formulas of (a) C60, (b) 

metalloporphyrin, and (c) metallophthalocyanine. 

 

Nature uses various derivatives of metalloporphyrins as photoexcitable electron 

donors for photosynthesis.
34

  Properties of metallophthalocyanines are similar to those of 
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metalloporphyrins 
35

 while C60 is an efficient electron acceptor.  Electronic properties of both 

electron donor and acceptor are relatively easily tuned for achieving desirable mechanical and 

electronic properties of the resulting donor-acceptor dyads.
36-38

  

The simplest OPV cell material is just a mixture of the mentioned above donor and 

acceptor compounds.
39

  This material can be prepared by vapor deposition, spray-coating, or 

Langmuir-Blodgett (LB) transfer onto a conducting transparent support, such as ITO or FTO, 

resulting in a film of organized D and A layers, as shown in Fig. 2.1-4.  

More sophisticated strategy of the donor and acceptor organization for improved 

photovoltaic performance involves a tailor-synthesized donor-acceptor dyad.  For instance, a 

donor-acceptor dyad of (metallophthalocyanine or metalloporphyrin)-C60 can be constructed 

according to at least two routes.
40,41

  One uses covalent linking of D and A (Fig. 2.1-9).   

 

 

 a b 

 

Figure 2.1-9.  Structural formulas of examples of the covalently linked (a) (zinc 

phthalocyanine)-C60 and (b) (free-base porphyrin)-C60 D-A synthetic dyads.  (Adapted 

from Refs.
42,43

) 

 

The other approach involves supramolecular arranging
44 of the donor and acceptor 

molecules by labile metal-ligand coordination (Fig. 2.1-10a), metal-ligand coordination and 

electrostatic interaction (Fig. 2.1-10b), and hydrogen bonds (Fig. 2.1-10c).  Moreover,  
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plane-to-plane stacking of the aromatic rings can be used.
11,45,46

  Advantages and 

disadvantages of all these approaches are different.   

 

Figure 2.1-10.  Structural formulas of examples of a supramolecularly assembled D-A 

dyads by (a) coordination,
47

 (b) ion-dipole interaction and coordination,
48

 and (c) 

hydrogen bonds (Watson-Crick nucleobase pairing).
49

  

 

Covalent linking of the donor and acceptor moieties requires adoption of the time- and 

resource-consuming synthetic procedures.  Photovoltaic efficiency of majority of the resulting 

dyads is moderate.  This architecture prevailingly reveals a short lifetime of the charge 

separated state upon photoexcitation.  This deficiency is due to close proximity of the D and 

a b 

c 
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A moieties and low energy barrier for electron transfer back to HOMO level of the D 

molecule.  However, the resulting dyad molecule is easily processable and stable.   

Supramolecular approaches allow easier tuning of the distance between the D and A 

moieties, and, as a result, charge separation lifetimes of these systems are usually longer.  

Additionally, synthesis of smaller molecules requires less synthetic work and resources.   

Variety of approaches to self-assembling of D and A allows for easy and precise 

tuning of electronic properties of the resulted dyads.  
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2.2  Oxygen electrocatalytic reduction 

2.2.1  Pathways and mechanisms of oxygen electroreduction 

Mechanism of oxygen electroreduction is one of the most experimentally and theoretically 

studied electrochemical processes over the history of electrochemistry.  Nevertheless, it is still 

in focus of the scientific interest due to its widespread occurrence in nature and high practical 

importance.
50

  On the one hand, products of the reaction are obvious; on the other, however, 

the mechanism of generation of products is rather complicated.  It proceeds through several 

intermediates primarily depending on the nature of the electrode material, catalyst, and 

electrolyte.
51,52

  In aqueous solutions, two paths of this reaction dominate.  In acidic aqueous 

solutions, either direct one-step four-electron reduction of O2 to water (Reaction 1 in 

Table 2.2-1) or two-electron reduction of O2 to hydrogen peroxide (Reaction 2 in Table 2.2-1) 

followed by two-electron reduction of the latter (Reaction 3 in Table 2.2-1) may occur.  In 

non-aqueous aprotic solvent solutions, one-electron reduction of oxygen to superoxide radical 

( O2
−) proceeds (Reaction 7 in Table 2.2-1).  In basic aqueous solutions, however, either one-

step four-electron reduction of O2 to hydroxide (Reaction 4 in Table 2.2-1) or two-step two-

electron O2 reduction to the hydrogen peroxide anion (Reaction 5 in Table 2.2-1) followed by 

this anion two-step two-electron reduction to hydroxyl (Reaction 6 in Table 2.2-1) 

is encountered. 

 

Table 2.2-1.  Standard redox potentials of different paths of electrochemical oxygen reduction.
53,54

 

Electrolyte Oxygen reduction reaction 

Standard thermodynamic 

redox potentials, 

V vs. NHE at 25 C 

Acidic aqueous 

solution 

(1) O2 + 4H
+
 + 4e

-
  2H2O 

(2) O2 + 2H
+
 + 2e

-
  H2O2 

(3) H2O2 + 2H
+
 + 2e

-
  2H2O 

1.229 

0.695 

1.763 

Alkaline aqueous 

solution 

(4) O2 + 2H2O + 4e
-
  4OH

-
 

(5) O2 + H2O + 2e
-
  HO2

− + OH
-
 

(6) HO2
− + H2O + 2e

-
  3OH

-
 

0.401 

-0.065 

0.867 

Non-aqueous 

aprotic solvents 

(7) O2 + e
-
  O2

− The potential is strongly 

solvent dependent 

http://rcin.org.pl



15 

 

The rate-limiting step of the oxygen electroreduction in both acidic and basic aqueous 

solutions involves oxygen in a molecular form, i.e., the high energy double bond between 

oxygen atoms in a dioxygen molecule (498 kJ/mol) must be either fully or partially cleaved as 

the first step of the reaction.  This initial step establishes an energetic barrier for the reaction, 

which must be overcome to end up with the final product.  A rapid one-step four-electron 

oxygen electroreduction with a low overpotential is highly desired for efficient fuel cell 

operation and other applications.  In order to decrease the activation energy, a catalyst is 

applied.  The presence of a catalyst allows decreasing overpotential of the reaction. 

According to the Butler-Volmer electrode kinetics, the current-overpotential 

dependence is given by Eqn. (2.2-1) 

 

 𝑗𝑐 = 𝑗O2

0 (𝑒
 𝑛  𝐹 c

𝑅𝑇 − 𝑒
 (1−) 𝑛 𝐹 c

𝑅𝑇 ) (2.2-1) 

 

where 𝑗O2
 – the oxygen reduction current density, 𝑗O2

0  – the exchange current density of the 

oxygen electrode reaction, 𝑛 – the number of electrons transferred in the rate determining 

step,  – the charge transfer coefficient, 
c
 – the cathodic overpotential (E-Eeq) for oxygen 

electroreduction, F – the Faraday constant, R – the gas constant, T – the temperature 

in kelvins. 

If the cathodic overpotential is higher than 25 mV, then the rate of the anodic reaction 

is negligibly slow and Eqn. (2.2-1) can be simplified to 

 

 𝑗O2
= 𝑗O2

0  𝑒
 𝑛 𝐹 c

𝑅𝑇   (2.2-2) 

 

or 

 

  =  −
𝑅𝑇

𝑛𝐹
ln  𝑗O2

0 +  
𝑅𝑇

𝑛𝐹
ln𝑗O2

 (2.2-3) 

 

By substituting 𝑎 =  − 
𝑅𝑇

𝑛𝐹
 𝑙𝑛 𝑗O2

0  and 𝑏 =  
2.3 𝑅𝑇

𝑛𝐹
, one arrives to the Tafel equation. 

 

  = 𝑎 + 𝑏 lg 𝑗O2
 (2.2-4) 
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The Tafel plot of 
𝑐
 vs. lg 𝑗O2

 is linear and its slope is b = 
2.3 𝑅𝑇

  𝑛 𝐹
 at room temperature.  As R, 

T, and F are constant, the only parameters determining this slope are  and 𝑛.  The higher 

the Tafel slope, the more the current density increases with the overpotential.  Thus, the 

reaction should exhibit a high Tafel slope, i.e., high   and 𝑛 for high current at a low 

overpotential.  The charge transfer coefficient for this reaction is a key factor determining the 

Tafel slope.  For oxygen reduction, this coefficient is temperature dependent. 

For oxygen electroreduction on carbon electrodes, usually two Tafel slopes are 

obtained, i.e., ~60 mV/dec and ~120 mV/dec.  For noble metal electrodes, usually the ~60 

and ~120 mV/dec slope is observed for a low and high overpotential, respectively.  For 

electrodes coated with complexes of macrocycles with transition metals, different slopes are 

obtained including those, higher than that for the platinum electrode.   

Fundamentals of cyclic voltammetry (CV) and linear sweep voltammetry (LCV) on a 

rotating ring electrode (RRE) and a rotating ring-disk electrode (RRDE), the most commonly 

used electroanalytical techniques for studies of oxygen electroreduction, are described in 

Section 2.5.5 below.  

 

2.2.2  Organic electrode materials for oxygen electrocatalytic reduction 

For decades, platinum has been used as the electrocatalytic electrode material for FCs.  

Platinum catalyzes both oxygen reduction and hydrogen oxidation at the cathode and anode, 

respectively, exhibiting unparalleled efficiency and stability.
55-57

  Usually, it is used in a form 

of small particles deposited on a conducting support.  So far, no cheap, comparably stable, 

and efficient catalyst for commercial applications is available.  The cost of platinum 

embedded in a modern catalytic material is nearly $10 for a 1 kW PEM FC.
58,59

  Noble-metal-

free catalysts for fuel oxidation at an FC anode is another broad topic, which is out of scope 

of the present research.
60

 

In recent years, organic electrocatalytic electrode materials for FC application attract 

much attention.
61-63

  Among organic electrocatalytic materials, the biomaterials, such as 

certain enzymes, reveal high performance.  However, their instability at high temperatures, at 

high and low solution pH values, and in the presence of certain ions limits the FC application 

of enzyme catalysts.  In attempt to overcome these limitations, several different free-of-noble-

metal cathode materials were devised for fabrication of an inexpensive, efficient, and 

technologically viable FC.
64-67

  Among them, different metalloporphyrins and 
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metallophthalocyanines, viz. those of Co, Fe, Ir, Ru, etc., were promising catalysts for the 

oxygen electroreduction.
54,68

 

Single-macrocycle metalloporphyrins or metallophthalocyanines catalyze oxygen 

reduction to hydrogen peroxide.  However, the catalytic cathode efficiency toward O2 

electroreduction dramatically increases for the co-facially stacked Co or Fe porphyrin dimers 

(Scheme 2.2-1).
69-71

  If the plane-to-plane distance of the stacked metalloporphyrin rings is 

fixed at ~0.35 nm, to accommodate the dioxygen molecule in a way that both oxygen atoms 

interact with the metal atoms, then the resulting dimer catalyzes oxygen electroreduction in 

aqueous solutions of low pH directly to water via the one-step four-electron transfer.
72

  If this 

mechanism holds, then no hydrogen peroxide is produced.  The presence of hydrogen 

peroxide as a product of oxygen reduction causes fast degradation of the catalyst thus 

precluding application of this catalyst to FCs. 

 

 

Scheme 2.2-1.  Simplified structural formula of the dicobalt diporphyrin.  (Adapted from 

Ref.
54

) 

 

The following mechanism of the oxygen electrocatalytic reduction to water by co-

facial dicobalt diporphyrins was proposed (Fig. 2-12).
54

   

Procedures of syntheses of co-facial porphyrin dimers are not trivial.  It took over a 

decade to reproduce this synthetic procedure.  Therefore, other ways, which allowed to avoid 

a complicated and tedious synthesis of a stacked Co porphyrin dimer were developed.  A 

simple and elegant way in that direction was to arrange co-facially ion-pairs of commercially 

available Co porphyrin derivatives of opposite charges located on their four peripheral 

substituents (Fig. 2-13).
73
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Figure 2.2-2  The proposed mechanism of the oxygen dicobalt-diporphyrin catalyzed 

electroreduction.  (Adapted from Ref.
69

)  
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Figure 2.2-3  Structural formulas of cobalt porphyrins (a) tetrasodium salt of [tetrakis(4-

sulfonatophenyl)porphyrinato]cobalt and (b) [tetrakis(N-ethylpyridyl)porphyrinato]cobalt 

tetrachloride used to form an ion-pair dimer adsorbed on GCE used for dioxygen 

electrocatalytic reduction.
73

  

a b 
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Similar to the initial Co porphyrin dimer approach was explored using so-called 

"Pacman" metalloporphyrin dimers (Fig. 2-14).
74

  In these dimers, two metalloporphyrin 

moieties were linked together at only one side of the macrocycle.  These dimers 

electrocatalyzed dioxygen reduction, partially, via one-step four-electron mechanism.  

 

 

 

Figure 2.2-4.  Structural formula of the "Pacman" dimer metalloporphyrins.  (Adapted 

from Ref.
74

)  

 

However, flexibility of the metalloporphyrins bound only at one point resulted in 

lower efficiency towards direct dioxygen electroreduction to water and in the presence of 

hydrogen peroxide as the oxygen electroreduction product.  The mechanism proposed for 

oxygen electroreduction by the “Pacman” Co porphyrin dimers is shown in Fig. 2.2-2.  The 

small and large cycles correspond to the two-electron oxygen electroreduction to hydrogen 

peroxide and to the four-electron electroreduction to water, respectively.  In most of the 

reported works, monomers of Co porphyrins were adsorbed on an electrode surface.  Beside 

the demand of high efficiency, processability, low cost of the precursors, and ecological 

compatibility, the application of an electrocatalytic material in a commercial fuel cell needs 

meeting several extreme requirements with respect to its performance.  These include 

operation in a wide pH range as well as high durability, and reproducibility of electrocatalytic 

activity.  Unfortunately, the adsorbed metalloporphyrin films can relatively easy be peeled off 

the electrode surface.  Therefore, they cannot be considered as optimized materials for 

application in commercial FCs. 

Because the one-step four-electron reduction was reported for successful 

electrocatalytic oxygen reduction involving co-facially stacked Co porphyrins, this 
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mechanism seems to be very appealing for development of an electrocatalytic cathode 

material.  One of the routes of preparation of an efficient and feasible material of that kind 

may, therefore, involve synthesis of a polymer film using prearranged axially stacked 

template Co porphyrin monomer molecules.
75

  Therefore, this approach has been explored in 

the present research.  Moreover, catalytic efficiency of a metalloporphyrin polymer may be 

enhanced by attaching certain substituents to the porphyrin macrocycle. 

 

 

 

Scheme 2.2-2.  The proposed pathways of dioxygen electrocatalized reduction by the 

“Pacman” cobalt porphyrin dimer.
74  

 

2.2.3  Applications of oxygen electrocatalytic reduction  

Application of the dioxygen reduction catalysts is most attractive in the fuel cell (FC) 

cathodes.  FCs are devices for electrical energy generation through electrochemical redox 

reactions rather than combustion.  FCs are in the focus of attention because of prominent fuel 

conversion efficiency, easy scalability, low to zero harmful emission, simple construction, 

ability to use various types of fuel, and bringing energy to remote locations with no 

infrastructure, and as an energy source for electric vehicles.   
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The simplest fuel cell contains three basic components, such as electrically connected 

platinum anode and platinum cathode, and an electrolyte. A fuel is delivered to the platinum 

anode and oxygen to the platinum cathode.
59

   

There are many types of FCs. They can be split into two subsets, i.e., proton exchange 

membrane (PEM) FCs and high temperature FCs.
58

  Each FC type uses different fuel and is 

characterized by different electrochemical reactions, operating temperatures, electrolytes, etc.  

However, overwhelming majority of them uses oxygen as an oxidant on the cathode.  The 

reaction kinetics is slow at moderate temperatures and a catalyst is needed to reach useful 

reaction rate for FC practical operation.   

 

 

 

Figure 2.2-6.  Principle of operation of a fuel cell.  (Adapted from www.doitpoms.ac.uk)  

 

Particularly promising for powering portable electronic devices and mechanical 

vehicles is the PEM FC with a subset of FCs utilizing different fuels.  The key component of 

a PEM FC is the membrane electrode assembly.
59

  It is composed of two main parts, namely, 

the catalyst (or catalysts) and the membrane.  Electrochemical reactions inside the FC proceed 
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on electrodes coated with catalysts and the membrane serves for transporting protons from the 

anode, where they are generated, to the cathode, where the redox reaction product and heat 

are generated.  While the membrane is proton conductive, it must be impermeable to the fuel 

and the oxidant. 

As long as a fuel and an oxidant are supplied to the FC from an external source, the 

device works continuously (Fig. 2.2-6).  If the fuel is hydrogen and the oxidant is oxygen, the 

reactions on the electrodes are as follows (Eqns. 2.2-5 and 2.2-6).  

 

 
Anode: H2  2H

+
 + 2e

- 
(2.2-5) 

 

 Cathode: O2 + 4H
+
 + 4e

-
  2H2O (2.2-6) 

 

The only product of the FC operating on the hydrogen fuel is water.  Due to high power 

density and environmental neutrality, the hydrogen-fuelled PEM FC is attractive on the one 

hand, however, it raises important issues of hydrogen production and/or storage on the 

other.
76

  

Beside fuel cells, there are many other important fields of application of oxygen 

electrocatalytic reduction, such as metal-air batteries,
77

 wastewater purification,
78,79

 

determination of oxygen in a gas or liquid medium,
80

 etc. 
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2.3  Carbon nanomaterial composites for energy storage devices 

A rapid growth of portable electronics and interest in energy sources for electric vehicles of 

recent decades generate demand of the electric energy storage devices and compact power 

sources.  One of such sources is an electrochemical capacitor, also known as a supercapacitor 

or ultracapacitor.
81

  With respect to their power density and energy density, supercapacitors 

provide a bridge between double-layer capacitors and batteries (Fig. 2.3-1).
82

  Thus, they are 

devised not to substitute batteries or fuel cells but to be used where their advantages allow 

overcoming deficiencies of other energy storage devices.  These include viability during fast 

charging and discharging, energy density higher than that of electrostatic capacitors, and high 

durability with respect to the number of charging-discharging cycles.  

 

 
 

Figure  2.3-1.  The Ragone plot of power density vs. energy density for various energy-

storing electrochemical devices.  (Adapted from www.large.stanford.edu) 

 

The drawback of supercapacitors consist in a relatively low energy density compared 

to that of batteries.  In practice, it results in a need to build these electric energy storage 

devices of a large size and, thus, limits their applications.  To solve this issue, carbon 

nanomaterials with highly developed surface, such as carbon nanotubes, graphene, and 

activated carbon, are widely used for fabrication of functional materials for 
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supercapacitors.
83,84

  Furthermore, carbon functional materials are commonly modified with 

redox films resulting in composites with a high energy density.  

 

2.3.1  Important parameters of supercapacitors 

Capacitance of an electrostatic capacitor (Scheme. 2.3-1) is descried by Eqn. 2.3-1. 

 

 𝐶 =  
0r𝐴

𝑑
 (2.3-1) 

 

Here C is the capacitance of the capacitor while ε0 and εr are the electric permittivity of a 

dielectric material and free space, respectively, d is the distance between the capacitor 

conducting plates, and A is the plate surface area. 

 

 

Scheme 2.3-1.  A sketch of an electrostatic capacitor.  (Adapted from Ref.
85

) 

 

Thus, the lager the A and the smaller the d the higher is the capacitance.  A simple way 

to increase area of plates is to use carbon nanomaterials, like single-wall carbon nanotubes or 

graphene, because their surface area is the highest with respect to mass of the material.  

Besides, these carbon materials feature high conductivity as well as high chemical and 

electrochemical stability.
86

  Electroactive surface area of these materials reaches thousands 

m
2
 g

-1
 (Fig. 2.3-2a).   
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Further increase of energy density of a supercapacitor is achieved by engaging 

pseudocapacitance, which is due to faradaic processes occurring on the electrodes.  Towards 

that, nanostructured carbon materials modified with redox species, such as conducting 

polymers or inorganic oxides, are used (Fig. 2.3-2b).
87

 

 

 

 

Scheme 2.3-2.  The charge stored (a) in a double-layer capacitor using, e.g., carbon, and 

(b) in a pseudo-capacitor using, e.g., a conducting polymer modified carbon.  (Adapted 

from Ref.
85

)  

 

The latter capacitors are called “pseudocapacitors”.  The redox species applicable for 

that purpose should be electrochemically stable, reversibly electro-oxidizable or -reducible 

and, moreover, this redox process should be fast.  The charge stored in these devices highly 

depends upon the polarizing voltage according to Eqn. 2.3-2. 

 

 𝐶 =  
d𝑄

d𝑉с
 (2.3-2) 
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Here, Q is the charge accumulated and Vc is the voltage applied.  The addition of a redox 

material solves the issue of a low energy density.  However, it decreases power density and 

stability of the resulting pseudocapacitor. 

Other important supercapacitor parameters involve its energy, E
sc

, maximum power 

density, P
sc

, determined according to Eqns. 2.3-3 and 2.3-4, respectively. 

 

 2SC

2

1
UCE s  (2.3-3) 

 

 
c

2
SC

4R

U
P   (2.3-4) 

 

Here, Cs (F g
-1

) is the total specific capacitance of the capacitor, U (V) is the capacitor 

operating voltage, and Rc () is the equivalent series resistance.   

The capacity of a supercapacitor is more precisely determined in a galvanostatic 

charge-discharge experiment using a two identical electrode system (Scheme 3.2-2).   
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Figure 2.3-4.  Idealized (a) a charge-discharge galvanostatic curve and (b) a CV curve for 

an electrochemical double-layer capacitor used for determination of specific capacitance.  

(Adapted from Ref.
85

) 
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This system simulates electrochemical behavior of a supercapacitor better than a three-

electrode system with only one WE, which is coated with an electroactive material film.  In 

the two-electrode system, Cs of the supercapacitor is determined using Eqn. 2.3-5. 

 

 𝐶s =  
𝑖

𝑚(
d𝑉

d𝑡
)
 (2.3-5) 

 

Here, i is the constant discharge current, dV/dt is the slope of the charge-discharge curve 

(Fig. 2.3-4a), and m is the mass of the electroactive material film of the WE. 

The power of a supercapacitor is more precisely determined in a real-life system by 

discharging the supercapacitor through a resistor.  In this discharging, the power, P
sc

, is 

described by Eqn. 2.3-6. 

 

   dttU
R

P

t

t


2

1

2SC 1
 (2.3-6) 

 

Here, U is the voltage decaying from time t1 to t2 due to discharging of the device through the 

resistor of the resistance R. 

A relative capacity measurement is commonly performed for determination of stability 

of an active material of a supercapacitor.  For that purpose, the ratio of time, required to 

discharge a capacitor in a first charge-discharge cycle, to that, subsequent in a multiple 

galvanostatic charge-discharge cycling, is used.  

Initially, supercapacitors were categorized into three types.  Supercapacitors of type I 

use the same p-doping polymer for both electrodes.  Those of type II use different p-doping 

polymers; they can be either symmetric or asymmetric.  Type III supercapacitors are 

symmetric, advantageously utilizing the same p-doping and n-doping material.  Then, type IV 

of supercapacitors was introduced.
88

  This type involves supercapacitors utilizing different p- 

and n-doping polymers.  In general, supercapacitors of type I and III have no inherent 

polarity, but the others are polar and require proper connection, like batteries.  

An ideal supercapacitor should feature high Cs, U, and P, long life in charge-discharge 

cycling, and low R.
89
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2.3.2  Polymers for energy storage materials 

Two types of polymers are used for supercapacitors, i.e., -electron conducting polymers 

(ECPs) and redox-conducting polymers (RCPs).  The most commonly used ECPs include 

polypyrrole, polyaniline, and polythiophene as well as their derivatives.
85

  These polymers 

can easily be synthesized chemically or electrochemically.  They feature high Cs values and 

high conductivity.
90

  The ECPs developed so far are electroactive mostly in the positive 

potential range and, therefore, their maximum operating voltage is quite limited.  The Cs of 

the composites of these polymers with carbon nanomaterials is in the range of 120 to 900 

F g
-1

.
85

  However, it is difficult to compare mutually these values, because they are 

determined under different conditions and by using different methods.  Both ECPs and RCPs 

are prepared and tested mainly with respect to their potential application for energy storage as 

composites with carbon nanomaterials.  Commonly, a two-step procedure is applied, where 

the first step consists in deposition of a carbon nanomaterial on an electrode and the second 

involves deposition of a polymer film onto the deposited carbon nanomaterial. 

 

 

Figure 2.3-5  The AFM images of the C60-O polymer film deposited by potentiodynamic 

electropolymerization over the electrophoretically deposited pyr-SWCNTs.  (Adapted 

from Ref.
91

) 

 

Among RCPs, C60-based polymers are those most extensively studied.  Importantly, 

those polymers are electroactive in the negative potential range.  For instance, a C60-O 

polymer film was deposited onto a pyr-SWCNTs film, resulting in the pyr-SWCNTs/C60-O 

composite (Fig. 2.3-5).
91

  For that, first, pyr-SWCNTs were electrophoretically deposited onto 
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an ITO electrode.  Then, a C60-O polymer film was deposited onto pyr-SWCNTs by the 

(superoxide anion radical)-induced electropolymerization.  Importantly, the C60-O polymer 

was formed around the pyr-SWCNTs.  Specific capacity of this composite was, 

Cs = 184 F g
-1

.  It was determined using a three-electrode system by CV at the potential scan 

rate of 100 mV s
-1

. 

The Pd-assisted electropolymerization of C60 is another way to obtain a fullerene 

polymer film.  Such a polymer was deposited by electropolymerization onto MWCNTs, 

SWCNTs, and oxidized carbon nano-onions (ox-CNOs).
92

  The Cs value of the resulting 

composite was dependent on the (carbon nanomaterial)-to-(C60-Pd) ratio.  The highest Cs 

value was rather low equaling 65, 60, and 20 F g
-1

 for the SWCNTs-to-C60-Pd ratio of 2 : 1, 

MWCNTs-to-C60-Pd ratio of 15 : 1, and ox-CNOs-to-C60-Pd ratio of 2 : 1, respectively.  

These Cs values were determined from the CV measurements in a three-electrode cell at the 

potential scan rate of 10 mV s
-1

.  These low Cs values may be due to the deposition procedure 

used, i.e., to drop-casting deposition of the CNTs film on the electrode.  In this procedure, 

CNTs tend to aggregate and, therefore, the specific surface area is low. 

Electrochemical properties of redox conducting in the negative potential range Pd-

bridged C60 polymers, synthesized by electropolymerization and by chemical polymerization, 

were compared.
93

  Generally, the chemically synthesized C60-Pd polymer film was composed 

of bigger aggregates (~150 nm in diameter) than that prepared by electropolymerization.  The 

electrochemical stability of the chemically synthesized C60-Pd polymer was low because of a 

limited electric contact between huge polymer aggregates.  The Cs value of this polymer was 

35 F g
-1

, determined by CV, in the range of the potential scan rate of 20 to 300 mV s
-1

 with 

1.5 g of the composite deposited on the 1.5-mm diameter Au disk WE.  However, the Cs 

was lower the higher was the potential scan rate for the composite mass exceeding 18.5 mg.  

The Cs value of the electropolymerized C60-Pd was ~300 F g
-1

 at the same potential scan 

rate.
94

 

Combination of polymers with electrochemical activity in different potential ranges 

results in a material with the highly desirable extended potential range.  The combination of 

ECP and RCP is very promising for that purpose.  One of the elegant ways to combine ECP 

and RCP in a polymer composite is to synthesize monomers that polymerize resulting in 

polymers conducting both in the positive and negative potential range. 

Polymers of C60, electroactive in both the positive and negative potential range, were 

synthesized by electropolymerization.
95

  The piperazine (PPZ-C60), pyrrolidine [CH3-(pyr-

http://rcin.org.pl



30 

 

C60)], and pyrrolidine salt [(CH3)2-(pyr-C60)]
+
 fullerene adduct monomers were reductively 

electropolymerized in the presence of Pd(ac)2 to form the 3-D Pd-bridged polymers of C60.  

The polymer of the piperazine adduct of C60 revealed redox activity both in the negative and 

positive potential range.  However, the authors did not provide details on its Cs.  

A C60-polyaniline emeraldine based hybrid was fabricated by chemical 

polymerization.  In this hybrid, polyaniline nanowires and aggregates were interconnected 

with the C60 cores (Scheme 2.3-5) resulting in a string-of-beads-like film morphology.
96,97

  

The Cs value of the resulting polymer material was evaluated by galvanostatic charging and 

discharging in a three-electrode system in the potential range of -0.1 to 0.7 V vs. Ag pseudo-

reference electrode.  The maximum Cs value of 776 and 492 F g
-1

 was determined for the C60-

palyaninline emeraldine based hybrid and the polyaniline-emeraldine based hybrid, 

respectively, at the 1 mA cm
-2

 current density.  The specific energy of the C60-polyaniline 

emeraldine based hybrid was 64 and 43 W h kg
-1

 at the current density of 1 and 100 mA cm
-2

, 

respectively. 

 

 

 

Scheme. 2.3-5  The synthesis of a hybrid fullerene-aniline polymer material conducting 

in both the positive and negative potential range.  (Adapted from Ref.
96

) 
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The main drawback of conducting polymers is their low stability with respect to 

repeated electrooxidation and electroreduction.  This is mainly because of the accompanying 

transfer of ions with their solvation shells across the polymer-solution interface for charge 

compensation.  Because of that, the polymers repeatedly swell and shrink during oxidation 

and reduction.  This “breathing” breaks the polymer 3-D structure.  This undesired effect may 

largely be decreased by using conducting polymers in a form of thin films in composites with 

conducting carbon nanomaterials.  Particularly, a conductive carbon nanomaterial with high 

surface area increases mechanical stability of a composite, decreases ion diffusion depth by 

developing area coated by the polymer and enhances electrical contact between polymer 

aggregates.  
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2.4  Selected mechanisms of electrochemical polymerization  

2.4.1  Electropolymerization of porphyrin derivatives  

An active polymer film material for photovoltaics, electrocatalysis, or energy storage is more 

versatile than that, adsorbed on a solid substrate.  Electrochemical polymerization is 

advantageous with respect to chemical polymerization enabling a precise control over the 

process.  Towards that, a range of electropolymerizable porphyrin monomers was synthesized 

and several procedures of porphyrin electropolymerization were developed.  
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Scheme 2.4-1.  Oxidative possibilities of (1) tetrakis-5,10,15,20-(4-aminophenyl) 

porphyrin coupling, which leads to formation of linking units of (a) 1,2-

aminodiphenylamine, (b) dihydrophenazine, and (c) phenazine.
98

 

 

There are two main approaches to electropolymerization of porphyrins.  One, the most 

commonly used, involves organic synthesis of a porphyrin bearing electropolymerizable 

peripheral substituents capable of oxidative radical coupling.  For instance, porphyrins with 
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aminophenyl substituents at meso-positions are electropolymerized in a polyaniline fashion 

that way (Scheme 2.4-1).
98,99

 

Alternately, other peripheral substituents, including pyrrole, hydroxyphenyl, 

thiophene, vinyl-terminated, etc., may be used.  Then, the reaction mechanisms follow the 

fashion of those of polymerization of the substituents.   

The other approach requires the presence of a bidentate nucleophilic ligand, such as 

4,4’-bipyridine (BPY) or 3,6-di-4-pyridyl-1,2,4,5-tetrazine (PY-TZ-PY) in the solution for 

electropolymerization.
100

  First, this ligand is coordinated by the central metal atom of the 

macrocycle, and then in excess of the ligand it may be incorporated into the macrocycle by 

consecutive potential cycling.
101

 

 

 

 

Scheme 2.4-2.  Electrochemical polymerization of a zinc porphyrin in the presence of a 

nucleophilic ligand, such as BPY or PY-TZ-PY.  (Adapted from Ref. 
100

) 

 

That way, a 3-D polymer structure is formed.  Linear potential cycling in a relatively narrow 

potential range, e.g., between 0 and 1.30 V, does not result in formation of a polymer film. 
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Figure 2.4-3.  One-dimensional porphyrin copolymer prepared by electropolymerization.  

(Adapted from Ref.
102

) 

 

However, a one-dimensional polymer is formed if two meso-positions of the 

macrocycle are blocked, e.g., with the phenyl substituent (Fig. 2.4-3).
102

 

 

2.4.2  Electropolymerization of [C60]fullerene 

There are many ways of fullerene polymer assembling.  By type, they can be divided into 

chemical or electrochemical polymerization, and supramolecular assembling.  That way, 

different structures of a fullerene polymer can be obtained (Scheme 2.4-2). 

 

 

Scheme 2.4-2.  [C60]Fullerene polymers: (a) all carbon, (b) sandwiched, (c) cross-linked, 

(d) end-capped, (e) star-capped, (f) main-chained, (g) side-chained, (h) double-cabled, 

and (i) a supramolecular assembly.  (Adapted from Ref.
103

)  

b a 

c 
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e 
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In our research, a fullerene polymer was prepared by (transition metal complex)-assisted 

electropolymerization (Scheme 2.4-3).
104,105

 

 

  

 

 

 

Scheme 2.4-3  (Metal complex)-assisted electropolymerization of C60.  (a) The polymer 

formation mechanism and (b) the resulted polymer backbone simplified structural 

formula.  (Adapted from Refs.
104,105

) 

 

In this electropolymerization, negative polarization of a WE results in reduction of the metal
 

complex to the zero-valent metal complex.  This complex initiates growth of a C60-M 

(M = Pd or Pt) polymer.  Simultaneously, metal nanoparticles can be deposited if the (metal 

complex)-to-fullerene ratio is too high.  This ratio can be varied by changing concentration of 

both the fullerene and the metal complex.  

a 

b 
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2.5  Techniques used 

2.5.1  Computational modeling 

Quantum chemistry computing using the density functional theory (DFT) method is a 

convenient tool for theoretical optimization of molecular structures, Gibbs free energy gains 

due to complex formation, determination of the HOMO and LUMO levels, and other 

electronic parameters.  At the time, it is the most commonly used method for computation of 

electronic structure of matter.  The DFT method is very popular because of its precision 

higher than that of the Hartree-Fock theory method, and relatively moderate computing 

resources required. 

 

2.5.2  Langmuir film studies 

A molecular layer of amphiphile molecules at a water-air interface is named the Langmuir 

film.
106

  This monolayer is formed by self-ordering of these molecules spread onto a water 

subphase from a solution of a volatile and immiscible with water solvent, like chloroform.  

 

 

Figure 2.5-1  A monolayer of molecules arranged in a (a) two-dimensional gas and (b) 

compressed film. 

a 

b 
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After evaporation of the solvent, the Langmuir film is formed as the nature of the spread 

molecule dictates, i.e., with the hydrophilic moieties oriented towards the water subphase 

(Fig. 2.5-1).  If the distance between the spread molecules is large (Fig. 2.5-1a), their 

interactions are negligibly small and they behave like a two-dimensional gas.
107

  If the water-

air interface surface area is decreased, the molecules begin to repulse each other (Fig. 2.5-1b).  

This 2-D analogue of pressure is called surface pressure, , described by Eqn. 2.5-1 

 

  =  - 0 (2.5-1) 

 

where 0 is the surface tension in the film absence and  is this tension in the film presence.  

The surface tension is given by Eqn. 2.5-2 

 

  =  (
𝜕𝐺

𝜕𝑆
)

𝑇,𝑝,𝑛i

 (2.5-2) 

 

where G is the Gibbs free energy of the system, S is the surface area of the interface, at 

constant kelvin temperature, T, pressure, p, and the number of moles of the substance 

spread, ni. 

 

Table 2.5-1  Phases of Langmuir films and the corresponding ranges of compression coefficients.
108

 

Monolayer , mN m
-1

 

Clean surface 0 

Protein (A  1 m
2
 mg

-1
) 1 to 20 

Liquid expanded 12.5 to 50 

Liquid condensed 100 to 250 

Solid condensed 1000 to 2000 

 

Thus, a plot of the dependence of surface pressure on area of water surface available 

for each molecule provides important information on properties of the film.  This plot, 

recorded at constant temperature, is the pressure-area isotherm or compression isotherm 

(Fig. 2.5-2).   
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Figure 2.5-2  A typical compression isotherm for a fatty acid and corresponding phases 

of a Langmuir film spread on an aqueous subphase.  

 

Several regions can be distinguished in this isotherm.  First, a horizontal linear part at 

the high A values represents a 2-D gas behavior of the molecules at the water-air interface.  

Then, the molecules begin to repulse each other and the surface pressure increases with the A 

decrease.  Changes of the isotherm slope correspond to phase transitions of the film.  Finally, 

film collapses at the lowest Am values and surface pressure stops to increase.  At the steep part 

of the compression isotherm, molecules are densely packed and the compressibility 

coefficient () of a Langmuir film is determined from the - compression isotherm 

according to Eqn. 2.5-3 

 

  = − 
1

𝐴0
(

𝜕𝐴m

𝜕𝜋
)

𝑇
 -
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where A is the area per molecule at a given surface pressure ; A/ is the inverse of the 

slope of the compression isotherm for a given phase.  The  value characterizes the nature of 

a phase of the Langmuir film (Table 2.5-1). 

The surface pressure is measured by the method using the Wilhelmy plate.
109

  In this 

method, a hanging probe of a quartz slide or a rectangular (~2 × ~3 cm
2
) piece of a small pore 

size filter paper, connected to a balance, is immersed in the liquid subphase.  Surface tension 

acting on the probe pulls it down.  This force is measured by the balance. 

 

2.5.3  Measurements of surface potential of Langmuir films  

Surface pressure changes are measured when molecules have already rearranged and mutually 

interact.  However, the measurement of surface potential, Vs, allows for detection of 

reorganization of the film before, i.e., at lower surface pressures than those at which these 

changes are observed in the compression isotherm.   

Surface potential is measured simultaneously with surface pressure (Fig. 2.5-3).  It is 

measured by a non-contact vibrating Kelvin probe producing a varying capacity. 

 

 

 

Figure 2.5-3  A Langmuir film surface potential measurement.  

 

The dipole moment component normal to the interfase plane, µ, of the molecules in a 

Langmuir film is determined from the V- isotherm using the Helmholtz equation 

(Eqn. 2.5-4) 

 

 𝜇 =  0e 𝐴m ∆𝑉s  (2.5-4) 

http://rcin.org.pl



40 

 

where 0 and e is electric permittivity of free space and the film (assumed to be 5 for C60im 

and 10 for the Zn(TPPE)-C60im film, respectively).
110

  

 

2.5.4  Langmuir-Blodgett and Langmuir-Schaefer film transfer 

There are several different ways to transfer a Langmuir film floating on a liquid subphase 

onto a solid substrate including the LB and Langmuir-Schaefer (LS) transfer. 

 

  

 

Figure 2.5-4  The Langmuir-Blodgett transfer of a Langmuir film onto a hydrophobic 

substrate: (a) the first layer, (b) the second layer (a Y-type LB film is formed on a 

hydrophobic substrate, cf. Fig. 2.5-5).   

 

The LB technique was the first to construct ordered multilayer molecular films on 

solid substrates.  This technique consists in consecutive immersing and withdrawing a solid 

substrate in and out of a subphase solution with a Langmuir film spread.
106

  If monolayers of 

amphiphilic molecules are transferred, then the first monolayer transferred changes the 

hydrophobic nature of the substrate being coated to hydrophilic and vice versa.  If the first 

monolayer is transferred by immersing a hydrophobic substrate in a subphase through the 

a 

b 
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Langmuir film, then the transferred film is oriented with its hydrophobic moieties of the 

molecules toward the substrate and hydrophilic moieties sticking out (Fig. 2.5-4a).  The 

second layer is transferred during substrate withdrawal.  Thus, the film is transferred with its 

hydrophilic moieties oriented toward those present on the substrate already (Fig. 2.5-4b). 

Moreover, the first monolayer can be deposited by immersing a solid substrate in a 

subphase solution through the Langmuir film or by withdrawing that initially immersed.  In 

dependence of the hydrophobic/hydrophilic nature of the substrate, this transfer results in 

films of differently oriented molecules.  Preferably, the first monolayer of amphiphilic 

molecules is transferred on a hydrophobic substrate by immersion and on a hydrophilic 

substrate by withdrawal.  Another transfer may result in reorientation of molecules during the 

transfer.
111

   

An LB film may differently be organized during the transfer.  Consecutive immersions 

and withdrawals of a substrate results in the most common so-called Y-type of the LB film 

(Fig. 2.5-5a).  If the film is transferred only by immersion or withdrawal, then the X-type 

(Fig. 2.5-5b) or Z-type (Fig. 2.5-5c) LB film is obtained, respectively.  A quantitative 

measure of the film transfer is the transfer ratio, i.e., the ratio of the area of the monolayer 

removed from the subphase surface to the area of the substrate used for the transfer.  

 

 

 
 

Figure 2.5-5  Organization of the LB multilayer films on a hydrophobic substrate, the 

first layer is deposited by immersion (Y- and Z-type). 

 

The LS method is another way of transfer of an ordered multilayer molecular film 

spread on a liquid subphase.  It consists in horizontal lifting of the film.
106

  Mostly, it is useful 

for transfer of very rigid films being nearly two-dimensional solids.  In this method, first, a 

compressed Langmuir film is formed on a water-air interface.  Then, a solid substrate is 

b c a 
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horizontally contacted with the film, and then lifted up.  That way, the first layer is deposited.  

The subsequent layers are transferred in the same manner (Fig. 2.5-6), expectedly resulting in 

the X-type film (Fig. 2.5-5b).  Obviously, the LS transfer onto hydrophilic substrates is 

expected not to be successful. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5-6  The Langmuir-Schaefer transfer of a Langmuir film onto a hydrophobic 

substrate. 

 

Beside the LB and LS techniques, there are other techniques of the Langmuir film 

transfer, including continuous transfer after Barraud and Vandevyver and alternate-layer 

transfer in troughs with more than one working surface (double-Langmuir trough, etc.).
112

  

a 

b 

c 
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2.5.5  Voltammetry 

In voltammetry, the effects of the linearly changed with time potential applied to the working 

electrode (WE) on the redox current are well described.  Cyclic voltammetry (CV) and linear 

sweep voltammetry (LSV) are, probably, the most often used electroanalytical techniques for 

studying redox processes and understanding electrochemical reaction mechanisms in 

particular.  LSV consists in sweeping the WE potential, measured versus a reference electrode 

(RE), from an initial, Ei, to a final, Ef, potential with the constant sweep rate and recording the 

current vs. potential curves using a three-electrode cell.
113

  In CV, the potential is swept with 

the same rate in the forward, and then backward direction (Fig. 2.5-7). 

The anodic, Epa, and cathodic, Epc, peak potentials and corresponding peak currents 

(ipa and ipc) are important CV parameters.  If an electrode reaction, i.e., the heterogeneous 

electron transfer, is faster than other processes occurring, e.g., diffusion, the reaction is said to 

be electrochemically reversible.  Then, concentration of a redox species under the diffusion 

rate control is related to the peak current, ip (A), by the Randles-Ševčík equation 

 

 
ip = 2.69×10

5
 n

3/2
 A c D

1/2
 v

1/2
 (2.5-5) 

 

where n is the number of electrons transferred, A (cm
2
) is the electrode area, c (M) is the 

concentration of the redox substance in solution, D (cm
2
 s

-1
) is the diffusion coefficient, and v 

(V s
-1

) is the potential sweep rate.   

For reversible electrochemical reactions, the anodic-to-cathodic peak potential 

separation is 

 Ep = Epa – Epc = 2.303 
𝑅𝑇

𝑛𝐹
 (2.5-6) 

 

Thus, the Ep should be 0.0592/n V for a reversible redox reaction at 25 °C with n electrons 

transferred or ~60 mV for one electron transferred. 

If the redox substance is deposited in the form of a thin film on the electrode surface, 

then the peak current is described by the Eqn. 2.5-7. 

 

 
ip = 9.39×10

5
 n

2
 Vf cf v (2.5-7) 

 

http://rcin.org.pl



44 

 

In this equation, Vf is the volume of the film of the redox substance on the electrode and cf is 

the concentration of the redox active sites in the film.  

 

 

 

Figure 2.5-7.  (a) A potential-time program for cyclic voltammetry and (b) a typical 

cyclic voltammogram for a reversible redox couple.  Symbols Ei and Ef stand for the 

initial and final potential, respectively.  (Adapted from www.intechopen.com) 

 

 

 

Figure 2.5-8.  (a) A potential-time program for normal pulse voltammetry, NPV.  The Eb 

symbol stands for the base potential, while Ei and Ef stand for the initial and final 

potential, respectively and (b) a typical current-potential curve for NPV.  (Adapted from 

www.ecochemie.nl) 

 

In normal pulse voltammetry, the electrode is kept at a base potential, Eb, i.e., that 

where no faradaic process occurs, for most of the pulse period.  Short pulses of linearly 

increasing amplitude applied to the electrode generate high currents with substantial 

contribution from the capacity charging current (Fig. 2.5-8).  Therefore, the current is 

a a b 
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measured just before the end of the pulse at which time the capacity current is negligible.  

NPV allows decreasing the influence of products of the electrochemical reaction on the 

electrode reaction. 

 

 

Figure 2.5-9.  (a) A potential-time program for DPV with both positive the potential step 

and potential amplitude and (b) a typical current-potential curve for DPV.  (Adapted from 

www.ecochemie.nl) 

 

An important parameter of the potential sweep and pulse electrochemical techniques is the 

diffusion layer thickness.  Particularly, morphology of electrodeposited films depends on 

thickness of this layer.  Thickness of this layer depends on time and potential.  For the 

potential sweep and pulse methods, it can be written as Eqn. 2.5-6a and Eqn. 2.5-6b, 

respectively.
114

  

 

 sweep = 0.355𝑛−1/2𝐷1/2𝑣−1/2  (2.5-7a) 

 

 pulse = √2𝐷𝑡pulse (2.5-7b) 

 

Where, n is a number of electrons transferred, D is the diffusion coefficient, v is the potential 

sweep rate, tpulse is the potential pulse time.  

a b 
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Differential pulse voltammetry (DPV) uses potential pulses of constant amplitude and 

stepped base potential of a constant step.
115

  During the pulse period the current is measured 

first, just before, and then near the end of the pulse (Fig. 2.5-9a).  These points of current 

sampling are selected to allow for the extensive exponential decay of the capacity current.  

Then, the measured faradaic current, decaying proportionally to t 
-1/2

 (Cottrell decay), can be 

more efficiently discriminated from the background capacity current than in NPV.  The 

adopted current sampling procedure allows recording the current difference.  Therefore, the 

current peaks are obtained (Fig. 2.5-9b). 

LSV at an RDE and RRDE involves diffusion-convection mass transport of redox 

reactants and products allowing for measurement of limiting currents in the resulting 

voltammograms.
116

  The advantage of the hydrodynamic transport is that a steady state is 

attained relatively quickly.  Therefore, measurements can be performed with high precision 

and, moreover, double-layer charging does not affect the measurement at steady state. 

The RDE and RRDE voltammetry techniques are convenient tools for study 

electrochemical reaction mechanisms and dioxygen electroreduction in particular.  The 

Koutecky-Levich relation (Eqns. 2.5-8, 2.5-9, and 2.5-10) allows determining the number of 

electrons involved in the dioxygen reduction, thus providing information about the reaction 

mechanism. 

 

 
1

𝑗
=  

1

𝑗𝑙𝑖𝑚
+  

1

𝑗𝑘
=  

1

(𝐵1/2)
+  

1

𝑗𝑘
 (2.5-8) 

 

 B = 0.62 n F 𝑐O2
(𝐷O2

)
3/2

 k
-1/6

 (2.5-9) 

 

 jk = n F ke 𝑐O2
 (2.5-10) 

 

Symbol j (A cm
-2

) is the measured total current density, jk and jlim (A cm
-2

) is the 

kinetic and diffusion limited current density, respectively, ω is the angular velocity of the 

rotating disk electrode (ω = 2πf, f is the rotation frequency in r.p.m.), n is the overall number 

of electrons transferred in dioxygen reduction reaction, F is the Faraday constant, 𝑐O2
 is the 

bulk concentration of dioxygen, 𝐷O2
 is the diffusion coefficient of dioxygen, k is the 

kinematic viscosity of the electrolyte, and ke is the heterogeneous electron transfer rate 

constant.  
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Figure 2.5-10.  The LSV voltammograms for (a) two-step two-electron and (b) one-step 

four-electron dioxygen electroreduction at the RRDE. 

 

The number of electrons and kinetically limited current can be obtained from the slope 

and intercept of the Koutecky-Levich plot, i.e., the dependence of reciprocal current on the 

inverse square root of the rotation rate of the RRDE.  

The RRDE voltammetry allows taking closer insight into mechanisms of 

electrochemical reactions by detecting its intermediate products at the independently 

potential-controlled ring electrode placed around the working disk electrode (Fig. 2.5-10).  

The amount of H2O2 generated on the disk electrode of the RRDE can be determined using 

Eqn. 2.5-11 

 100O%H
d

r
22

Ni

i
  (2.5-11) 

where ir and id is the limiting ring and disk current, respectively, and N is the collection 

coefficient of the RRDE, which was 0.47 for the used system (Eqn. 2.5-12). 

 

 N = 
−𝑖r

𝑖d
 (2.5-12)  

a b 
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2.5.6  Piezoelectric microgravimetry (PM) 

Piezoelectric microgravimetry (PM) uses a quartz crystal microbalance (QCM) to determine 

tiny mass changes with a nanogram resolution via measuring the change in the resonance 

frequency, f0, of a quartz crystal resonator (QCR) during deposition or dissolution of a film 

from the QCR surface.  The measured ftotal consists of two components.   

One component, fmass, corresponds to the mass change, m, QCR during film 

deposition or dissolution.  It is described by the Sauerbrey relation
117

 (Eqn. 2.5-13). 

 

 
21

qqac

2

0
mass

)(

2

A

mf
f


  (2.5-13) 

 

Here, f0 (10 MHz for the EQCM used herein) is the fundamental frequency of the 

QCR,Aac (cm
2
) is the acoustically active area of the QCR,q = 2.947  10

11
 g cm

-1
 s

-2
 is the 

shear modulus of quartz, q = 2.648 g cm
-3

 is the quartz density.   

The other component, fvis, describes the change of mechanical properties (viscosity 

and density) of the contacting liquid, applicable to those of the growing film as 

well (Eqn. 2.5-14). 

 

 
21

qqac

0d

2

c
vis

)2(π A

fRk
f   (2.5-14) 

 

Here, kc
2
 = 7.74  10

-3
 (A

2
 s

2
 cm

-2
) is the QCR electromechanical coupling factor, and 

Rd () is the dynamic resistance (Eqn. 2.5-15). 

 

   21

LL02

ac
d π2 f

k

A
R

c

  (2.5-15) 

 

Symbol ηL (g cm
-1 

s
-1

) and L (g cm
-3

) is the dynamic viscosity and density of the 

working solution, respectively.   

Thus, the total resonanc frequency change of QCR, ftotal, is described by Eqn. 2.5-16. 
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2.5.7  Absorbance and reflectance ultraviolet-visible (UV-vis) spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy is an analytical technique visualizing transitions of 

electrons from their ground to excited state in a molecule.  As a rule, energetically favored 

electron promotion will be from the HOMO to the LUMO, and the resulting species is called 

an excited state.  An optical spectrophotometer records the wavelengths at which absorption 

occurs together with the extension of absorption at each wavelength.  The resulting spectrum 

is presented as a graph of absorbance, A
L
, versus wavelength.  The UV-vis spectroscopy is a 

convenient and widely used technique for studying complex formation in solution.  

Quantitatively, the amount of an analyte present in the examined solution can be determined 

from the absorbance spectra using the Lambert-Beer law (Eqn. 2.5-17).   

 

 𝐴0
L = R l 𝑐R

0 (2.5-17) 

 

Here, 𝐴0
L is the solution absorbance,  R is the molar absorptivity of the receptor in 

solution, l is the light-pass distance of the cuvette, and 𝑐R
0 is the total molar concentration of 

the receptor. 

If a receptor and an analyte absorb light at different wavelengths in a free and 

complexed state, it is possible to estimate concentrations of both states.  Then, isosbestic 

point(s) occur(s). 

For determination of the stability constant of the complex formation (Eqn. 2.5-18)  

 

 A + R              AR (2.5-18) 

 

the Benesi-Hildebrand relation (Eqn. 2.5-19) is widely used.
118

 

 

 
𝑙

𝐴L
=

1

𝑐R
0 𝐾s

s 
 RA

 [A0]
+

1

𝑐R
0   RA

  (2.5-19) 
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Here, 𝐾s
s is the stability constant of the complex in solution 

 

 L
 = L

 - 𝐴0
L - 

 

and  

 

  RA =  RA - R - A - 

 

where  RA and  A is the molar absorptivity of the complex and the analyte, respectively.  The 

𝐾s
s and  RA values can be determined from the Benesi-Hildebrand plot of 1/(𝐴0

L-L
) vs. 

1 /cA, where cA is the analyte concentration, for the 1-cm light pass cuvette, as (y-

intercept) / (slope) and 1 / [𝑐R
0](y-intercept), respectively. 

 

2.5.8  X-ray photoelectron spectroscopy (XPS) 

The X-ray photoelectron spectroscopy (XPS) is one of the most commonly used 

spectroscopic techniques applied for both quantitative and qualitative surface analysis of 

various solid materials ranging from rigid metals or ceramics to soft polymers and gels.  In 

this technique, the incident X-ray beam strikes the surface of a sample under ultrahigh 

vacuum conditions promoting the core electrons of atoms of the sample from their ground 

state to an excited state well above the Fermi level and to escape to vacuum.
119

  The kinetic 

energy of the escaped electron is measured and the electron binding energy, BE, is calculated 

using Eqn. 2.5-22 

 

 BE = h – Ek + W (2.5-22) 

 

where h is the energy of the incident photon, Ek is the electron kinetic energy, and W is the 

difference in the work function of the sample and that of the detector material assuming that 

there is no charge accumulated at the sample surface. 

The recorded spectrum contains peaks corresponding to the electron BE characteristic 

of a given element in a given atom environment (Eqn. 2.5-22).  The BE of the emitted 

electron provides information not only on the elemental composition of the sample but also 

on the chemical state of the elements examined and its neighboring atoms or molecules as 
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well.  Typically, the depth of analysis is ~1.1 nm for organic compounds, like polymers, i.e., 

~5-8 atomic layers for most materials.  This depth is limited by the inelastic mean free path of 

the emitted electron inside the sample towards its surface.  

 

2.5.9  Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) 

spectroscopy and polarization-modulation infrared reflection-absorption spectroscopy 

(PM-IRRAS) 

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy is one of 

the most commonly exploited IR analytical techniques using light reflectance principle and 

providing information mostly on vibrational modes in molecules.  It allows for both 

qualitative and quantitative analysis of samples with relatively easy sample preparation.  The 

main advantage of the ATR-FTIR spectroscopy measurement over classical IR spectroscopy 

measurements with samples, diluted in IR-transparent salts and pressed into pellets or thin 

films, is a very thin sampling pathlength and depth of penetration of the IR beam in the 

sample.  This sample arrangement prevents full absorption of bands in the infrared spectrum. 

In ATR-FTIR spectroscopy, the IR beam is directed into a crystal of a refractive index 

relatively higher than that of the sample.  The IR beam is reflected from the internal surface 

of the crystal with generation of an evanescent wave.  This wave propagates orthogonally into 

the sample remaining in an intimate contact with the ATR crystal.  Partially, the energy of the 

evanescent wave is absorbed by the sample and the rest of reflected radiation is returned to 

the detector (Fig. 2.5-11).  In ATR-FTIR spectroscopy, the angle of incidence of the IR beam 

relative to a perpendicular to the crystal surface, , is measured. 

Two important parameters in ATR-FTIR spectroscopy include (i) critical angle of 

incidence of the IR light beam, c, and (ii) the depth of IR light beam penetration, dp. 

 

 c  =  sin−1 (
𝑛2

r

𝑛1
r) - 

 

Here, 𝑛2
r  is the refractive index of the sample and 𝑛1

r  is the refractive index of the crystal.  An 

ATR-FTIR spectrum is observed for  values exceeding that of c.  If the 𝑛1
r -to-𝑛2

r  ratio is too 

high and  is too low, then the measurement results in combination of ATR and external 

reflectance.  
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 𝑑p =


2 √(𝑛1
r)2 sin2 −(𝑛2

r)2
 - 

 

Here,  is the wavelength of light.  Typically, the depth of penetration in ATR-FTIR 

spectroscopy measurements is in the range of 0.5  dp   5 mm. 

 

 

Figure 2.5-11.  Principle of single-reflection ATR-FTIR spectroscopy operation.  

(Adapted from www.piketech.com) 

 

 

 

 
 

Figure 2.5-12  (a) Schematic illustration of reflectance of the s- and p-polarized radiation 

and (b) variation of the phase change in the p- (p) and s‐component (s) of radiation as a 

function of the incidence angle of the light beam.  (Adapted from 

www.epic.ms.northwestern.edu) 

a b 
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Polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) 

combines the polarization-modulation and reflection-absorption measurements of infrared 

light resulting in a sensitive FTIR spectroscopy and surface-selective technique.  It is 

primarily used for characterization of thin films, including monolayers, deposited on metal 

(usually gold) substrates.
120

   

Reflection of the non-absorbed IR light from the sample is dependent on the optical 

constants of the thin film and the substrate, the angle of the light beam incidence as well as 

the polarization of the incident IR radiation.  A photomodulator generates alternating s- and 

p-polarized light pulses (Fig. 2.5-12a).  The phase shift of the perpendicular component, s-, 

exhibits no significant dependence upon the variation of the angle of incidence (Fig. 2.5-12b).   

The incident and reflected electric vectors of so-called p- and s-components of 

radiation, p, p
′ , s and s

′ , respectively, are shown in Fig. 2.5-12a.  Here, p refers to 

parallelly polarized radiation and s to perpendicularly polarized radiation with respect to the 

plane of incidence.  Because the phase shift of the s component, s, is nearly -180° for all 

angles of incidence, the net amplitude of the IR radiation parallel to the substrate surface is 

zero.  In contrast, the phase shift of the parallel component, p, strongly depends upon the 

angle of incidence.  The p-polarized component goes through a maximum at 88°.  At this 

grazing incidence, the p-polarized radiation sums up of p and p
′  leading to a net combined 

amplitude that is almost twice that of the incident radiation.  This feature is utilized to obtain 

the differential reflectance spectrum of the adsorbed surface species, R
L
/R

L
, which is 

expressed, as follows.  

 

 
𝑅L

𝑅L =  
(𝐼p−𝐼s)

(𝐼p+𝐼s)
 (2.5-25) 

 

Here, Ip and Is is the intensity of the p‐ and s-polarized component of radiation, respectively.  

Only the p‐polarized radiation component interacts with the sample surface.  

Consequently, the active vibrations that can be detected in IRRAS must have a component of 

the dynamic dipole polarized in the direction normal to the surface of the sample.  From this 

behavior, the so‐called “surface selection rule” for PM‐IRRAS follows.  The “surface 

selection rule” is used to study orientation of molecules in thin films, and monolayers in 

particular, deposited on the metal or dielectric substrates.  That is, PM-IRRAS is sensitive to 

molecule orientation with respect to the substrate surface. 
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2.5.10  Raman spectroscopy 

Raman spectroscopy is an analytical technique detecting scattered UV and visible light that 

provides information on vibrational, rotational, and other low-frequency modes in molecules.  

This is a technique commonly used for analysis of carbon materials as it allows for detection 

of changes in their structure or chemical environment.   

In a typical Raman spectroscopy measurement, a sample is irradiated with a laser 

beam.  The light reflected from the sample is collected in the UV-vis region close to that of 

the laser wavelength with the Rayleigh scattering being filtered out.  The difference between 

the fluorescence and Raman spectroscopy is that in the latter the electrons in a molecule are 

promoted not to a discrete, but to a virtual energy level.  

 

2.5.11  Time-of-flight mass spectrometry (TOF MS) 

Time-of-flight mass spectrometry (TOF MS) is an analytical technique measuring the mass-

to-charge ratio (m/z) and abundance of ions moving at high speed in vacuum (Fig. 2.5-13).
121

  

 

 

 

Figure 2.5-13  A block diagram and a flow chart of the time-of-flight mass spectrometry 

(TOF MS) operation.  

 

It is widely used for determination of molecular mass of compounds upon their 

ionization using one of the available ionization techniques.  In order to determine the m/z 

ratio, the measured sample is ionized and the ions produced are accelerated in an electric field 

applied.  The velocity of the ions in the electric field depends upon their mass-to-charge ratio.  

That is, heavier ions move slower than those with the same charge but lighter.  The time 
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required for ions to reach a detector is measured and the distance is known.  This time and the 

known experimental parameters allow determining the mass-to-charge ratio of the ion.  In our 

research, electrospray ionization was used. 

 

2.5.12  Atomic force microscopy (AFM)  

Atomic force microscopy (AFM) is an imaging technique, which allows visualizing surface 

of either conducting or non-conducting materials with up to atomic resolution.
122

  

Basically, this imaging is afforded with a sharp microtip mounted on the edge of a 

cantilever.  This cantilever is connected to a piezoelement-driven spatial positioning 

mechanism.  The moving microtip interacts with an imaged surface and generates a raster 3-D 

pattern of the scanned surface.  A laser beam, reflected from the cantilever to the 

photodetector, provides information on the cantilever deflection, thus changing height of the 

sample under the tip (Fig. 2.5-14a).   

There are three main modes of AFM operation depending on the type of interaction 

between the tip and the sample.  These include the non-contact, tapping, and contact mode.  

In most cases, they serve better for imaging very soft, soft, and rigid samples, respectively 

(Fig. 2.5-14b). 

 

 a b 

 

Figure 2.5-14.  (a) A block diagram of an AFM instrument and (b) the summarized 

forces acting on an AFM tip vs. distance to the measured surface, respectively.  (Adapted 

from www.doitpoms.ac.uk and www.ntmdt.com) 
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In our research, the tapping AFM mode was used.  This mode is most suitable for 

imaging the LB, polymer, and CNT-polymer composite films.  In the tapping mode, the 

cantilever oscillates vertically at or slightly below its resonance frequency.  The amplitude of 

oscillation typically ranges from 20 nm to 100 nm.  The microtip lightly “taps” on the sample 

surface during scanning, contacting the surface at the bottom of its swing.  Because the forces 

on the microtip change as the microtip-surface distance changes, the resonance frequency of 

the cantilever is dependent on this distance according to Eqn. 2.5-26. 

 

 t  =  t0√1 −
1

𝑘scc

𝑑𝐹k

𝑑𝑧
 (2.5-26) 

 

Here, t is the microtip oscillation frequency, t,0 is the microtip resonance frequency, Fk is 

the force of the cantilever-sample interaction, kscc is the spring constant of the cantilever and z 

is the microtip-to-sample distance.  Moreover, the oscillation is damped when the microtip is 

closer to the surface.  Hence, changes in the oscillation amplitude can be used to measure the 

distance between the microtip and the surface.  The feedback circuit adjusts the microtip (or 

the sample table) height to maintain constant amplitude of oscillation, i.e., the amplitude 

setpoint. 

 

2.5.13  Brewster angle microscopy (BAM) 

Brewster angle microscopy (BAM) is a technique for imaging thin films floating on a 

liquid surface.
123,124

  In this technique, a sample is irradiated with a p- polarized 

monochromatic light under the Brewster angle, .  The Brewster angle (Eqn. 2.5-25) is a 

particular angle of light incidence where p-polarized light cannot be reflected from an 

interface (Figure. 2.5-15).  Therefore, the incident at 53 p-polarized monochromatic light is 

not reflected from the water-air interface if there is no film on the air-water interface.  Then, 

the detector does record anything and the picture recorded is black.  If, however, a film is 

floating on the water subphase, the refractive index is then changed and the light is reflected 

to the detector.  The BAM technique allows visualizing long-range orientation of molecules 

in the air-liquid interface, domains in a film, changes of orientation of molecules in film 

domains during film compression or expansion, and thickness of the film. 

 

 

http://rcin.org.pl



57 

 

 

 

Figure 2.5-15.  The operating principle of a BAM microscope.  (Adapted from 

www.ksvnima.com) 

 

 tan  = 
𝑛2

r

𝑛1
r  (2.5-27) 

 

Here,  is the Brewster angle in radians, 𝑛1
r  is the refractive index of air (𝑛1

r   1) and 𝑛2
r  is the 

refractive index of the liquid subphase (𝑛2
r   1.33 for water).  Thus, the Brewster angle for the 

air-water interface is 53.   
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3.  Experimental 

3.1  Chemicals 

[C60]Fullerene, 99.5%, for syntheses of C60 adducts was from SES Research, (Houston TX, 

USA), BuckyUSA (Bellaire TX, USA), or M.E.R. Corp. (Tucson AZ, USA).  

The HiPCO metallic single-wall carbon nanotubes (SWCNTs), 6,5-SWCNTs and 7,6-

SWCNTs were from Carbon Nanotechnology, Inc. (Houston TX, USA). 

2-(5′-Uracil)fulleropyrrolidine (C60ur) was synthesized and purified according to the 

literature procedure.
125,126

 

N-Methyl-2-(4'-N-imidazolylphenyl)-3,4-fulleropyrrolidine (C60im) was synthesized 

according to the literature proceedure.
125,127

 

2´-Ferrocenylfulleropyrrolidine (C60Fc) was synthesized and purified according to the 

literature procedure.
125,128

  

Tetrakis-4-(N,N-diphenylamino)-phenylporphyrinatocobalt(II), (Ph3N)4CoP, and 

tetrakis-4-(N,N-diphenylamino)phenylporphyrinatozinc(II), (Ph3N)4ZnP, were synthesized 

and purified according to the literature proceedures.
129

  

Tetrakis[(2,9,16,23-triethyleneglycolmonomethylether)phthalocyaninato]zinc(II), 

Zn(TPPE), was synthesized according to the procedure described below in Section 4.1.2.1. 

2-Aminopurine (2-AP), 99%, 1-pyrenebutyric acid, 97%, for non-covalent 

modification of SWCNTs, palladium(II) diacetate [Pd(Ac)2], 98%, 3-bromopyridine, 99 %, 

piperazine, 99 %, analytical grade, anhydrous solvents for electrochemical measurements, i.e., 

1,2-dichlorobenzene (ODCB), 99%, acetonitrile (ACN), 99.8%, and toluene (TL), 99.8 %, 1-

methyl-2-pyrrolidinone (NMP), 99.6%, 1-cyclohexyl-2-pyrrolidone (CHP), 99%, all from 

Sigma-Aldrich (St. Louis MO, USA), were used without further purification. 

Supporting electrolytes, namely, tetrabutylammonium (TBA) salts, such as 

(TBA)CH3SO3, (TBA)ClO4, (TBA)BF4, and (TBA)PF6, all of electrochemical grade and 

(TBA)OH  20 H2O, from Sigma-Aldrich (St. Louis MO, USA), were stored in a dry box and 

used without further purification. 

All other chemicals were of analytical grade from POCh (Gliwice, Poland) or 

Chempur (Piekary Slaskie, Poland). 

Ethanol : (line ether), 96.3 : 3.7 (mass : mass) was from Linegal Chemicals Co. 

(Warsaw, Poland). 
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Dioxygen ("analyzed"), used for saturation of the working solutions of supporting 

electrolytes and argon for their deaeration, were from Multax, s.c. (Stare Babice, Poland). 

Water for preparation of solutions for electrochemical experiments and subphase 

solutions for Langmuir film preparation was doubly distilled and further purified (18.2 

M cm) with a Mili-Q filtering system of Millipore Corp. (Bedford MA, USA). 

 

3.2  Apparatus and procedures 

The electrochemical experiments were performed using an AUTOLAB computerized 

electrochemistry system driven by the Nova or GPES software of Metrohm Autolab.  

Voltammetric measurements with the RDE or RRDE were performed on the RRDE-3A 

system of ALS Co., Ltd. (Tokyo, Japan).   

The UV-vis spectroscopy measurements were carried out with a UV2501PC UV-vis 

recording spectrophotometer of Shimadzu (Kyoto, Japan). 

Composition of the films was analyzed with the XPS by the Escalab-210 spectrometer 

of VG Scientific (East Grinstead, U.K.) using Al Kα (hν = 1486.6 eV) X-ray radiation. 

Orientation of molecules in the Langmuir-Blodgett and Langmuir-Schaefer films with 

respect to the substrate surface was estimated from polarization modulation-infrared 

reflection-adsorption spectroscopy (PM-IRRAS) spectra recorded with a Vertex 80v FT-IR 

spectrophotometer of Bruker (Ettlingen, Germany) equipped with a PMA50 accessory for the 

PM-IRRAS measurements. 

The Raman spectroscopy measurements were performed using an Almega Raman 

spectroscope of Nicolet (Madison, WI, U.S.A.) equipped with a confocal Raman microscope 

and laser with λ = 780 nm. 

Morphology and thickness of films deposited on solid substrates were characterized 

with the atomic force microscope at the tapping mode imaging with a MultiMode NS3D 

microscope of Veeco Instruments Inc. (Woodbury NY, USA) or MultiMode
®
 8 AFM/STM 

under control of a Nanoscope V controller of Bruker/Veeco. 

 

3.2.1  Quantum chemistry calculations 

In order to optimize structures and determine electronic properties of dyads, first, structures of 

their components, separately, were optimized to a stationary point on the Born-Oppenheimer 

potential energy surface with the DFT method at the B3LYP/3-21G* level.  Then, the 
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optimized molecules were allowed to interact and form the H- or metal-ligand coordination 

bonds. 

The DFT quantum-chemical calculations were performed on a workstation with four 

quad-core Xeon processors using Gaussian 09 rev C software
130

 of Gaussian, Inc. (USA).  

The B3LYP functional along with the 3-21G* basis set, implemented in the software, were 

used for all the calculations. 

 

3.2.2  Modification of electrodes 

All metal electrodes were consecutively ultrasonicated in water for 5 min, immersed for 3 min 

in a “piranha” solution (H2O2 : H2SO4; 1 : 3,  :  caution: the “piranha” solution is 

dangerous in contact with skin and eye because it vigorously reacts with most organic 

substances), rinsed with purified water, followed by ethanol, and then dried in an argon 

stream before each experiment.  A 160 W power IS-3R ultrasonic bath of InterSonic (Olsztyn, 

Poland) was used for ultrasonication of electrodes as well as preparation of solutions and fine 

suspensions.   

Before surface modification, the FTO glass slides were consecutively rinsed with 

water and acetone, then dried, and then Ar plasma cleaned or O2 plasma activated.  A plasma 

cleaner model Zepto of Denier Electronic GmbH (Ebhausen, Germany) was used for cleaning 

the electrodes and activating their surfaces before chemical modification with silanes.  

Electrochemical experiments with oxygen- and moisture-sensitive substances were performed 

in an anaerobic and moisture-free environment with a LabStar glove box of MBraun 

(Garching, Germany). 

 

3.2.3  Preparation of subphase solutions for the Langmuir trough 

The Langmuir films of individual compounds and their complexes in films spread on aqueous 

subphases were prepared by using a computerized system of 601BAM trough (total area of 

490 cm
2
) of Nima Technology, Ltd. (Coventry, UK).  Surface pressure was measured with 

accuracy of ~0.1 mN m
-1

 by using a PS4 sensor (Nima) of a Wilhelmy plate type.  The 

surface of the subphase solution was cleaned by repeated compressing, aspirating of traces of 

surface active impurities, and then expanding prior to spreading a sample solution.  Changes 

of surface pressure of blank subphase solutions did not exceed 0.2 mN m
-1

 in the cleaning 

compression-aspiration-expansion cycles.  Surface potential was measured with accuracy of 
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~10 mV by using a Model 320C-H-CE electrostatic voltmeter with a Model 3250 Probe by 

TREK, Inc. (Medina NY, USA) or with the KP-2 sensor (Nima) of a Kelvin probe type. 

 

3.2.4  Preparation of Langmuir films of C60ur and the C60ur-(2-AP) conjugate 

A sample of 0.2 to 1.5 ml of 0.05 to 0.112 mM C60ur in chloroform was evenly drop-wise 

spread over the subphase solution surface.  Then, the sample solvent was allowed to 

evaporate for 15 min.  Isotherms of surface pressure (π) and surface potential (ΔV) vs. area 

per molecule (A) were then recorded simultaneously, under a compression-expansion regime, 

at the rate of 25 cm
2
 min

-1
.  Morphology of the Langmuir films floating on aqueous subphases 

was characterized by a Brewster angle microscope type EP3-BAM or MiniBAM of NFT-

Nanofilm Technologie, GmbH (Göttingen, Germany). 

 

3.2.5  Langmuir-Blodgett transfer of Langmuir films of C60ur and the C60ur-(2-AP) 

conjugate 

A Langmuir film of C60ur was spread on (i) water (pH  5.6), (ii) 0.05 mM phosphate buffer 

(pH = 7.1), (iii) Britton-Robinson buffer (pH = 11.7) or (iv) KCl and HCl (pH = 1.65) 

subphase.  The C60ur-(2-AP) conjugate was formed by spreading C60ur on (i) 0.1 mM 2-AP in 

the 0.05 M phosphate buffer (pH = 7.1), (ii) 0.1 mM 2-AP in the Britton-Robinson buffer (pH 

= 11.8), (iii) 0.1 mM 2-AP in 4 M CaCl2 or glycerol as the subphase.  Then, this film was 

allowed to stabilize for 5 min at surface pressure of 15 mN m
-1

, i.e., that selected for the 

subsequent LB transfer.  Next, the LB transfer was initiated with the immersion and 

withdrawal speed of 5 mm min
-1

.  A 10 × 15 mm
2
 quartz slide served as the substrate.  The 

Langmuir-Blodgett and Langmuir-Schaefer films were prepared with a D1L linear dipper of 

Nima.   

 

3.2.6  Preparation of Langmuir films of the Zn(TPPE)-C60im dyad 

A sample of 150 to 300 l of the 0.1 mM Zn(TPPE)-C60im chloroform solution was evenly 

drop-wise spread onto the water subphase surface.  Then, the sample solvent was allowed to 

evaporate for 15 min from the subphase surface, followed by simultaneous recording of the π-

A and π-ΔV isotherms under a compression-expansion regime at the rate of 25 cm
2
 min

-1
. 
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3.2.7  Langmuir-Blodgett and Langmuir-Schaefer transfer of the Langmuir films of the 

Zn(TPPE)-C60im dyad 

First, the Langmuir film of the Zn(TPPE)-C60im donor-acceptor dyad was spread on a water 

subphase.  Then, this film was allowed to stabilize for 15 min at surface pressure of 10 

mN m
-1

, i.e., that selected for the subsequent LB transfer.  The Langmuir films were then 

transferred using the LB technique at the immersion and withdrawal speed of 3, 5, 10, 15, or 

30 mm min
-1

.  The LS transfer was accomplished at the speed of 1 mm min
-1

.  An FTO or Au-

over-Cr coated glass slide, or an HOPG specimen served as the substrate. 

 

3.2.8  Spectroelectrochemical measurements on LB films of the Zn(TPPE)-C60im dyad 

Spectroelectrochemical parameters of the multilayer LB film of the Zn(TPPE)-C60im 

complex, transferred onto the FTO substrate and immersed in a solution, which was 5 mM in 

methyl viologen and 0.1 M in Na2SO4 or a solution, which was 1 mM in ascorbic acid and 0.1 

in M NaH2PO4, were determined using a homemade PTFE cell featuring a quartz window.  

An FTO/[C60im-Zn(TPPE) LB film], a platinum plate, and an Ag/AgCl electrode served as 

the photoelectrode, counter electrode, and reference electrode, respectively.  A 5-mm 

diameter area of the photoelectrode was exposed to light.  The electrode was illuminated from 

the electrolyte/electrode interface side with light of 100 mW cm
−2

 intensity.  The 

measurements of IPCE of conversion were performed using a Cornerstone 260 

monochromator of Newport Corp. (Irvine CA, USA). 

 

3.2.9  Electropolymerization of (Ph3N)4ZnP 

Electropolymerization was performed using a three-electrode one-compartment V-shaped 

glass cell with an ITO glass slide, a Pt disk, or an Au/quartz resonator serving as the working 

electrode, a Pt foil or a Pt wire as the counter electrode, and an Ag/AgCl electrode as the 

reference electrode in an ODCB solution, which was 0.1 mM in (Ph3N)4ZnP and 0.1 M in the 

(TBA)ClO4 supporting electrolyte.  Thickness of the film was controlled by the number of 

potential cycles completed or the potential scan rate.  An ITO glass slide of ~0.8 cm
2
 area was 

used for the film deposition.   

The C60im-(Ph3N)4ZnP polymer film for photoelectrochemical studies was deposited 

by soaking the ITO-[(Ph3N)4ZnP polymer film] electrode in an ODCB solution of 0.1 mM 
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C60im for ~1 h.  The electrode was then rinsed with the ODCB solvent to remove excess of 

uncoordinated C60im, and then immediately used for photoelectrochemical measurements. 

Electrochemical measurements on the (Ph3N)4ZnP film with the electrochemical 

quartz crystal microbalance (EQCM) were performed by using an EP-21 potentiostat of Elpan 

(Lubawa, Poland) connected to an EQCM 5710 electrochemical quartz crystal microbalance 

of the Institute of Physical Chemistry (Warsaw, Poland) under control of an EQCM 5710-S2 

software of the same manufacturer. 

 

3.2.10  Flow-injection analysis (FIA) of C60im complexation by the (Ph3N)4ZnP polymer  

The setup for FIA of the C60im complexation by the (Ph3N)4ZnP polymer was assembled 

according to Scheme 3.2-1.  The (Ph3N)4ZnP polymer film was prepared using an ODCB 

solution of 0.1 mM (Ph3N)4ZnP in 0.1 (TBA)ClO4 during 10 CV cycles between 0 and 1.3 V 

at the potential sweep rate of 0.1 V s
-1

.  Then, the film was rinsed with the blank ODCB 

solvent.  

 

Scheme 3.2-1.  The setup used for the flow-injection analysis measurement using the 

electrochemical quartz crystal microbalance. 
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The flow rate of the ODCB carrier solvent was 50 μL/min.  The blank solvent was 

allowed to flow until frequency of the QCR stabilized.  Then, 200-L samples of C60im in the 

same solvent were injected through the rotary injection valve.  The QCR resonance frequency 

change was recorded. 

The piezoelectric microgravimetry experiments under FIA conditions were performed 

with an EQCM 5610 flow-through QCR holder connected to an EQCM 5710 controller.  The 

holder was connected with a stainless-steel capillary tubing to a NE-500 syringe pump of 

New Era Pump Systems, Inc. (Wantagh NY, USA), under a WinPump Term software control 

via a Model 7725i six-port rotary injection valve of Rheodyne (Cotati CA, USA). 

 

3.2.11  Spectroelectrochemical measurements on LB films of the [(Ph3N)4ZnP polymer]-

C60im dyad 

Spectroelectrochemical parameters of the pristine (Ph3N)4ZnP polymer and the [(Ph3N)4ZnP 

polymer]-C60im dyad, deposited on the ITO electrode, in the acetonitrile solution containing 

(TBA)I and I2 to generate the 0.1 M I3
− mediating redox couple were determined.  The ITO 

samples were placed in an open-top 1-cm light path UV cuvette, with the Pt-grid counter 

electrode.  The film was illuminated from the ITO side.  The photovoltage-photocurrent 

curves were recorded both in darkness and under illumination with a Newport 150 W Xe arc 

lamp under the AM 1.5 light filter using a Model 2400 Current/Voltage Source Meter of 

Keithley Instruments, Inc. (Cleveland OH, USA).  The IPCE measurements were performed 

under the ~4 mW cm
-2

 monochromatic light illumination conditions using a setup composed 

of a 150 W Xe lamp with a Cornerstone 260 monochromator of Newport Corp. (Irvine CA, 

USA).   

 

3.2.12  Electropolymerization of (Ph3N)4CoP and imprinting of the nitrogen-containing 

templating ligands in the (Ph3N)4CoP polymer 

Electropolymerization of (Ph3N)4CoP was performed using a three-electrode one-

compartment cell with a GCE working electrode mounted upside down, a Pt wire and an 

Ag/AgCl electrode serving as the counter and reference electrode, respectively.  An ODCB 

solution of 0.1 mM (Ph3N)4CoP in the 0.1 M (TBA)ClO4 supporting electrolyte was used.  

NPV with two potential steps at 0 and 1.3 V was used with the step time of 1 ms of each 

potential steps.  The number of repetition of this potential program was adjusted to be 

equivalent of formation of ~20 monolayers of the (Ph3N)4CoP polymer on the electrode 
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surface.  The electrochemical equivalent of (Ph3N)4CoP was determined using CV.  Next, the 

electrode was rinsed with the ODCB solvent, and then immersed for 15 min in a CHCl3 

solution, which was 10 mM in a nitrogen-containing ligand.  Finally, the electrode was gently 

rinsed with CHCl3 to remove excess of the ligand, and then the electropolymerization was 

repeated. 

Electrochemical measurements on the (Ph3N)4CoP polymer film with the EQCM were 

performed similarly as those described in Section 3.2.9. 

 

3.2.13  Electrophoretic deposition of the pyr-SWCNTs film 

Two instrumental setups for electrophoretic deposition of pyr-SWCNTs were used.  Both 

were composed of the horizontally mounted and facing up Au disk or Au-over-Ti/QCR 

electrode, with the spiraled Pt wire auxiliary electrode in parallel, positioned 6 mm above the 

working electrode.  The working electrode was positively polarized with the 24 V dc in the 

0.4 mg ml
-1

 pyr-SWCNTs fine dispersion in NMP or CHP.  After ~6 min of electrophoresis, a 

black deposit of pyr-SWCNTs uniformly coated the surface of the electrode leaving the 

solvent colorless and transparent to signal completion of the deposition.  Therefore, this time 

interval was used in all subsequent electrophoretic depositions of the pyr-SWCNTs films.  

Following the deposition, the electrode was rinsed with ACN, and then dried in an Ar stream.  

Addition of excess of (TBA)OH × 20 H2O to the dispersion before electrophoretic deposition 

drastically increased the deposition rate. 

Electrophoretic deposition of pyr-SWCNTs was performed using one of the following 

two setups.  In one,
131

 a 10 MHz AT-cut plano-plano QCR featuring an Au-over-Ti or Pt film 

circular electrodes was mounted in the holder of the EQCM 5710 electrochemical quartz 

crystal microbalance.  The changes of the resonance frequency and dynamic resistance of the 

QCR were simultaneously recorded during deposition of the pyr-SWCNT film. 

In the other setup, the flow-through quartz crystal holder Model EQCM 5610 of the 

Institute of Physical Chemistry (Warsaw, Poland) without the frequency generator board in it 

and assembled for batch measurements was used.  Thus, this holder served as an 

electrochemical cell only.   
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3.2.14  Galvanostatic charging and discharging, and measurements of power of the 

fabricated energy storage device 

In order to evaluate electrochemical stability of the pyr-SWCNTs/(C60Fc-Pd) composite films, 

a simple laboratory model of a symmetrical charge storage device was assembled (Fig. 2.3-

16). 

 

 

 

Scheme 3.2-2.  Illustration of the cell assembled with two identical 4-mm diameter Au 

disk/pyr-SWCNTs/C60Fc-Pd working electrodes, WE1 and WE2, for galvanostatic 

experiments. 

 

It contained two identical Au disk electrodes, each coated with the composite film, 

immersed in a blank deaerated supporting electrolyte solution. 

 

3.2.15  Preparation of the pyr-SWCNTs/(C60Fc-Pd) film  

The C60Fc adduct was electropolymerized in the presence of Pd(Ac)2 with the resulting 

polymer film deposition on a 3-mm diameter Au disk electrode either pre-coated or not with a 

film of electrophoretically deposited pyr-SWCNTs.  The 0.30 mM C60Fc, 4.56 mM Pd(Ac)2, 

and the 0.1 M (TBA)ClO4 solution of the toluene : acetonitrile (4 : 1, v : v) mixed solvents 
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was used for this electropolymerization.  Initially, a sample of the C60Fc adduct and Pd(Ac)2 

was dissolved in TL and ACN, respectively.  Then, a sample of (TBA)ClO4 was dissolved in 

the ACN solution of Pd(Ac)2, and, finally, the ACN solution of Pd(Ac)2 and (TBA)ClO4 was 

mixed with the TL solution of the C60Fc adduct.  The electropolymerization was performed 

under conditions of potentiodynamic multi-cycling with the the potential ranging between 0 

and -0.90 V at the potential sweep rate of 100 mV s
-1

 under argon atmosphere.  

Electroanalytical measurements on films and on solutions were carried out with an Autolab 

electrochemical systems of Eco Chemie/Metrohm Autolab (Utrecht, The Netherlands), 

equipped with cards of either the PGSTAT 20, PGSTAT 30, or PGSTAT 301N potentiostat, 

or BIPOT bipotentiostat operated under control of a dedicated GPES 4.9 software or Nova 1.8 

software or potentiostat PGSTAT 101 operated under control of a dedicated Nova 1.8 

software, all of Eco Chemie/Metrohm Autolab.  The polymer film was rinsed with ACN 

before further use. 
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4.  Results and discussion 

4.1  Organic electron donor-acceptor systems for photovoltaic solar energy conversion 

4.1.1  Watson-Crick type nucleobase-paired C60ur-(2-AP) conjugates in Langmuir films 

Uracil forms hydrogen-bond complexes with complimentary nucleobases via the Watson-

Crick nucleobase paring.  This supramolecular molecule assembling can be applied to form 

functional constructs for various applications.  Particularly interesting for us is the base pair 

of the conjugate of the uracil-derivatized C60, 2-(5'-uracil)fulleropyrrolidine, (C60ur), and the 

analogue of adenine, 2-aminopurine, (2-AP), C60ur-(2-AP).  This conjugate is promising for 

application as an active photovoltaic material.
132

  Moreover, hydrogen bonding of these 

molecules may be used for preparation of selectively recognizing films for chemical sensors 

based on molecularly imprinted polymers (MIPs).
133

   

The focus of the present research was to study self-assembling of C60ur with 2-AP 

through Watson-Crick nucleobase paring in Langmuir films and possible LB transfer of the 

films of the resulting conjugate onto solid substrates. 
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Figure 4.1.1-1.  The proposed structural formula of the Watson-Crick nucleobase paired 

C60ur-(2-AP) conjugate in the air-water interface.  (a) 2-(5'-uracil)fulleropyrrolidine 

(C60ur) and (b) 2-aminopurine (2-AP). 

a 

b 
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First, the -A and V-A compression isotherms for C60ur spread on the water subphase 

and on the 2-AP solution subphase of different pH and ionic strength values were 

simultaneously recorded, and then analyzed.  Next, surface morphology of the Langmuir 

films was characterized by BAM.  Then, C60ur and also in situ formed C60ur-(2-AP) 

Langmuir films spread on different subphases were transferred using the LB technique onto 

quartz slides.  Finally, composition and morphology of the transferred films was examined 

with UV-vis spectroscopy and characterized by AFM, respectively. 

 

4.1.1.1  Characterization of Langmuir films of C60ur and the C60ur-(2-AP) conjugate 

spread on different subphases 

A series of Langmuir films of C60ur (Fig. 4.1.1-1a) spread on different aqueous subphases or 

2-AP solutions (Fig. 4.1.1-1b) were prepared.  That way, the resulting Langmuir films were 

composed of pristine C60ur or in situ formed C60ur-(2-AP) conjugate, respectively.  The -A 

and -V compression isotherms for these films were simultaneously recorded (Fig. 4.1.1-2).  

The A0 values for the C60ur were determined from the intercept of the slope tangents 

of the -A compression isotherms with abscissa at zero surface pressure.  The A0 value for the 

C60ur film on a genuine water subphase was independent of the initial C60ur concentration 

(curve 1 in Fig. 4.1.1-3).  However, A0 linearly depended on the initial C60ur surface 

concentration for the 0.05 M phosphate buffer (pH = 7.5) and 2-AP subphase solutions 

(curves 2 and 3, respectively, in Fig. 4.1.1-3).  The A0 value was higher the lower was the 

initial surface concentration of C60ur.   

The A0 value for C60ur spread on either highly acidic (pH = 1.65) or highly basic 

(pH = 11.8) subphase solution was higher than that spread on water (pH  5.6) (Table 4.1-1).  

These higher former values might arise from charging the film by protonation (low pH) or 

deprotonation (high pH) of the uracil moiety of C60ur.  This inference well corresponds with 

the pKa values for uracil being pKa1 = 0.5, pKa2 = 9.5, and pKa3 > 13.
134
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Figure 4.1.1-2.  Compression isotherms of (a) surface potential and (b) surface pressure 

vs. area per molecule for a sample of 22.4 nanomoles of C60ur spread from a chloroform 

solution onto (1, 1’) water (pH  5.6), (2, 2’) 0.05 M phosphate buffer (pH = 7.5), (3, 3’) 

0.17 mM 2-aminopurine in 0.05 M phosphate buffer (pH = 7.1), and (4’) 0.1 mM 2-

aminopurine in the Britton-Robinson buffer (pH = 11.8). 
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Figure 4.1.1-3.  Dependence of the area per molecule on the initial surface concentration 

of C60ur for the Langmuir films spread from chloroform solutions onto (1) water 

(pH  5.6), (2) 0.05 M phosphate buffer (pH = 7.5), and (3) 0.17 mM 2-aminopurine in 

0.05 M phosphate buffer (pH = 7.1). 

 

The values of A0 for the acidic, nearly neutral, and basic subphases were compared 

with those theoretical estimated for two possible extreme orientations of molecules of pristine 

C60ur and the C60ur-(2-AP) conjugate in the interface.  These orientations correspond to 

perpendicular (vertical) and parallel (horizontal) orientation of the plane of hydrogen bonds 

between the C60ur and the 2-AP with respect to the interface plane (Fig. 4.1.1-4).  
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Figure 4.1.1-4.  Proposed horizontal orientation of molecules of (a) C60ur and (c) the 

C60ur-(2-AP) conjugate, and vertical orientation of (b) C60ur and (d) C60ur-(2-AP) 

conjugate with respect to the air-subphase interface plane (in plane with the page plane). 

 

The experimentally determined A0 values suggested horizontal orientation of both the 

C60ur and C60ur-(2-AP) conjugate molecules in their Langmuir films.  Moreover, the 

calculated value of the compressibility coefficient, , (Eqn. 4.1.1-1) for both Langmuir films 

corresponded to so-called "liquid-expanded" phase,
108

 i.e., relatively loosely packed 

molecules (Table 4.1.1-1).  
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Table 4.1.1-1.  The determined and calculated values of area per molecule (A0), compressibility (), 

and the dipole moment component normal to the interface plane () for the C60ur Langmuir films 

spread on different subphase solutions. 

Experimental data Specie 

in the 

film 

Calculated data 

Molecule orientation 

Horizontal Vertical 

Subphase 
A0 

(nm
2
)

 

A0

 

(nm
2
) 

  10
-2

 

(m mN
-1

) 

 

(D) 

A0 

(nm
2
) 

 

(D) 

A0 

(nm
2
) 

 

(D) 

Water 

(pH  5.6) 

1.39 

 

1.60 2.77 5.2 C60ur 1.21 3.43 0.90 0.99 

0.05 M 

Phosphate 

buffer 

(pH = 7.5) 

 

1.51 

 

1.48 2.26 3.6 C60ur     

0.17 mM 2-AP 

in 0.05 M 

phosphate buffer 

(pH = 7.1) 

 

1.65 1.92 2.37 5.6 C60ur- 

(2-AP) 

1.51 5.20 0.90 2.10 

Britton-

Robinson buffer 

(pH = 11.7) 

 

1.68 

 

- 2.36 - C60ur     

0.1 mM 2-AP in 

Britton-

Robinson buffer 

(pH = 11.8) 

 

1.97 - 2.25 - C60ur- 

(2-AP) 

    

KCl and HCl 

(pH = 1.65) 

1.74 - 2.45 - C60ur     
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The determined from the V-A isotherms values of 𝜇 for the C60ur films were highly 

dependent on the subphase nature.  That is, the 𝜇 value determined for the water subphase 

substantially differed from that calculated using semi-empirical method (Table 4.1.1-1), and 

was higher than that for the C60ur film spread on the phosphate buffer (pH = 7.5) subphase.  

In the presence of 2-AP in this subphase, the determined 𝜇 value was increased even more.  

This increase might be caused by organization of water molecules in a close vicinity of the 

interface.  The calculated theoretical value of 𝜇 for horizontal orientation of the C60ur-(2-

AP) conjugate molecules on the phosphate buffer subphase was very close to that 

experimentally determined and, predictably, nearly twice that for C60ur.  This difference may 

suggest a lower order of water molecules around the 2-AP molecules due to high ionic 

strength of the subphase solution. 

 

 

 
Figure 4.1.1-5.  The Brewster angle microscopy images of the C60ur Langmuir films 

spread on (a-c) water (pH  5.6), (a'-c') 0.05 M phosphate buffer (pH = 7.5), and (a″-c″) 

0.17 mM 2-aminopurine in 0.05 M phosphate buffer (pH = 7.1) recorded at surface 

pressure of (a, a', a″) 0, (b, b′, b″) 1, and (c, c′, c") 10 mN m
-1

. 
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The Langmuir films of C60ur and those of the in situ formed C60ur-(2-AP) conjugate, 

spread on different subphases, were characterized by BAM imaging during compression.  

Apparently, the C60ur Langmuir film formed on the water substrate (pictures a-c in Fig. 4.1.1-

5) was more aggregated than that on the 0.05 M phosphate buffer (pH = 7.5) subphase 

(pictures a'-c' in Fig. 4.1.1-5).  Moreover, the C60ur film was less aggregated and the 

Langmuir film was smoother in the presence of 2-AP in the phosphate buffer (pH = 7.1) 

subphase solution (pictures a''-c'' in Fig. 4.1.1-5).  Deaggregation of the C60ur molecules in 

the Langmuir film in the presence of 2-AP in the subphase might indicate that the uracil 

adduct formed a complex with 2-AP in the interface. 

 

4.1.1.2  Langmuir-Blodgett transfer and characterization of films of C60ur and the 

C60ur-(2-AP) conjugate 

Langmuir films of the in situ formed C60ur-(2-AP) conjugate, spread on different subphases, 

were transferred onto quartz slides using the LB technique.  The transfer ratio of the films 

substantially decreased with the number of transfers (Fig. 4.1.1-6), being higher during 

withdrawal than immersion of the quartz slide. 
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Figure 4.1.1-6.  The ratio of the LB transfer of the C60ur Langmuir film, spread on the 

0.1 mM 2-AP in 0.05 M phosphate buffer (pH = 7.1) subphase, onto a quartz slide.  The 

dipper speed was 5 mm min
-1

 and the surface pressure was 15 mN m
-1

. 
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This difference might arise from hydrophilicity of the quartz slide.  That is, 

hydrophilic uracil moieties of C60ur in the Langmuir film were preferentially oriented towards 

aqueous subphase.  Thus, immersion of a hydrophilic slide initially resulted in quartz 

contacting the hydrophobic C60 moiety and, hence, weaker adherence of the Langmuir film.  

During withdrawal, however, the quartz slide was in contact with the hydrophilic sites of the 

C60ur or C60ur-(2-AP) conjugate molecules, and, therefore, the transfer was more efficient. 

For the first immersion and withdrawal of the quartz slide, the transfer ratio was 

~100% (Fig. 4.1.1-6).  However, this ratio dropped to merely ~20%, and then to zero during 

subsequent immersion cycles.  The transfer ratio for the withdrawal cycles decreased as well 

but not as dramatically.  That is, it decreased from 100% to ~40% after the initial 20 transfers, 

and then remained constant at ~30%. 

The AFM imaging of the LB films of C60ur transferred onto quartz slides from the 

water subphase resulted in rough and non-uniform films (Fig. 4.1.1-7a) while transfer of those 

films from the subphase solution containing 2-AP led to formation of nearly spheroidal 

islands of 5 to 10 m in mean diameter (Fig. 4.1.1-7b).  

 

 

 

Figure 4.1.1-7.  The AFM images of the C60ur LB film deposited on a quartz slide during 

40 transfers, at the dipper speed of 5 mm min
-1

 and surface pressure of 15 mN m
-1

, from 

the surface of the subphase of (a) water and (b) 0.11 mM 2-AP in 0.05 M phosphate 

buffer (pH = 7.1). 
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The resulting LB films were thin because of low transfer ratio (Fig. 4.1.1-6).  

Nevertheless, the peaks at ~343 nm corresponding to absorbance of C60ur were 

distinguishable in the UV-vis spectra recorded for the films transferred from both the water 

and 2-AP in phosphate buffer (pH = 7.1) subphase (Fig. 4.1.1-8).   
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Figure 4.1.1-8.  The UV-vis absorbance spectra of the C60ur LB films transferred onto 

quartz slides at  = 15 mN m
-1

 from (1) 0.17 mM 2-aminopurine in 0.05 M phosphate 

buffer (pH = 7.5), (2) 0.1 mM 2-aminopurine in 4.0 M CaCl2, (3) 0.1 mM 2-aminopurine 

in glycerol and (4) water.  The spectra of the C60ur-(2-AP), (1 : 1, mole : mole) complex 

(5) in solution and (6) in the film drop-coated onto a glass slide are given for comparison. 

 

Unfortunately, there was no UV-vis spectral evidence of the 2-AP presence in the LB 

film.  The 2-AP absorbance band was expected to appear in the 307-to-331 nm range, 

partially overlapping with that of C60ur.  The LB films transferred from neither the 0.1 mM 

nor 1 mM 2-AP subphase solution showed the 2-AP presence.  A possible reason for that 

might be water competition in hydrogen bonding of the conjugate.  As long as the water 

concentration was ~555 thousand times higher than that of the 2-AP in 0.1 mM 2-AP in 

 0.2 
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0.05 M phosphate buffer (pH = 7.1), the C60ur-(2-AP) complex was formed under the 

conditions of strong interference of hydrogen bonding with water molecules.  In order to 

decrease water activity and that way to decrease competition of hydrogen bonding of water to 

2-AP, the 0.1 mM 2-AP in 4 M CaCl2 or glycerol subphase solution were prepared.  Water 

activity, aw, in aqueous solutions of high ionic strength is much decreased (aw is ~0.5 for 4 M 

CaCl2) and water is absent in glycerol.  However, the UV-vis spectra of the LB films 

transferred from these subphases did not show any 2-AP presence.  One of the possible 

reasons for that might be breaking of the conjugate during the LB transfer of the film. 
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4.1.2  Intermolecular distance controlled Langmuir-Blodgett films of self-assembled (Zn 

phthalocyanine)-C60im electron donor-acceptor dyad 

Nature provides numerous examples of solar energy conversion using dedicated 

photoelectroactive substances and efficient mechanisms of this process.
28,29,135

  A lot of effort 

has been paid to transfer these principles of solar energy harvesting to photovoltaics
136,137

 and, 

recently, to organic photovoltaics.
9,22

  For that, metallophthalocyanine-fullerene electron 

donor-acceptor dyads have, among others, been studied intensively.
26,32,33

  That way, Nature is 

mimicked with metallophthalocyanines, used as photoexitable electron donors, while C60 

derivatives - as efficient electron acceptors.  Chemical modification of both allowed for 

tuning mechanical and electronic properties of the dyads.
36-38

  

 

b 

 

 

 

 

 

 

a 

 

 

 

Scheme 4.1.2-1.  The proposed structural formula of the Zn(TPEE)-C60im electron donor-

acceptor dyad used for preparation of the Langmuir and Langmuir-Blodgett films.  

(a) The tetrakis(2,9,16,23-[triethyleneglycolmonomethylether]phthalocyaninato)Zn(II), 

Zn(TPPE), donor and (b) the 2-(phenylimidazolyl)fullerenopyrrolidine, C60im, acceptor. 

 

Accordingly, we focused on formation, characterization and photoelectrochemical 

properties of a supramolecularly assembled donor-acceptor dyad composed of the 

Zn(phthalocyanine) donor bearing peripheral alkylether substituents (vis., tetrakis[(2,9,16,23-
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triethyleneglycolmonomethylether)phthalocyaninato]Zn(II), Zn(TPPE), and the imidazole 

adduct of [C60]fullerene (viz., 2-(phenylimidazolyl)fullerenopyrrolidine), C60im, acceptor 

(Scheme 4.1.2-1). 

First, Zn(TPPE) was synthesized according to the procedure developed herein.  Then, 

the Zn(TPPE)-C60im dyad was prepared and its optical and electrochemical properties in 

solution were determined.  Next, Langmuir films of the dyad and its components, separately, 

were prepared at the air-water interface.  The Langmuir films were characterized by 

simultaneous recording the -A and V-A compression isotherms, and BAM imaging.  Then, 

the Langmuir films of the dyad were transferred onto the fluorine-doped tin oxide (FTO) 

coated glass slides or the Au-over-Ti coated glass slides by the LB technique.  Orientation of 

the molecules in the film transferred at different surface pressures was revealed with the PM-

IRRAS measurements.  Moreover, photoelectrochemical properties of the resulted films were 

unraveled.  The procedure resulting in the LB film samples with the best photovoltaic 

performance was selected for transfer of the films onto different solid substrates.  Finally, 

these LB films were characterized using several physicochemical techniques. 

 

4.1.2.1  Synthesis of the Zn(TPPE) 

The Zn(TPPE) donor was synthesized and purified according to Scheme 4.1.2-2.  The 

synthesis involved the following two steps. 

4-Triethyleneglycolmonomethyletherphthalonitrile.  This ether was synthesized by 

mixing 4-hydroxyphthalonitrile, triethyleneglycol monomethylether tosylate, and K2CO3 in 

DMF (1 : 1 : 4, mole : mole : mole; 2.08 mmole, and 8.32 mmole, respectively).  Then, the 

mixture was stirred for 15 h at 80 C under nitrogen.  After cooling, the mixture was filtered.  

The solvent of the filtrate was evaporated and the crude product residue purified by LC on a 

silica gel column.  The pure compound was eluted with CH2Cl2.  The yield was 1.4 mmole 

(67%). 

Tetrakis(2,9,16,23-[triethyleneglycolmonomethylether]phthalocyaninato)Zn(II), 

Zn(TPPE).  A mixture of 4-triethyleneglycolmonomethyletherphthalonitrile and ZnCl2 (1 : 2, 

mole : mole; 0.72 mmole and 1.44 mmole, respectively) was kept in a 100-ml round-bottom 

flask for 20 min under nitrogen.  Next, 4 ml of dimethylaminoethanol (DMAE) was added, 

and then the mixture refluxed for 16 h.  After cooling this mixture to room temperature, the 

solvent was evaporated and the residue purified by LC using a silica gel column.  Pure 
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Zn(TPPE) was eluted with the solution of the CH2Cl2-to-CH3OH volume ratio of 9 : 1.  The 

yield was 0.32 mmole (45%).  TOF MS ES+: calcd. 1226.44, found 1226.44 (Fig. 4.1.2-1). 

 

 

  

(1) 

 

 

 

 

(2) 

 

 

 

 

Scheme 4.1.2-2.  Reaction equations of the Zn(TPPE) synthesis. 

1224 1226 1228 1230 1232
0

20

40

60

80

100

1230.44

1229.44

1228.43

1227.44

1225.44

1224.44

 

%

Mass / charge

1226.44

 

Figure 4.1.2-1.  The time-of-flight mass spectrometry electrospray+ (TOF MS ES+) 

spectra for Zn(TPPE).  The determined molar mass of the Zn(TPPE) was 1226.44 g mol
-1

. 
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4.1.2.2  Computational modeling and experimental determination of properties of the 

Zn(TPPE)-C60im dyad in solution 

In order to determine geometry and electronic structure of the dyad, structures of Zn(TPPE), 

C60im, and Zn(TPPE)-C60im were optimized with the DFT method at the B3LYP/3-21G* 

level (Gaussian 09 software).
130

 

 

Table 4.1.2-1.  The DFT estimated dipole moments and dipole moment components normal to the 

subphase plane (µ) for the molecules of Zn(TPPE) and C60im as well as that of the Zn(TPPE)-C60im 

dyad. 

Molecule orientation 

Dipole moment 

component normal to 

the subphase (µ), D 

C60im 

Long axis of the imidazole-benzene moiety perpendicular to the 

surface 

1.7 

Long axis of imidazole-benzene moiety parallel to the surface 3.8 

Molecule “laying on the back” 0.9 

Total dipole moment 4.5 

Zn(TPPE) 

Macrocycle parallel to the surface* 0.0 

Macrocycle perpendicular to the surface* 0.6 

Total dipole moment.  If the ether substituents are perpendicular to 

the macrocycle plane, then the dipole moment is much higher and 

oriented in the direction of the substituents 

0.6 

Zn(TPPE)-C60im 

Macrocycle parallel to the surface 1.8 

Macrocycle perpendicular to the surface 8.5 

Total dipole moment 8.7 

* Peripheral ether substituents are in plane of the Zn(TPPE) macrocycle. 
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Scheme 4.1.2-3  The DFT/(B3LYP/3-21G*) optimized structure of (a) HOMO and (b) 

LUMO of the Zn(TPPE)-C60im complex at t = 298.16 C in vacuum. 

 

The HOMO was delocalized over the Zn(TPPE) macrocycle with no electron density 

on the ether peripheral substituents (Scheme 4.1.2-3a) while the LUMO was localized on the 

fullerene cage of the C60im moiety (Scheme 4.1.2-3b).  Furthermore, these calculations 

resulted in values and orientation of dipole moments of the dyad and the dyad moieties 

separately (Table 4.1.2-1).  Predictably, the dipole moment of the Zn(TPPE) molecule was 

located within the macrocycle plane, as expected for highly symmetric molecule.  Apparently, 

elasticity of peripheral groups resulted in the change of the Zn(TPPE) dipole moment upon 

compression of the Langmuir film.  The C60im dipole moment was nearly perpendicular 

against the imidazole-benzene axis.  Formation of the Zn(TPPE)-C60im dyad resulted in the 

increase of the dipole moment value.  Its direction was perpendicular to the macrocycle plane. 

a 

b 

a 

b 
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Figure 4.1.2-2.  (a) The UV-vis spectra for titration of Zn(TPPE) with 0.207 mM C60im 

in ODCB (3-L and 5-L injections) as well as (1) 6.905 M C60im, (2) 7.74 M 

Zn(TPPE) and (3) the Zn(TPPE)-C60im dyad.  (b) Absorbance at the Soret band vs. 

[C60im]/[Zn(TPPE)], (c) the Benesi-Hildebrand plot constructed for determination of the 

complex stability constant.  A0 stands for absorbance of the Zn(TPPE) Soret band, A 

stands for absorbance of the Zn(TPPE) Soret band upon addition of the C60im titrating 

ligand. 
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The Zn(TPPE) donor was titrated with the C60im acceptor using UV-vis spectroscopy 

in order to determine the stability constant of the Zn(TPPE)-C60im dyad (Eqn. 3.2-18) and to 

confirm its 1 : 1 stoichiometry (Fig. 4.1.2-2a).   

The consecutive addition of 3-L and 5-L solution samples of the C60im ligand to the 

Zn(TPPE) solution caused the increase of absorbance of the Soret band of Zn(TPPE) at 

 = 685 nm.  The Zn(TPPE)-to-C60im mole ratio was determined as 1 : 1 from the absorbance 

at the Soret band vs. [C60im]/[Zn(TPPE)] (Fig 4.1.2-2b).  The determined from the Benesi-

Hildebrand plot (Fig. 4.1.2-2c) stability constant of the Zn(TPPE)-C60im (1 : 1, mole : mole) 

complex in solution was, Ks
 s = 1.05 × 10

5
 M

-1
. 

 

4.1.2.3  Preparation and properties of Langmuir films of the Zn(TPPE)-C60im dyad and, 

separately, its components  

The Langmuir films of the Zn(TPPE)-C60im dyad and its components, separately, were 

characterized by simultaneous recording of the compression isotherms of  (Fig. 4.1.2-3b) 

and V-A (Fig. 4.1.2-3a) as well as by BAM imaging (Fig. 4.1.2-4). 

For Zn(TPPE), C60im, and the Zn(TPPE)-C60im dyad, two phases were consecutively 

formed during compression.  The determined from the slope of the  isotherms dynamic 

compressibility values (Table 4.1.2-1) suggested that all these phases were of a liquid-

expanded type.  The measurement of the surface potential as a function of area per molecule 

was more sensitive to orientation changes of molecules in the films than that of the surface 

pressure.  That is, the orientation changes of the C60im molecules accompanying surface 

potential changes were nearly completed when surface pressure just started to grow.  The 

proposed interpretation of these changes is, as follow.  At zero pressure and the barriers of the 

Langmuir trough open, the C60im molecules were preferentially oriented horizontally in the 

Langmuir film (Scheme 4.1.2-4a).  With the decrease of the area per molecule available in the 

Langmuir trough, C60im molecules started to repel each other, and then rearranged to assume 

vertical orientation with the hydrophilic imidazole moiety oriented toward water 

(Scheme 4.1.2-4b).  This transition was accompanied by a linear increase of V (curve 2 in 

Fig. 4.1.2-3a).  When V reached plateau, a new phase was formed while  just started to grow 

(curve 2’ in Fig. 4.1.2-3b).  Further increase of  resulted in pushing the C60im molecules out 

of the monolayer and formation of a multilayer.  

 

http://rcin.org.pl



86 

 

 

 

Figure 4.1.2-3.  The compression isotherms of (a) surface potential and (b) surface 

pressure vs. area per molecule for a Langmuir film of (1, 1’) 35 nanomoles of C60im, (2, 

2’) 15 nanomoles of Zn(TPPE), and (3, 3’) 15 nanomoles of the Zn(TPPE):C60im (1 : 1, 

mole : mole) complex. 
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Scheme 4.1.2-4.  (a) Horizontal and (b) vertical orientation of the C60im molecule in the 

air-water interface. 

 

 a b c 

 

Scheme 4.1.2-5.  The Zn(TPPE) molecule orientation in the air-water interface at (a) 

 = 0, (b) 0 <  < and (c)  > 10 mN m
-1

.  

 

Interfacial behavior of Zn(TPPE) in its Langmuir film can be interpreted, as follows.  

The presence of four hydrophilic alkylether peripheral groups in the Zn(TPPE) molecule 

suggested flat orientation of the phthalocyanine macrocycle at the air-water interface at zero 

surface pressure (Scheme 4.1.2-5a).  The V-A isotherm for the Zn(TPPE) Langmuir film, 

however, was linear and increased with the compression increase of the film.  This behavior 

might be caused by “sinking” of flexible peripheral groups and the increase of the dipole 

moment of the molecule (Scheme 4.1.2-5b).  Finally, at   10 mN m
-1

 the macrocycles, most 

likely, were pushed away from the film and started tilting (Scheme 4.1.2-5c).  The same 

behavior for the film of the Zn(TPPE)-C60im dyad was observed at slightly lower pressure 

(curves 3 and 3’ in Fig. 4.1.2-3a and 3b and Scheme 4.1.2-6). 

The simultaneously recorded BAM image of the Zn(TPPE) Langmuir film at this 

pressure revealed that the film collapsed (Fig. 4.1.2-4c).  However, there was no evidence for 

a b 
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it either on the V-A or-A isotherm (curves 1 and 1’ in Fig. 4.1.2-3a and 3b, respectively).  

At  > 20 mN m
-1

, the V-A isotherm reached maximum and started to decrease (not shown).   

 

 a b c 

 

 

Scheme 4.1.2-6.  The Zn(TPPE)-C60im dyad orientation in the air-water interface at (a) 

 = 0, (b) 0 <  < and (c)  > 10 mN m
-1

. 

 

Table 4.1.2-2.  Values of area per molecule, determined from the -A compression isotherms, for the 

Langmuir films of Zn(TPPE), C60im, and the Zn(TPPE)-C60im (1 : 1, mole : mole) dyad spread on the 

water subphase.  

Langmuir film 

Parameters of the -A compression isotherms 

Determined 

 

Estimated 

A0,1; A0,2 

(nm
2
) 

(1; 2)×10
-2

 

(m mN
-1

) 

 

(D) 

A0,1; A0,2 

(nm
2
) 

C60im 0.99; 0.87 2.61; 2.83 0.50; 0.56 1.38; 1.17 

Zn(TPPE) 2.84; 2.09 6.38; 3.82 6.86; 9.25 ~8.53; 1.85 

Zn(TPPE)-C60im 2.03; - 2.59; - 4.26; - ~8.53; 1.85 

The films were prepared by dispensing 150-L samples of 0.1 mM Zn(TPPE) or Zn(TPPE)-

C60im in CHCl3 or a 350-L sample of 0.1 mM C60im in CHCl3. 
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Figure 4.1.2-4.  Brewster angle microscopy images of the Langmuir films of (a, b, c) 

Zn(TPPE) as well as (a’, b’, c’), and (a”, b”, c”) the Zn(TPPE)-C60im (1 : 1, mole : mole) 

dyad spread on the water subphase, recorded at the surface pressure of 0, 1, and 10 

mN m
-1

, respectively. 

 

Addition of C60im to the Zn(TPPE) chloroform solution to form a 1 : 1 (mole : mole) 

complex made the Langmuir film of the resulting dyad more rigid (the dynamic 

compressibility values are compiled in Table 4.1.2-2).  The determined and estimated values 
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of the area per molecule, dynamic compressibility, and dipole moment are compiled in 

Table 4.1.2-2. 

BAM imaging of the Langmuir films in the course of compression (Fig. 4.1.2-4) 

allowed observing phase transitions.  Moreover, formation of domains of differently 

organized molecules was observed in the BAM images during compression of the film of the 

Zn(TPPE)-C60im dyad (images a”, b”, and c” in Fig. 4.1.2-4).  The changes in images of the 

Langmuir films were consistent with the surface potential changes (curves 1, 2, and 3 in 

Fig. 4.1.2-3a). 
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Figure 4.1.2-5.  The surface pressure vs. time dependence for a 150-L sample of 

0.1 mM Zn(TPPE)-C60im dyad spread on the water subphase to form a Langmuir film. 

 

Stability of the Langmuir film of the dyad was evaluated by compressing the film to 

surface pressure of 10 mN m
-1

 and recording the surface pressure vs. time transient at 

constant barrier separation (Fig. 4.1.2-5).  Apparently, surface pressure at the constant barrier 

separation decreases because of presumable reorganization of the Zn(TPPE) peripheral 

substituents in the dyad Langmuir film.   
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4.1.2.4  Properties of the Langmuir-Blodgett films of the Zn(TPPE)-C60im dyad 

Langmuir films were transferred onto either pristine FTO-glass slides or those hydrophobized 

with methoxytrimethylsilane or trimethoxyphenylsilane, at different surface pressure and/or 

transfer speed, the number of transfers, and/or transfer technique. 
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Figure 4.1.2-6.  The transfer ratio for the Zn(TPPE)-C60im dyad Langmuir film, spread 

on a water subphase, during the Langmuir-Blodgett transfer, transferred onto the 

trimethoxyphenylsilane hydrophobized FTO slide at the rate of 5 mm min
-1

 and the 

surface pressure of 10 mN m
-1

. 

 

The LB transfer of the Zn(TPPE) Langmuir film was successful only in the presence 

of the C60im ligand.  The factors determining the efficient transfer of the dyad Langmuir film 

involved the decrease of both the transfer ratio and the organization of the dyad molecules in 

the LB film with the number of transfers.  For the trimethoxyphenylsilane hydrophobized 

FTO slide, the average transfer ratio exceeded 100% for the first 60 transfer cycles 
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(Fig. 4.1.2-6).  This effect might be caused by rearranging the peripheral ether substituents of 

the Zn(TPPE) molecules with time.  That is, the film might become more compact and the 

surface pressure decreased at the constant distance between the trough barriers (Fig. 4.1.2-5).  

This behavior resulted in the decrease of area of the Langmuir film at constant surface 

pressure, additional to that characteristic of the LB transfer, thus artificially inflating the 

transfer ratio.  Generally, the higher number of transfers the higher was the light absorption of 

the LB films and the higher the photoelectrochemical performance was. 

The LB transfer ratio of the Zn(TPPE)-C60im dyad was, advantageously, higher for 

hydrophobic substrates.  However, the FTO surface chemical hydrophobization with 

methoxytrimethylsilane resulted in a poor photovoltaic performance.  A different ratio of 

absorbance of the Soret band to absorbance at 345 nm for the Zn(TPPE)-C60im (1 : 1, 

mole : mole) dyad film, drop coated onto an FTO glass slide, (curve 3’ in Fig. 4.1.2-7b) and 

that LB transferred (curve 3’ in Fig. 4.1.2-7c) suggested partial dissociation of the dyad in the 

course of transferring.  That is, absorbance of the Soret band for the drop-coated dyad film 

was higher than that at 435 nm.  However, this ratio was opposite for the LB film of the dyad.  

Thus, the Zn(TPPE)-to-C60im mole ratio in the LB film was not 1 : 1 but the amount of 

Zn(TPPE) transferred was lower.  The LB transfer of the pristine Zn(TPPE) was successful 

for neither the hydrophilic nor hydrophobic substrate (curve 1” in Fig. 4.1.2-7c). 

The procedure resulting in the LB film samples with the best photovoltaic 

performance was selected for transferring Langmuir films onto different solid substrates, 

including the FTO and Au-over-Ti coated glass slides, HOPG, and other atomically flat 

substrates for the spectroscopic, microscopic, and electrochemical characterization, 

respectively. 

The DPV curves for the dyad and, separately, for its components in solution were 

recorded in order to determine precisely the formal redox potentials (Fig. 4.1.2-8).  The 

Zn(TPPE)-C60im dyad showed reversible peaks 1’ through 5’ (curve c in Fig. 4.1.2-8) 

corresponding to those recorded both for the Zn(TPPE) (peaks 1 and 2 in curve a, in 

Fig. 4.1.2-8) at the formal potential of E
0’

 = +0.33 and -1.29 V, respectively.  Moreover, there 

were peaks 3, 4, and 5 (curve b, in Fig. 4.1.2-8) at E
0’

 = -0.77, -1.15, and -1.68 V, 

respectively, corresponding to electroreduction of the C60im moiety.  The Zn(TPPE) donor 

showed one irreversible broad peak at -1.09 V (curve a in Fig. 4.1.2-8).  Formal potentials of 

the C60im redox processes were not shifted after formation of the dyad (cf. peaks 3, 4, 5 and 

3’, 4’, 5’ in curves b and c, in Fig. 4.1.2-8, respectively).  However, the formal potential of 
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the Zn(TPPE) redox process was then shifted by ~10 mV (peaks 1 and 1’ in curves a and c, in 

Fig. 4.1.2-8, respectively).  Peaks at -1.09 and -1.29 V for the Zn(TPPE) overlapped the 

second cathodic peak of C60im electroreduction (peaks 2’ and 4’ in curve c, in Fig. 4.1.2-8). 

0.0

0.5

1.0

300 400 500 600 700 800

0.0

0.1

0.2

 

A
b

s
o

rb
a

n
c
e
, 

a
.u

.
a

1

2

3

0.00

0.25

0.50

 

  
 N

o
rm

a
liz

e
d

 

a
b

s
o

rb
a

n
c
e

, 
a

.u
. b

3'
2'

1'

 

Wavelength, nm

A
b

s
o

rb
a

n
c
e

, 
 a

.u
.

c3"

2"

1"

 

Figure 4.1.2-7.  The UV-vis absorbance spectra for (1, 1’, 1”) Zn(TPPE), (2, 2’, 2”) 

C60im, and (3, 3’, 3”) the Zn(TPPE)-C60im (1 : 1, mole : mole) dyad (a) in ODCB, (b) in 

the film drop coated onto the FTO glass slide, and (c) in the LB film transferred onto the 

FTO glass slide by 40 immersions at the immersion speed of 5 mm min
-1

 and 10 mN m
-1

 

surface pressure. 
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Figure 4.1.2-8.  The DPV curves for 0.1 mM (a) C60im, (b) Zn(TPPE), and (c) the 

ZnTPPE-C60im complex in 0.1 M (TBA)ClO4, in ODCB.  The 0.02-cm
2
 Pt disk, Pt wire, 

and Ag wire served as the working, counter, and pseudo-reference electrode, respectively.  

Solutions were deaerated with Ar prior to the measurements. 

 

The resulting LB films of the Zn(TPPE)-C60im dyad were smooth and uniform 

compared to the bare Au-over-Ti coated glass slides (Fig. 4.1.2-9).  The relative surface area 

of the film transferred onto a hydrophobic Au-over-Ti glass slide by 50 immersions was 

1.010 while that for the bare substrate was 1.029.  Artifacts on the image (Fig. 4.1.2-9b), i.e., 

linear traces made by the AFM tip, suggested that the film was soft. 
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Figure 4.1.2-9.  The 1  1 m
2
 AFM image of (a) the bare Au-over-Ti glass slide and (b) 

the Zn(TPPE)-C60im dyad transferred onto a hydrophobized Au-over-Ti glass slide by 50 

LB immersions.  The relative surface area, Rsa, was 1.029 and 1.010 for the bare substrate 

and the LB film coated substrate, respectively. 

 

Orientation of the dyad molecules in the LB films, transferred at different surface 

pressures, with respect to the substrate surface plane was evaluated with the polarization 

modulation-infrared reflection-adsorption spectroscopy (PM-IRRAS) measurements.  

However, first, the attenuated total reflectance ATR-FTIR spectra for the dyad components 

were recorded separately (curves 1 and 2 in Fig. 4.1.2-10b) in order to localize vibrations of 

bonds in non-ordered films.  Then, the PM-IRRAS spectra for the dyad LB films transferred 

at 10 (Fig. 4.1.2-10a) and 24 mN m
-1

 (not shown) were recorded.   

The Zn(TTPE) bands dominated both in the ART-FTIR and the PM-IRRAS spectrum.  

Nevertheless, the presence of the C60im moiety in the dyad LB film was confirmed by the 

peaks at 1526 and 1180 cm
-1

 in the PM-IRRAS spectrum.  The band at 1526 cm
-1

 

corresponded to the imidazole ring antisymmetric vibration
138

 while that at 1180 cm
-1

 was 

assigned to the C60 cage vibration.
138

  Apparently, the C60im molecule was perpendicular to 

the substrate surface plane with its imidazole-benzene axis oriented as shown in 

Scheme 4.1.2-1b. 

Two groups of bands, one containing vibrations at 2963, 2924, 2852, and 1092 cm
-1

, 

and the other at 1607, 1486, 1465, 1241, and 1122 cm
-1

 in the PM-IRRAS spectrum 

(Fig. 4.1.2-10a), allowed the conclusion on orientation of the Zn(TPPE) peripheral 

substituents and that of the macrocycle.  That is, the peripheral ether chains were not parallel 

a b 
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to the substrate surface plane; they were substantially tilted against the perpendicular to this 

plane.  The conclusion drawn on the second group of vibrations was that the macrocycle was 

nearly flat oriented on the substrate plane.  The films of the dyad transferred at 24 mN m
-1

 did 

not generate photocurrents at all upon light irradiation.  However, the PM-IRRAS spectrum 

for this film (not shown) was not much different from that for the film transferred at 10 

mN m
-1

 indicating that the molecules in this film were not dramatically rearranged.  The 

change consisted in the higher tilt of both the Zn(TPPE) peripheral alkylether substituents and 

the macrocycle plane with respect to the substrate plane. 
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Figure 4.1.2-10.  (a) The PM-IRRAS spectrum for the LB film of the Zn(TPPE)-C60im 

dyad transferred by 100 immersions at 10 mN m
-1

 onto the Au-over-Ti coated glass slide 

with the transfer rate of 5 mm min
-1

, recorded at the incidence angle of 83, (b) the ATR 

IR spectra for powders of (1) C60im  and (2) Zn(TPPE).  

 

 

 

 

 
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4.1.2.5  Photoinduced electron transfer in the Zn(TPPE)-C60im LB film 

To evidence formation of the charge separated state in the Zn(TPPE)-C60im LB film and to 

study kinetics of charge separation and recombination, the femtosecond transient absorption 

spectroscopic measurements were performed. 

 

 

 

Figure 4.1.2-11.  (a) The transient absorbance spectra of the Zn(TPPE)-C60im LB film, 

transferred onto the trimethoxyphenylsilane hydrophobized FTO electrode by 100 

immersions at 5 mm min-1, after excitation at 400 nm with 100 fs pulses, recorded for (1) 

0.830, (2) 7.66, (3) 33.8 and (4) 2298 ps.  (b) The time profile of the transient absorbance 

band at 856 nm. 

 

b 

a 
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The 100-fs pulses of a 400-nm laser light were used to excite the dyad LB films, transferred 

onto the trimethoxyphenylsilane hydrophobized FTO electrode.  Figure 4.1.2-11a shows 

transient spectra recorded at different delay times.  Immediately after excitation, a positive 

peak at 525 nm characteristic of the S0-to-S1 transition and a negative peak at 694 nm 

corresponding to the fluorescence emission of the Zn(TPPE) moiety were observed.  These 

peaks were accompanied by two peaks at 856 nm and 1020 nm corresponding to the 

formation of the Zn(TPPE)
.+

 and C60im
.-
 species, respectively, thus confirming formation of 

an ion-pair radical within the Zn(TPPE)-C60im LB film.
139,140

  The time profile of the 856 nm 

band was analyzed to evaluate the kinetics of charge separation and recombination 

(Figure 4.1.2-11b).  The determined rate constants of charge separation, kcs , and charge 

recombination, kcr, were 2.610
11

 s
-1

 and 9.710
9
 s

-1
, respectively.  The magnitude of kcs 

indicates the occurrence of efficient vectorial electron transfer whose time constant is close to 

that of the laser pulse.  The magnitude of kcr was by an order magnitude lower, a general trend 

expected for tetrapyrrole-fullerene type dyads.
141

  

 

4.1.2.6  Spectroelectrochemical studies of the Langmuir-Blodgett films of the Zn(TPPE)-

C60im dyad 

Photovoltaic cells with multilayer LB films of the Zn(TPPE)-C60im dyad transferred onto the 

hydrophobized FTO slides were constructed for evaluation of the photoelectrochemical 

performance of the dyad (Scheme 4.1.2-7).  An aqueous electrolyte was used because of high 

solubility of Zn(TPPE) in organic solvent solutions and, practically, insolubility in aqueous 

solutions. 

First, the current-potential (I-E) curves for the photocells in the dark and when 

exposed to the AM1.5 light illumination were recorded (Fig. 4.1.2-12).  In the dark, the dyad 

film revealed electrochemical behavior typical for semiconductors (curves 1 and 2 in 

Fig. 4.1.2-12). 

The presence of a positively or negatively charged electron-mediating species in 

solution was preferred for the working electrode to operate as a photocathode or photoanode, 

respectively.  Toward that, monoascorbate (AscH
-
)
142

 and methylviologen (MV
2+

)
143

 was 

used to make the photoelectrode operating as the photoanode and photocathode, respectively 

(Scheme 4.1.2-7a and 7b, respectively). 
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Scheme 4.1.2-7.  A sketch of the photovoltaic cell illustrating generation of (a) anodic 

photocurrent in 1 mM ascorbic acid and 0.1 M NaH2PO4 (pH  4.1) and (b) cathodic 

photocurrent in 5 mM methylviologen in 0.1 M Na2SO4 (pH  5.8) by the Zn(TPPE)-

C60im multilayer LB film transferred onto the hydrophobized FTO electrode.  A Pt plate 

with an opening for the light beam served as the (a) cathode and (b) anode. 

b 

a 

http://rcin.org.pl



100 

 

 
 

Figure 4.1.2-12.  The photocurrent-potential characteristics of the 

trimethoxyphenylsilane hydrophobized FTO electrode, operating as the (1, 1’) 

photoanode and (2, 2’) photocathode, coated with the Zn(TPPE)-C60im dyad LB film, 

transferred by 200 LB immersions, at the 5 mm min
-1

 transfer rate (1 and 2) in the dark 

and (1’ and 2’) under the AM1.5 light irradiation conditions in (1 and 1’) 1 mM ascorbic 

acid, in 0.1 M NaH2PO4 (pH  4.1) and in (2 and 2’) 5 mM methylviologen, in 0.1 M 

Na2SO4 (pH  5.8), respectively. 

 

Photocurrents were considerably high for the dyad LB film transferred at the 5 

mm min
-1

 transfer rate and the 10 mN m
-1

 surface pressure.  The photocurrent density was 

proportional to the number of LB transfers (not shown).  In consecutive I-E curves for the LB 

film of the dyad in the ascorbic acid solution, the photocurrent density increased (curves 2 

through 6 in Fig. 4.1.2-13).  Apparently, this increase was due to reorganization of the film.  

The photoanodic and photocathodic current density was dependent on the potential 

applied and it was 61.6 A cm
-2

 at +0.30 V in the solution of ascorbic acid and 5.7 A cm
-2

 at  

-0.20 V in the solution of methylviologen (Fig. 4.1.2-14). 
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Figure 4.1.2-13.  Consecutive linear sweep voltammograms for the hydrophobized FTO 

electrode coated with the Zn(TPPE)-C60im dyad multilayer LB film, transferred by 125 

immersions, at the transfer rate of 5 mm min
-1

 and surface pressure of 10 mN m
-1

, in 1 

mM ascorbic acid and 0.1 M NaH2PO4 (pH  4.1) (1) in the dark and (2-6) under AM1.5 

light illumination. 

 

At pH = 4.1, i.e., that of pKa1 of ascorbic acid, half of the acid is dissociated forming a 

monoanion (Eqn. 4.1.2-1), which then undergoes one-electron electroreduction on a Pt 

cathode to form a stable anion radical (Eqn. 4.1.2-2).  Next, the electron is delivered to the LB 

film, where the photo-oxidized Zn(TPPE)-C60im dyad accepts the electron.   

 

 

 (4.1.2-1) 

 

AscH2 AscH
-

Asc
2-

2-

pKa1 pKa2

+H
+

+H
+

-H
+

-H
+
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Zn(TPPE)-C60im               Zn(TPPE)  -C60im
+. -hv .

 

Figure 4.1.2-14.  The (1) photoanodic and (2) photocathodic current density changes 

with time due to alternate light switching “on” and “off” for the Zn(TPPE)-C60im LB film 

transferred by 200 immersions onto the trimethoxyphenylsilane hydrophobized FTO 

electrode at the 5 mm min
-1

 transfer rate for (1) 1 mM ascorbic acid, in 0.1 M NaH2PO4 

(pH  4.1), and (2) 5 mM methylviologen in 0.1 M Na2SO4 (pH  5.8), recorded at +0.3 

and -0.20 V vs. the Ag pseudo-reference electrode, respectively. 

 

In the presence of the AscH
-
 mediator, the proposed mechanism of the photoanodic 

activity of the FTO/[C60im-Zn(TPPE) LB multilayer film] working electrode is, as follows 

(Scheme 4.1.2-7a).  

The first step of this mechanism involves intramolecular charge transfer from the 

photoexcited Zn(TPPE) donor to the C60im acceptor resulting in formation of the Zn(TPPE) 

cation radical and the C60im anion radical, respectively, within the dyad (Eqn. 4.1.2-2).   

 

 (4.1.2-2) 
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[Zn(TPPE)-C 60im]Zn(TPPE)  -C 60im
+. -

+ MV + MV
2

.+ ++.

Photocathode, FTO (+): [Zn(TPPE)-C 60im] C60im-Zn(TPPE)
+ +e

-

-e
-

Photoanode, FTO(-): Zn(TPPE)  -C 60im
+. -.

[Zn(TPPE)  -C 60im]
+. -. +

+e
-

-e
-

Zn(TPPE)-C60im[Zn(TPPE)  -C 60im]
+. -. +

+ AscH
.

+ AscH
-

AscH
-.

Cathode, Pt(+):  AscH  + e
-

.

- e
-

+ e
-

Anode, Pt (-): MV MV
+.+ 2

Then, the extra electron on the C60im anion radical facing the hydrophobized surface 

travels through the FTO anode (Eqn. 4.1.2-3) to the Pt cathode via an external circuit.  

 

 (4.1.2-3) 

 

Simultaneously, the monoascorbate donates the electron to the Zn(TPPE)
.-
 moiety of 

the dyad, thus oxidizing it to the AscH
.
 neutral radical (Eqn. 4.1.2-4). 

 

 (4.1.2-4) 

 

The AscH
.
 radical produced is then electroreduced to the anion radical on the Pt 

cathode according to Eqn. 4.1.2-5. 

 

 (4.1.2-5) 

 

The proposed mechanism of the photocathodic operation of the photoelectrode 

requires the MV
2+

 presence and an opposite electron transfer through the cell.  The first step, 

which is photo-oxidation of Zn(TPPE), is the same as that above (Eqn. 4.1.2-2).  However, 

next, the electron is donated by the C60
.-

im moiety of the dyad to the cation, MV
2+

 

(Eqn. 4.1.2-6).  

 

 (4.1.2-6) 

 

Then, the electron from the monocation radical, MV
.+

, is delivered to the Pt electrode, 

serving now as the anode, and MV
.+

 is electrooxidized to MV
2+

 (Eqn. 4.1.2-7).   

 

 (4.1.2-6) 

 

Simultaneously, the [Zn(TPPE)-C60im]
+ cation is electroreduced at the FTO 

photocathode (Eqn. 4.1.2-7). 

 

 (4.1.2-7) 
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The photocurrent generation in the solution of AscH
-
 or MV

2+
 was evaluated in the 

light switching on and off experiment.  For the same film, the absolute value of photocurrent 

for the AscH
-
 solution was over an order of magnitude higher than that for the MV

2+
 solution 

(curves 1 and 2 in Fig. 4.1.2-14).  The open circuit potential, Voc, for the light-irradiated cell 

was -0.207 V vs. Voc of the same cell in the dark for the LB film transferred by 200 

immersions, at the 10 mN m
-1

 surface pressure and the 5 mm min
-1

 transfer rate, in the AscH
-
 

solution. 
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Figure 4.1.2-15.  The dependence of the (incident photon)-to-current conversion 

efficiency (IPCE) on wavelength for the multilayer LB film of the Zn(TPPE)-C60im dyad 

transferred onto the optically transparent FTO electrode, hydrophobized with 

trimethoxyphenylsilane, in 1 mM ascorbic acid and 0.1 M NaH2PO4 (pH  5.8).  The LB 

film was transferred by 100 immersions of the FTO substrate.  
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The IPCE of the multilayer LB film of the Zn(TPPE)-C60im dyad, transferred by 100 

immersions at the applied potential of 0.0 V vs. Ag pseudo-reference electrode, revealed 

maximum of nearly 0.3% at ~400 nm (Fig. 4.1.2-15).  An elevated IPCE was observed at 

~690 nm corresponding to the Soret band wavelength for the Zn(TPPE).  However, the 

photovoltaic performance of this system was dependent upon the film thickness and the 

saturation was not reached.  That was because the photocurrent density was proportional to 

the number of LB transfers. 
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4.1.3  Supramolecularly assembled [(Ph3N)4ZnP polymer]-(C60im) donor-acceptor dyad 

films 

Porphyrins are attractive for potential applications in photovoltaics.  Their advantages in that 

respect include easily adjustable electronic properties tuned by derivatizing their macrocycles 

with electron accepting or donating substituents.  Triphenylamine, TPA, is a well-known and 

widely used chromophore.  Being attached to the porphyrin macrocycle, it may enhance 

efficiency of charge separation in the photoexcited (porphyrin electron donor)-(C60 fullerene) 

dyads.  Moreover, porphyrin derivatizing with the triphenylamine peripheral substituents 

allows for electropolymerization the resulting monomer molecule.   

 

 

 

 

 

a 

 

 

 

b 

 

Scheme 4.1.3-1.  Simplified structural formula of (a) the dyad of the tetrakis(4-(N,N-

diphenylamino)phenyl)porphyrinatozinc(II), (Ph3N)4ZnP, polymer electron donor and (b) 

the C60im acceptor. 

 

Our research was focused on formation, characterization, and studies of 

photoelectrochemical properties of the [(Ph3N)4ZnP polymer electron donor]-(C60im 

acceptor) self-assembled dyad.  First, electrochemical properties of the (Ph3N)4ZnP monomer 

were characterized.  Then, the monomer was electropolymerized using EQCM and 

electrochemical properties of the resulting polymer were revealed.  Next, a dyad of the 

(Ph3N)4ZnP polymer film with C60im was formed and this formation was monitored using 

flow-injection analysis.  Subsequently, electrochemical properties of the [(Ph3N)4ZnP 

polymer]-C60im dyad were investigated.  Afterwards, the (Ph3N)4ZnP polymer and the 
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[(Ph3N)4ZnP polymer]-C60im dyad were imaged with AFM and, finally, their 

photoelectrochemical properties were examined. 

 

4.1.3.1  Electropolymerization and selected electrochemical properties of (Ph3N)4ZnP 

The (Ph3N)4ZnP donor was electropolymerized under potentiodynamic conditions using 

EQCM.   
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Figure 4.1.3-1.  Curves of (a) multi-cyclic potentiodynamic deposition as well as the 

potential dependence of (b) resonance frequency change, and (c) dynamic resistance 

changes for 0.124 mM (Ph3N)4ZnP in 0.1 M (TBA)ClO4, in ODCB.  The potential sweep 

rate was 100 mV/s.  A 5-mm diameter gold-film electrode of the 10-mHz Au/Ti quartz 

crystal resonator served as the working electrode. 
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The current vs. potential curves were recorded at the Au-over-Ti electrode of QCR 

simultaneously with the change of the resonance frequency, f, and dynamic resistance, R.  

The film deposition on the electrode was manifested by the f decrease (Fig. 4.1.3-1b).  The 

redox current increase in consecutive potential cycles suggested formation of a conducting 

polymer (Fig. 4.1.3-1a).  The measured total resonance frequency change (ftotal) after 8 

potential cycles was 996 Hz while the dynamic resistance change was merely 2.2 .  The fvis 

value, calculated using the measured dynamic resistance (Fig. 4.1.3-1c) and Eqn. 4.1.3-2, was 

0.22 Hz being negligibly small with respect to that of ftotal.  The total mass change of the 

QCR due to the (Ph3N)4ZnP polymer film deposition was (863  1) ng, as calculated using the 

Sauerbrey equation (Eqn. 3.2-13). 

The plot of the deposited polymer mass vs. charge transferred, determined from the 

first potential cycle and the f vs. E curves in Fig 4.1.3-1a and Fig 4.1.3-1b, respectively, 

resulted in determination of the electrochemical equivalent of (42.8 ± 4.9) g F
-1

 for the 

(Ph3N)4ZnP monomer (Fig. 4.1.3-2).  This value is half that of ~84 g F
-1

 expected assuming 

that all four TPA peripheral substituents of the macrocycle participate in the 

electropolymerization.  
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Figure 4.1.3-2.  The deposited (Ph3N)4ZnP polymer mass vs. charge transferred in the 

first potential cycle shown in Fig. 4.1.3-1. 

 

The TPA electropolymerization mechanism has already been studied in details.
99,144

  

Herein, we adopted this mechanism to account for the electropolymerization of (Ph3N)4ZnP 
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(Scheme 4.1.3-2).  Initially, the TPA peripheral substituents of the porphyrin are electro-

oxidatively being linked to form the benzidine-type structures. 

The determined electrochemical equivalent value, being half that expected, suggests 

that, on average, each monomer molecule is bound to two other monomer molecules.  

However, a linear polymer is not formed (see AFM images, below).  A perpendicular 

orientation of the phenyl group with respect to the porphyrin macrocycle plane may be 

responsible for that.  Hence, a simplified structural formula of the polymer can be proposed 

(Scheme 4.1.3-4). 
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Scheme 4.1.3-2.  The proposed mechanism of electrochemical polymerization of (Ph3N)4ZnP.  (1) 

Electrooxydation of the (Ph3N)4ZnP and (2) recombination of the resulting cation radicals. 

 

Then, further potential increase results in reversible oxidation of these substituents 

(Scheme 4.1.3-3). 

A nanoscale porosity of the (Ph3N)4ZnP polymer film, prepared using the (TBA)ClO4 

supporting electrolyte, was evaluated by cyclic voltammetry for a blank supporting electrolyte 

of 0.1 M tetrabutylammonium cation and different size anions, namely, BF4
-
, ClO4

-
, PF6

-
, 
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CH3SO3
-
, and C6H5SO3

-
 (Fig. 4.1.3-3).  Apparently, the anodic peak currents were inversely 

proportional to the anion radius (inset in Fig. 4.1.3-3). 
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Scheme 4.1.3-3.  The proposed mechanism of reversible electro-oxidation of the 

(Ph3N)4ZnP polymer. 
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Scheme 4.1.3-4.  The proposed simplified structural formula of the (Ph3N)4ZnP polymer. 
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Figure 4.1.3-3.  Cyclic voltammetry curves for the (Ph3N)4ZnP polymer film in a blank 

supporting electrolyte of the 0.1 M tetrabutylammonium salt of (1) BF4
-
, (2) ClO4

-
, (3) 

PF6
-
, (4) CH3SO3

-
, and (5) C6H5SO3

-
 in ODCB.  A 5-mm diameter Au-over-Ti film of a 

10-MHz QCR served as the working electrode, a Pt wire was used as the counter 

electrode.  The potential scan rate was 100 mV/s. 

 

Moreover, the CV peaks for the (Ph3N)4ZnP polymer in the blank supporting 

electrolyte of the anion of the biggest diameter, C6H5SO3
-
, completely vanished (curve 5 in 

Fig. 4.1.3-3). 

 

4.1.3.2  Evaluation of the [(Ph3N)4ZnP polymer film]-C60im dyad formation 

Formation of the [(Ph3N)4ZnP polymer film]-C60im dyad was in situ monitored by 

piezoelectric microgravimetry at EQCM.  For that, the QCR with the (Ph3N)4ZnP polymer 

film coated electrode was mounted in the EQCM 5610 flow-through holder.  Then, a blank 

ODCB carrier solution was passed through the holder.  Next, ODCB solution samples of 

C60im were consecutively injected and the accompanying resonance frequency changes were 
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recorded.  The resulting frequency change steps corresponding to three initial injections are 

shown in Fig. 4.1.3-4.   
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Figure 4.1.3-4.  (a) Flow-injection analysis measurements with the EQCM detection of 

C60im binding to the (Ph3N)4ZnP polymer film to form a donor-acceptor dyad.  The 

sample volume of each injection of 17.4 mM C60im in ODCB was 1 mL.  The flow rate of 

the ODCB carrier liquid was 50 L/min.  The frequency changes accompanying initial 

three consecutive injections are shown.   

 

Resonance frequency irreversibly decreased after each injection.  This means that the 

dyad formed did not dissociate after the injected C60im sample had passed through the holder.  

Each consecutive injection caused smaller resonance frequency decrease due to gradual 

saturation of the Zn sites available for complexation in the (Ph3N)4ZnP polymer.  The total 

frequency change after three injections was 141 Hz.  The mass change corresponding to this 

change determined, using the Sauerbrey equation, was 122 ng.  This value corresponds to 
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~2.1 monolayers of C60im of hexagonal packing on the polymer flat surface.  As expected 

from Fig. 4.1.3-3, the C60im ligand does not penetrate deeply into the film but rather stays on 

or near its surface. 
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Figure 4.1.3-5.  Cyclic voltammograms at the 1.6-mm diameter Au disk electrode for 

(1) 0.5 mM C60im, (2) the (Ph3N)4ZnP polymer film and (3) C60im bound to the 

(Ph3N)4ZnP polymer film demonstrating formation of an electro-active 

[(Ph3N)4ZnP polymer film]-C60im donor-acceptor dyad in the 0.1 M (TBA)ClO4 solution 

of ODCB.  The potential scan rate was 100 mV/s.  

 

The presence of coordinated C60im in the (Ph3N)4ZnP polymer film was confirmed by 

the CV measurements (Fig. 4.1.3-5).  For that, an Au disk electrode coated with the 

(Ph3N)4ZnP polymer was soaked in the 0.1 mM C60im solution of ODCB for 15 min.  Then, 

the electrode was carefully rinsed with blank ODCB.  Next, the CV curves for the pristine 

(Ph3N)4ZnP polymer film, the film with the coordinated C60im and, separately, C60im in 

solution were recorded.  The presence of the coordinated C60im in the (Ph3N)4ZnP polymer 

film was manifested by the cathodic peak at ~ -0.85 V being close to that of C60im in solution.  
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Neither the second cathodic nor the anodic peak was observed for C60im.  Presumably, this 

was caused by dissociation of the dyad and dissolution of the resulting C60im anion radical in 

the solvent because of its higher solubility. 

 

4.1.3.3  Surface morphology of the [(Ph3N)4ZnP polymer]-C60im dyad films 

The AFM images of the (Ph3N)4ZnP film in the absence and presence of the coordinated 

C60im ligand were recorded (Fig. 4.1.3-6a and b, respectively).   

 

 

Figure 4.1.3-6.  The atomic force microscopy tapping mode 1 × 1 m
2
 image of (a) the 

(Ph3N)4ZnP polymer film and (b) the (Ph3N)4ZnP polymer film with the bound C60im 

ligand, deposited by potentiodynamic electropolymerization on an Au-over-Ti coated 

glass slide as well as (c) the 10 × 10 m
2
 image of the edge of the (Ph3N)4ZnP polymer 

film deposited on the polished Au-over-Ti electrode of QCR, using EQCM under 

potentiodynamic conditions during 33 potential cycles at the scan rate of 100 mV/s from 

0.12 mM (Ph3N)4ZnP in the 0.1 M (TBA)ClO4 solution of ODCB.  

 

a b 

c 

http://rcin.org.pl



115 

 

Both films were uniform and composed of 150-200 nm aggregates.  Morphology of 

the polymer changed upon binding the ligand.  That is, the film became more diffuse as 

compared to that of the pristine (Ph3N)4ZnP polymer.  The relative surface area, Rsa, of the 

pristine polymer film and that with the ligand bound was 1.010 and 1.022, respectively.  The 

average film thickness, deposited on the Au-over-Ti electrode of QCR by potentiodynamic 

electropolymerization during 33 potential cycles from 0.12 mM (Ph3N)4ZnP was 107.4 nm 

(Fig. 4.1.3-6c).  This deposition resulted in the 3.4 kHz resonance frequency decrease.  

Hence, density of the resulted film was 0.51 g/cm
3
 and concentration of the Zn porphyrin 

sites was 0.38 M. 

 

4.1.3.4  Spectroscopic characterization  of the [(Ph3N)4ZnP polymer]-C60im dyad film 

The UV-vis absorbance in solution (Fig. 4.1.3-7) and reflectance of the film on the Au-over-

Ti electrode of QCR spectra (Fig.4.1.3-8) of the [(Ph3N)4ZnP polymer]-C60im dyad and its 

moieties, separately, were recorded. 
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Figure 4.1.3-7.  The UV-vis absorbance spectra of (1) 20.5 M C60im, (2) 7 M the 

(Ph3N)4ZnP monomer, and (3) 7 M the [(Ph3N)4ZnP monomer]-C60im dyad CHCl3 

solutions. 
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Figure 4.1.3-8.  The UV-vis reflectance spectra of (1) the drop-coated C60im film, (2) the 

(Ph3N)4ZnP polymer film, (3) the [(Ph3N)4ZnP polymer]-C60im film after binding by the 

(Ph3N)4ZnP polymer film of the C60im ligand under FIA conditions, and (4) the 

electropolymerized [(Ph3N)4ZnP polymer]-C60im, 1 : 1 (mole : mole), dyad on the 5-mm 

diameter Au-over-Ti electrode of 10-MHz QCR using the EQCM, under potentiodynamic 

conditions. 

 

The spectra for both the electropolymerized dyad (curve 4 in Fig. 4.1.3-8) and that 

deposited by electropolymerization of the (Ph3N)4ZnP monomer and then dip-soaking of the 

(Ph3N)4ZnP polymer in the C60im ligand solution (curve 3 Fig. 4.1.3-8) were recorded 

separately.  The changes in reflectivity of the films suggest that the porphyrin macrocycle 

remained intact after the electropolymerization. 

The Raman microscopy spectra for these films as well as for the drop-coated film of 

C60im were recorded to confirm the presence of the C60im in the film (Fig. 4.1.3-9).  There 

were no any remarkable changes in the spectra of the (Ph3N)4ZnP polymer after its ligation 

with C60im to produce the [(Ph3N)4ZnP polymer]-C60im dyad.   
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Figure 4.1.3-9.  The Raman spectra for (a) the drop-coated C60im film, (b) the 

(Ph3N)4ZnP polymer film, (c) the [(Ph3N)4ZnP polymer]-C60im prepared by binding of 

the C60im ligand by the [(Ph3N)4ZnP polymer film in the FIA experiment, and (d) the film 

of the [(Ph3N)4ZnP polymer]-C60im, 1 : 1 (mole : mole) dyad deposited by 

potentiodynamic electropolymerization on the 5-mm diameter Au-over-Ti electrode of 

10-MHz QCR using the EQCM. 
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There were no any remarkable changes in the spectra of the (Ph3N)4ZnP polymer after 

its ligation with C60im to produce the [(Ph3N)4ZnP polymer]-C60im dyad.  However, the ratio 

of the peak height at ~1525 to that at ~1470 cm
-1

 qualitatively corresponded to the amount of 

the C60im ligand in the film.  That is, for the pristine (Ph3N)4ZnP polymer, the dyad prepared 

in the FIA experiment, and for the electropolymerized [(Ph3N)4ZnP polymer]-C60im (1 : 1, 

mole : mole), prepared in solution prior electropolymerization) dyad, this value was 2.86, 

2.82, and 1.88, respectively.  Thus, relative quantity of C60im in the dyad film prepared by 

electropolymerization of the dyad was higher than that prepared during FIA experiment. 

 

4.1.3.5  Spectroelectrochemical properties of the [(Ph3N)4ZnP polymer]-C60im dyad film 

The cell for the photoelectrochemical measurements was assemblied according to 

Scheme 4.1.3-5 illustrating as well the simplified mechanism of photocurrent generation by 

the [(Ph3N)4ZnP polymer film]-fullerene modified electrode. 

 

 

 

Scheme 4.1.3-5.  Schematic view of the mechanism of the cathodic photocurrent 

generation by the [(Ph3N)4ZnP polymer film]-fullerene modified optically transparent 

ITO electrode. 
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The I-V characteristics for the pristine (Ph3N)4ZnP polymer film coated ITO electrode 

(curve 1 in Fig. 4.1.3-10) and that with the coordinated C60im ligand (curve 2 in Fig. 4.1.3-10) 

were recorded.  The presence of the coordinated C60im significantly increased the 

photoelectrochemical performance of the film. 
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Figure 4.1.3-10.  Photocurrent-photovoltage (I-V) characteristics for ITO electrodes 

coated with the (Ph3N)4ZnP polymer film in the (1) absence and (2) presence of C60im.  

The I-V curves were generated for the acetonitrile solution of the I3
-
/ I

-
 (0.1 M / 0.1 M) 

mediating redox couple.  

 

Both the photocurrent and photovoltage generation was examined in a light-switching 

on and off experiment (Fig. 4.1.3-11).  The photocurrents increased as much as three times 

while the photovoltage increased twice in the presence of the coordinated fullerene adduct.  

Moreover, these modulations were reversible with respect to both the amplitude of 

photocurrent and photovoltage. 

The I3
-
/I2 charge mediating redox system in acetonitrile was used in the 

photoelectrochemical experiments.  The analytical concentration of I
-
 and I2 was 0.1 M and 

0.119 M, respectively, resulting in the I3
-
 concentration of 0.119 M.  The I3

-
 concentration was 

calculated from the stability constant of ~10
7
 M

-1
 at room temperature of the I3

-
 complex, 

whose equilibrium is described by Equation 4.1.3-1.
145
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 I
-
 + I2  I3

-
 (4.1.3-1)  

 

Presumably, the I3
-
 electron acceptor forms a ground-state complex with the 

(Ph3N)4ZnP moiety and oxidatively quenches the excited state, as shown below by Equations 

(4.1.3-2) and (4.1.3-3). 
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Figure 4.1.3-11.  The effect of light switching on and off on (a) photocurrent and (b) 

photovoltage of the (Ph3N)4ZnP polymer film coated ITO electrode in the (1 and 1’) 

absence and (2 and 2’) presence of C60im.  The photocurrent and photovoltage switching 

were recorded for the acetonitrile solution of the 0.1 M / 0.1 M, I3
-
/ I

-
, mediating redox 

couple. 
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 (Ph3N)4ZnP + I3
-
  [(Ph3N)4ZnP:I3

-
] (4.1.3-2) 

   

 [(Ph3N)4ZnP:I3
-
]                (Ph3N)4ZnP

+
 + I3

2-
  Products (4.1.3-3) 

 

The proposed mechanism of the photoelectrochemical reaction is, as follows.  Light 

excitation of the (Ph3N)4ZnP moiety in the donor-acceptor dyad results in vectorial 

photoinduced electron transfer from the (Ph3N)4ZnP electron donor to the C60im acceptor to 

generate a radical ion pair, (Ph3N)4ZnP
+

-C60im
-

.  The resulting C60im
-

 transfers the electron 

to the I3
-
 oxidant to close the circuit.  The (Ph3N)4ZnP-localized hole travels through the 

conducting dyad polymer film until it reaches the ITO photocathode while the electron 

abstracted from I
-
 at the Pt anode flows through the external circuit and when reaching the 

photocathode, it neutralizes (Ph3N)4ZnP
+

 in the polymer to regenerate its light-absorbing 

neutral form. 
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Figure 4.1.3-12.  Incident photon-to-current efficiency (IPCE) of conversion for the 

(Ph3N)4ZnP polymer film coated ITO electrode in the (1) absence and (2) presence of the 

coordinating C60im ligand, in acetonitrile solution of the I3
-
/ I

-
 (0.1 M / 0.1 M) mediating 

redox couple. 
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Particular steps of the letter process are: (i) the electron from [
1
(Ph3N)4ZnP*:I3

-
] is 

transported by the I
-
 mediator through the solution to the Pt counter electrode, (ii) the 

(Ph3N)4ZnP-localized hole travels through the redox conducting polymer film until it reaches 

the ITO surface, and (iii) the electron from the counter electrode moves through the external 

circuit, reaches the ITO photocathode and reacts with the (Ph3N)4ZnP
+

 at the 

ITO/[(Ph3N)4ZnP polymer film] interface  

The IPCE of conversion for the best performing film of the 

[(Ph3N)4ZnP polymer film]-C60im and for the pristine (Ph3N)4ZnP polymer film was 

determined.  The photocurrent action spectrum for the (Ph3N)4ZnP polymer film coated 

electrode in the absence and presence of the coordinating C60im ligand, in acetonitrile 

solution of the 0.1 M (TBA)I and 0.1 M I2 mediator, with a Pt foil as the anode, is shown in 

Figure 4.1.3-12.  Both these spectra resemble those of the absorption spectra of the 

(Ph3N)4ZnP and the dyad (Fig 4.1.3-7).  However, photocurrents in the action spectrum, 

recorded in the presence of the coordinated C60im, are enhanced, again signifying the 

importance of the coordinated fullerene.  At the wavelength of maximum photocurrent, the 

ICPE was calculated as ~2 % for the [(Ph3N)4ZnP polymer film]-fullerene modified electrode. 
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4.2  Molecularly-imprinted polymer films of (Ph3N)4CoP for electrocatalytic dioxygen 

reduction 

Dioxygen reduction electrocatalysis has extensively been studied for several decades now 

because of still unresolved problem of substitution of expensive noble metal catalysts, used in 

cathodes of fuel cells, with cheaper materials.
146-149

  Among others, metalloporphyrin 

catalysts attract attention as potential alternatives for platinum.  Different metalloporphyrins, 

viz. those of Co, Fe, Ir, Ru, etc., were reported as promising catalysts for electroreduction of 

dioxygen.
150,151

 

 

 

 

 

 

 

 

Scheme 4.2-1.  Simplified structural formulas of the 2 : 1 complex of (a) tetrakis[4-(N,N-

diphenylamino)phenyl]porphyrinatocobalt(II), (Ph3N)4CoP, with the piperazine (PPZ) 

templating ligand and (b) the dioxygen molecule coordinated by the template-free cavity 

of the (Ph3N)4CoP polymer. 

 

Apparently, the electrocatalytic cathode efficiency towards dioxygen electroreduction 

is increased when co-facially stacked Co porphyrin dimers are used.
69,71

  These dimers with 

the Co-to-Co atom distance of ~0.3-0.4 nm catalyze dioxygen electroreduction to water 

according to the one-step four-electron mechanism.
70,72,152

 

The present research involves preparation and study of electrocatalytic performance of 

a bidentate ligand molecularly imprinted polymer (MIP) of Co porphyrin bearing four 

peripheral triphenylamine substituents in the meso positions (Scheme 4.2-1).  The role of the 

templating ligand is to pre-arrange in solution the monomers of the Co porphyrin macrocycles 

into an axially coordinated dimer with the bidentate ligand linking Co atoms of two 

macrocycles.  The triphenylamine substituents served electropolymerization of the 

(Ph3N)4CoP, thus leading to formation of an electrocatalytically active polymer. 
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In the present research, piperazine (PPZ) was selected as the template for molecular 

imprinting because with its two nitrogen atoms it can axially coordinate two cobalt porphyrin 

macrocycles forming co-facial “double decker” stacks (Scheme 4.2-1) with the cobalt-to-

cobalt distance of ~0.68 nm, as calculated herein from the complex structure optimized with 

the Gaussian 09 software.
130

  This value is close to those of the Co-to-Co distances in co-

facial metalloporphyrin covalent dimers, reported to be effective in the dioxygen 

electrocatalytic reduction.  Moreover, the pKa values of PPZ in an aqueous solution are, 

advantageously, high, i.e., pKa,1 = 5.33 and pKa,2 = 9.73 (Scheme 4.2.-2).  Therefore, PPZ can 

serve as a bidentate ligand in protic solvent solutions of pH > pKa,2.  At pH < pKa,1, however, 

PPZ is doubly protonated and, therefore, the complex cannot be formed. 
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Scheme 4.2-2.  Acid-base equilibria of PPZ in an aqueous solution. 

 

These two opposite features allow to use PPZ as a templating ligand for complex 

formation in solution before electropolymerization on the one hand, and to remove this 

template from the polymer film after electropolymerization at elevated solution acidity 

(pH < pKa,1) on the other.   

 

4.2.1  UV-vis spectroscopic study of interaction of (Ph3N)4CoP with piperazine 

In order to confirm formation of the axial complex of the (Ph3N)4CoP with the PPZ ligand, a 

series of UV-vis absorption spectra of the pristine (Ph3N)4CoP as well as those of a mixture of 

this monomer and the PPZ ligand in the ODCB solution were recorded (Fig. 4.2-1a).   

The spectrum for the pristine (Ph3N)4CoP solution (curve 1 in Fig. 4.2-1a) exhibits a 

strong Soret band at 434 nm and two weak Q bands at ~536 nm and ~577 nm, all typical for 

porphyrins.  The Soret band of the spectrum recorded for the freshly prepared solution 

containing both (Ph3N)4CoP and PPZ at the 1 : 1 mole ratio (curve 2 in Fig. 4.2-1a) is blue 
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shifted by 4 nm and both Q bands are broadened with respect to those seen in the spectrum 

for the solution of the (Ph3N)4CoP.  However, the spectrum recorded for the same solution of 

the (Ph3N)4CoP : PPZ, at the  mole : mole ratio of 1 : 1, after two-week aging (curve 3 in 

Fig. 4.2-1a) is different than that for the freshly prepared solution.  That is, the Soret band is 

substantially decreased and broadened as if testifying the coexistence of different complex 

types with H- and J-type mutual orientation of porphyrin macrocycles.  This slow complex 

rearrangement may indicate organization of bigger complex aggregates of general 

stoichiometry of 1 : 1, e.g., [-(Ph3N)4CoP-PPZ-(Ph3N)4CoP-PPZ-]n.
153,154

  The Q band of the 

aged complex at ~536 nm disappeared and that at ~577 nm was red shifted by 35 nm.   

Moreover, the UV-vis spectra for the freshly prepared (not shown) and aged for two 

weeks (curve 4 in Fig. 4.2-1a) ODCB solutions of the (Ph3N)4CoP-PPZ complex of the 1 : 2 

molar ratio were recorded.  The spectrum for the solution of the freshly prepared (Ph3N)4CoP-

PPZ complex of the 1 : 2 molar ratio was similar to that for the 1 : 1 molar ratio complex.  

However, the Q band of the aged 1 : 2 molar ratio complex at ~536 nm was by ~3 nm red 

shifted with respect to that for the 1 : 2 freshly prepared complex.  The Q band of the 1 : 2 

molar ratio complex at ~577 nm disappeared or red shifted to ~612 nm after two-week aging 

of the solution (curve 4 in Fig. 4.2-1a).  

After deposition of the (Ph3N)4CoP polymer films, the UV-vis reflectance spectra 

were recorded (Fig. 4.2-1b).  Importantly, the Soret and Q bands, characteristic of both the 

non-imprinted polymer of (Ph3N)4CoP [NIP-(Ph3N)4CoP] (curve 1 in Fig. 4.2-1a) and its 

molecularly imprinted polymer (Ph3N)4CoP [MIP-(Ph3N)4CoP] of the (Ph3N)4CoP : PPZ, 

1 : 1 (mole : mole) ratio (curve 3 in Fig. 4.2-1a) were seen in the spectrum of both the NIP-

(Ph3N)4CoP (curve 1’ in Fig. 4.2-1b) and MIP-(Ph3N)4CoP (curve 2’ in Fig. 4.2-1b) films, 

and,  moreover, after PPZ extraction with the HCl solution of pH = 3.0 (curve 3’ in Fig. 4.2-

1b).  These spectral features confirm that the porphyrin macrocycle was not ruptured during 

the electropolymerization, similarly as in the case of electropolymerization of the analogous 

Zn porphyrin (Section 4.1.3.1, above).  The (Ph3N)4CoP electropolymerization is discussed in 

Section 4.2.3, below.   
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Figure 4.2-1.  The UV-vis (a) absorption spectra for the ODCB solution of (1) the 

(Ph3N)4CoP monomer, (2) the newly prepared (Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) 

mixture, (3) the (Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) mixture after two-week aging, and 

(4) the (Ph3N)4CoP : PPZ, 1 : 2 (mole : mole) mixture after two-week aging, and (b) the 

UV-vis reflectance spectra for the film of (1’) NIP-(Ph3N)4CoP, (2’) the MIP-(Ph3N)4CoP 

of the (Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) ratio, and (3’) the latter film after extraction 

of the PPZ ligand with the HCl solution (pH = 3.0).  The films were deposited by 

electrochemical polymerization under potentiodynamic conditions on the Au electrode of 

QCR from 0.107 mM (Ph3N)4CoP in 0.1 M (TBA)ClO4, in the ODCB solutions; the 

potential scan rate was 0.1 V/s. 
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Apparently, peripheral aminophenyl substituents were solely responsible for the 

electropolymerization, most likely governed by the benzidine rearrangement mechanism 

(Section 4.1.3.1, above).
155

  In the MIP-(Ph3N)4CoP film before ligand extraction, the Soret 

band at 426 nm was by ~9 nm blue shifted with respect to that at ~435 nm for the 1 : 1, 

mole : mole, complex in solution (curve 2’ in Fig. 4.2-1b and curve 3 in Fig. 4.2-1a) while the 

Q band at ~550 nm disappeared in the spectrum for the aged complex in solution.  Interesting 

changes in spectral features were observed in the spectra recorded before and after extraction 

of the PPZ ligand (curve 2’ and 3’, respectively, in Fig. 4.2-1b).  That is, the Soret band was 

slightly (by 1.5 nm) blue shifted and almost negligibly broadened (by 1 nm) after this 

extraction.  Similarly, the Q bands at 550 and 612 nm were blue shifted by ~8 and ~5 nm, 

respectively, compared to those recorded before the PPZ extraction.  Moreover, the ratio of 

the Q band intensity at ~612 nm to that at ~550 nm was largely decreased for the ligand-

extracted polymer, compared to that for the polymer before extraction.  These spectral 

changes can be ascribed to dissociation of the (Ph3N)4CoP polymer-PPZ complex and 

removal of the PPZ ligand from the film because these changes were opposite to those typical 

for formation of such a complex in solution.  That is, both the Soret and Q band were red 

shifted and the absorbance of the band at ~612 nm increased, as compared to the bands for the 

non-complexed (Ph3N)4CoP. 

Two additional overlapped bands at 310 to 350 nm, present in all the polymer 

reflectance spectra, can be assigned to the diphenylamine moieties forming a benzidine-type 

link in the (Ph3N)4CoP polymer during electrochemical polymerization.
144

  

 

4.2.2  Electrochemical properties of the (Ph3N)4CoP monomer  

The DPV curves for the (Ph3N)4CoP monomer in solution were recorded to ensure the 

absence of redox signals of the polymer in the potential range of the dioxygen 

electroreduction and exact determination of formal redox potential for the monomer (Fig. 4.2-

2).  The (Ph3N)4CoP monomer showed reversible Peaks 1, 2, 3, and 1’ (Fig. 4.2-2).  The DPV 

curves for the monomer in the range of -1.40 to +1.60 V revealed anodic Peaks 1, 2, and 3 of 

the formal potential of 𝐸1
0′= +0.81, 𝐸2

0′= +1.13, and 𝐸3
0′= +1.46 V, respectively, and the 

cathodic Peak 1’ of the formal potential of 𝐸1′
0′= -0.94 V.  Advantageously, the monomer 

showed no redox activity in the potential range of -0.80 to +0.60 V of the redox activity of 

dioxygen. 
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Figure 4.2-2  The DPV curves at the 0.02-cm
2
 area Pt disk electrode, for the 0.1 mM 

(Ph3N)4CoP monomer in 0.1 M (TBA)ClO4, in ODCB.  Solutions were deaerated with Ar 

before measurements. 

 

The Co(II)/(III) oxidation potential for Co(II) complexed by porphyrins strongly 

depends on the solvent used.  For non-binding solvents, such as ODCB, it is observed in the 

range of +0.75 to +0.78 V.
156

  The 𝐸1
0′ of Peak 1 is very close to this range and potential 

cycling between 0.0 and 1.0 V, i.e., over this peak, does not result in formation of a polymer 

film on the electrode surface (not shown).  Peaks 2 and 3 correspond to electro-oxidation of 

peripheral triphenylamine substituents.
157

  The cathodic Peak 1’ may indicate one-electron 

reduction of the porphyrin macrocycle.
156
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4.2.3  Electrochemical polymerization of NIP-(Ph3N)4CoP and (Ph3N)4CoP complexed 

by the piperazine ligand 

The pristine (Ph3N)4CoP and the (Ph3N)4CoP complexed by the PPZ ligand were 

electrochemically polymerized under the potentiodynamic or pulsed potentiostatic conditions, 

and properties of the resulting polymer films with respect to dioxygen electrocatalytic 

reduction were compared. 

 

Figure 4.2-3  Curves of (a and a’) the multi-cyclic current-potential dependence as well 

as the potential dependence of (b and b’) the resonance frequency change, and (c and c’) 

the dynamic resistance change for deposition by potentiodynamic electropolymerization 

of the (a, b, and c) the NIP-(Ph3N)4CoP as well as (a’, b’, and c’) the MIP-(Ph3N)4CoP of 

the (Ph3N)4CoP : PPZ ratio of 2 : 1 (mole : mole), from a deaerated ODCB solution of 

0.107 mM (Ph3N)4CoP and 0.1 M (TBA)ClO4.  The potential sweep rate was 100 mV/s.  

The 5-mm diameter gold-film electrodes of the 10-MHz Au/Ti quartz crystal resonators 

served as the working electrodes. 

 

Typical curves of potentiodynamic electropolymerization with the simultaneously 

recorded change of resonance frequency, f, and that of dynamic resistance, Rd, of the Au-
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QCR as a function of potential, during polymer film deposition, are shown in Figure 4.2-2.  

The current vs. potential curves, in the presence (Fig. 4.2-2a, 4.2-2b, and 4.2-2c) and absence 

(Fig. 4.2-2a’, 4.2-2b’, and 4.2-2c’) of the PPZ ligand are very much alike.   

In the first potential cycle for NIP-(Ph3N)4CoP, a broad anodic peak, centered at 

~0.92 V, and a well-developed anodic peak at ~1.14 V as well as two overlapping cathodic 

peaks at ~0.86 and ~0.75 V were developed.  In the potential range of the second anodic peak, 

the f decreased during the positive potential excursion pointing to concomitant deposition of 

the polymer film on the electrode.  Moreover, the Rd accompanying film deposition 

decreased in this potential range.  However, the Rd change was merely equal to a few ohms 

indicating that rigidity of the film remained virtually unchanged in this process.  In each 

subsequent potential cycle, f decreased and all the current-potential peaks increased 

manifesting both the film growth and its pronounced electroactivity, respectively.  The overall 

f decrease during ten potential cycles was larger for the solution containing both 

(Ph3N)4CoP and PPZ (Fig. 4.2-3b’), being equal to 2.48 kHz, than that for the PPZ-free 

solution (Fig. 4.2-3b) equaling 2.16 kHz.  The frequency difference of 320 Hz between the 

two films may approximately correspond to the mass of the PPZ ligand hosted by the 

templated polymer.  Then, the ligand-to-porphyrin molar ratio was estimated as 2.47 : 1, 

which is fairly close to the 2 : 1 ratio, expected.  Moreover, the difference of the anodic-to-

cathodic peak potential, measured for the curve of the tenth cycle, was lower for the PPZ 

containing film like if resistance of this film to ion transfer was lower.  These results are 

consistent with those expected for deposition by electropolymerization of a PPZ-templated 

(Ph3N)4CoP and, hence, more loosely packed metalloporphyrin macrocycles. 

The electrochemical equivalent calculated for the (Ph3N)4CoP is 84.2 while that 

determined from the first current-potential cycle (Fig. 4.2-3a) was 76.6 ± 2.5.  Presumably, 

the discrepancy found is due to some ingress of counter ions into the film and, hence, a mass 

change of the film.   

The second approach to prepare the MIP-(Ph3N)4CoP involved electropolymerization 

of the (Ph3N)4CoP monomer or the (Ph3N)4CoP : PPZ complex by applying 1-ms potential 

pulses of the amplitude of 1.30 V vs. the Ag pseudo-reference electrode (Fig. 4.2-4).  The 

number of pulses was adjusted to pass the charge required for oxidation of the (Ph3N)4CoP 

monomer necessary to deposit a 20-monolayer polymer film on the working electrode 

assuming parallel orientation of the porphyrin macrocycles with respect to the electrode 
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surface plane (800 potential pulses).  Compared to the polymer films deposited under 

potentiodynamic conditions, the resulting polymer films should be more uniform with smaller 

aggregates formed because of a thinner diffusion layer developed.  
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Figure 4.2-4.  The current-potential transient for the NIP-(Ph3N)4CoP film deposition on 

the 3-mm diameter disk GCE by consecutive 1.30-V potentiostatic pulses vs. Ag wire 

pseudo-reference electrode.  The pulse time, initial and final potential were t = 1 ms, 

Ei = 1.3 V, Ef = 0.0 V, respectively. 

 

The calculated diffusion layer thickness ratio for electropolymerization of the 

(Ph3N)4CoP under potentiodynamic conditions (Eqn. 2.5-7a) with the potential sweep rate of 

0.1 V s
-1

 to that for electropolymerization by 1-ms potentiostatic pulses (Eqn. 2.5-7b) was 

~12.5 assuming that the electropolymerization requires transfer of four electrons.  That is, the 

potential sweep rate would have to be ~15.8 V s
-1

 in order to obtain similar morphology of the 

film.  Further decreasing of the diffusion layer thickness by using the pulse duration of 

electropolymerization of 1.6 s did not affect electrocatalytic properties of the polymer films 

(not shown).  
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4.2.4  Characterization of the (Ph3N)4CoP polymer films by AFM 

Topography of the polymer films deposited under potentiodynamic conditions was examined 

by AFM (Fig. 4.2-5).  

 

 

 

Figure 4.2-5  The tapping mode (1  1) m
2
 AFM images of (a and a’) the NIP-

(Ph3N)4CoP and (b and b’) MIP-(Ph3N)4CoP film before and after treating with the HCl 

(pH = 3.0) for 1 h, respectively, and (c) the bare Au-over-Ti-coated glass slide.   
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For that, the films were deposited on the Au-over-Ti coated glass slides from the 

0.107 mM (Ph3N)4CoP, 0.1 M (TBA)ClO4 solution of ODCB, in the course of ten potential 

cycles, at the sweep rate of 0.1 V s
-1

.  The NIP-(Ph3N)4CoP film (Fig. 4.2-5a) was composed 

of 40-to-80 nm diameter spherical aggregates with thickness of ~100 nm.  The surface of 

these aggregates was relatively smooth (Rsa = 1.024).  The surface macrostructure of the MIP-

(Ph3N)4CoP film (Fig. 4.2-5b) was similar to that of the NIP-(Ph3N)4CoP film.  However, its 

surface was slightly more rough (Rsa = 1.048).   

Extraction of the PPZ templating ligand with HCl (pH = 3.0) for 1 h slightly 

developed the MIP film surface (Rsa = 1.052).  That is, small aggregates became hardly 

distinguishable and the surface revealed a nonporous topography.  The NIP-(Ph3N)4CoP 

polymer film was treated with the template extracting solution the same way as the MIP film 

was in order to evaluate the extraction influence on the polymer film morphology (Fig. 4.2-

5a’).  In effect, roughness of the NIP-(Ph3N)4CoP film slightly increased (Rsa = 1.024).  

Nevertheless, it was still lower than that of the MIP film with the PPZ template inside.  The 

(Ph3N)4CoP polymer films deposited on the Au-over-Ti coated glass slides under pulse 

potentiostatic conditions appeared to be too thin to be visualized by AFM. 

The Rsa value for the blank Au-over-Ti coated glass slide was 1.004.  In order to 

determine precise values of Rsa, (10 × 10) m
2
 area AFM images were recorded (not shown).  

 

4.2.5  Dioxygen electrocatalytic reduction at the (Ph3N)4CoP polymer film-coated 

electrodes 

For comparison of the electrocatalytic effects, half-peak potentials rather than peak potentials 

were used.  That was because the former was determined much more precisely.  

Electrocatalytic activity of the NIP-(Ph3N)4CoP and MIP-(Ph3N)4CoP film coated GCEs with 

respect to dioxygen electroreduction was compared.  The LSV curves for the GCE, coated 

with the NIP-(Ph3N)4CoP or MIP-(Ph3N)4CoP film, deposited by electropolymerization under 

potentiodynamic conditions, in the oxygen-saturated buffer solution were recorded 

(Fig. 4.2-6).  

Only one peak for the dioxygen reduction was seen for the bare GCE.  However, the 

(Ph3N)4CoP polymer film coated GCEs revealed two peaks (curves 2, 3 and 4 in Fig. 4.2-6, 

Table 4.2-1).  Peak 1 for the GCE coated with the NIP-(Ph3N)4CoP film vanished, while Peak 

2 was very well-developed (curve 2 in Fig. 4.2-6).  The 𝐸
1/2, 1
′  and 𝐸

1/2, 2
′  of the peaks for the 
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MIP-(Ph3N)4CoP film of the (Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) ratio, after PPZ 

extraction, were slightly positively shifted with respect to those for the NIP-(Ph3N)4CoP 

(curves 3 and 4 in Fig. 4.2-6).  The peaks for the GCE coated with the MIP-(Ph3N)4CoP film 

of the (Ph3N)4CoP : PPZ, 1 : 2 (mole : mole) ratio, were less positively shifted (curve 4 in 

Fig. 4.2-6).  
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Figure 4.2-6.  The LSV curves for (1) the bare 3-mm diameter disk GCE, and that coated 

with the film of (2) the NIP-(Ph3N)4CoP as well as that of (3) the MIP-(Ph3N)4CoP, of 

(Ph3N)4CoP : PPZ 1 : 1 ratio, after extraction of the PPZ template, and (4) the MIP-

(Ph3N)4CoP, of the (Ph3N)4CoP 1 : 2 ratio, after extraction of the PPZ template using the 

working buffer solution (pH = 3.0) for 30 min.  The dioxygen-saturated 0.04 M Britton-

Robinson buffer (pH = 3.0) solution used was 0.3 M in Na2SO4.  The potential scan rate 

was 0.1 V s
-1

.  The polymer films were deposited under potentiodynamic conditions, in 

the course of 10 potential cycles, in the range of 0 to 1.30 V with the potential scan rate of 

0.1 V s
-1

 using the 0.1 mM (Ph3N)4CoP ODCB solution, which was 0.1 M (TBA)ClO4. 
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Figure 4.2-7.  The LSV curves for (1) the bare 3-mm diameter disk GCE, and that coated 

with the film of (2) the NIP-(Ph3N)4CoP, (3) the MIP-(Ph3N)4CoP film of the 

(Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) ratio after extraction of the PPZ and (5) the MIP-

(Ph3N)4CoP of the (Ph3N)4CoP : PPZ, 1 : 2 (mole : mole) ratio after extraction of the PPZ 

template using the working solution (pH = 3.0) for 30 min.  The dioxygen saturated 

0.04 M Britton-Robinson buffer (pH = 3.0) used was 0.3 M in Na2SO4.  The potential 

scan rate was 0.1 V s
-1

.  The polymer films were deposited by consecutive potentiostatic 

1-ms pulses between the initial and final potential of Ei = 0.0 V and Ef = 1.30 V, 

respectively, for the 0.1 mM (Ph3N)4CoP ODCB solution, which was 0.3 M in 

(TBA)ClO4. 

 

Apparently, both the NIP and MIP films of (Ph3N)4CoP, deposited by 

electropolymerization under potentiodynamic conditions, catalyzed electroreduction of 

dioxygen to hydrogen peroxide, and then to water.  However, cathodic peaks for the NIP-

(Ph3N)4CoP and high current density of Peak 2 may indicate dioxygen electroreduction via 

two different mechanisms, simultaneously, that is, one involving one-step four-electron 
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electroreduction to water and the other involving two-step two-electron electroreduction with 

production of the H2O2 intermediate (curve 2 in Fig. 4.2-6).  The most pronounced 

electrocatalytic effect towards dioxygen electroreduction to hydrogen peroxide was 

manifested by the positive shift of the 𝐸
1/2, 1
′  value by ~430 mV for the GCE coated with the 

(Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) polymer film after extraction of the PPZ template.   

The LSV curves of dioxygen reduction at the GCE coated with the (Ph3N)4CoP polymer 

film, deposited by pulsed potentiostatic electropolymerization, with the background currents 

subtracted, are shown in Figure 4.2-7.  Interestingly, only one cathodic peak was clearly 

developed, in contrast to the corresponding LSV curves for the polymer films deposited under 

the potentiodynamic electropolymerization conditions.   

 

Table 4.2-1.  Values of the dioxygen electroreduction half-peak potentials for the bare and 

(Ph3N)4CoP polymer film coated GC electrodes.  

Electrode 

Cathodic half-peak potential, V vs. Ag/AgCl/KClsat. 

 𝐸 1/2, 1
′  𝐸1/2, 2

′  

Bare GCE  -0.43 - 

Polymer films electropolymerized under potentiodynamic conditions 

GCE/[NIP-(Ph3N)4CoP film] -0.39 - 

GCE/[MIP-(Ph3N)4CoP], 

(Ph3N)4CoP : PPZ, 1 : 1, after extraction of PPZ 
+0.01 -0.32 

GCE/[(MIP-Ph3N)4CoP], 

(Ph3N)4CoP : PPZ, 1 : 2, after extraction of PPZ 
-0.05 -0.35 

Polymer films electropolymerized by potentiostatic pulsing 

GCE/[NIP-(Ph3N)4CoP] -0.35 - 

GCE/[MIP-(Ph3N)4CoP], 

(Ph3N)4CoP : PPZ, 1 : 1,after extraction of PPZ 
-0.26 - 

GCE/[MIP-(Ph3N)4CoP], 

(Ph3N)4CoP : PPZ, 1 : 2, after extraction of PPZ 
-0.22 - 
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The 𝐸1/2
′  value for the GCE coated with the NIP-(Ph3N)4CoP film deposited under 

pulsed potentiostatic conditions was ~ 20 mV less positively shifted than that deposited under 

potentiodynamic conditions (curve 2 in Fig. 4.2-7 and Table 4.2-1).  The half-peak potentials 

for the MIP-(Ph3N)4CoP films were more positively shifted with respect to those for the MIP-

(Ph3N)4CoP film deposited under potentiodynamic conditions, assuming that they 

corresponded to Peak 2 for the NIP and MIPs in Fig. 4.2-6.  The GCE coated with the MIP-

(Ph3N)4CoP film deposited under pulsed potentiostatic conditions revealed catalytic effect of 

dioxygen electroreduction manifested by the 𝐸1/2
′  positive shift with respect to that of the bare 

GCE. It was 170 and 210 mV for the (Ph3N)4CoP : PPZ film of the 1 : 1 and 1 : 2 

(mole : mole) ratio, respectively (curves 3 and 4 in Fig. 4.2-7).  That is, the MIP-(Ph3N)4CoP 

film of the (Ph3N)4CoP : PPZ, 1 : 2, (mole : mole) ratio revealed higher electrocatalytic 

activity than that for the MIP film with the 1 : 1 ratio.   

 

4.2.6  Dioxygen electrocatalytic reduction at the (Ph3N)4CoP polymer film coated RRDE 

In order to get closer insight into the mechanism of the dioxygen electroreduction, the LSV 

measurements at the RRDE were performed with either the NIP- or MIP-(Ph3N)4CoP film 

coated GCE disk and the bare Pt ring electrode using the Britton-Robinson buffer solution of 

pH = 3.0, which was 0.3 M in Na2SO4 (Fig. 4.2-8).  The disk potential was negatively 

scanned while that of the ring was kept constant at 1.0 V.   

The ring current for the NIP-(Ph3N)4CoP film reached maximum at the potential close 

to that of Peak 1 in the corresponding LSV curve at the GCE disk (curves 2 and 2’ in Fig. 4.2-

8).  Moreover, the ring current increased and reached plateau, which slowly decayed at lower 

potentials.  This behavior indicates simultaneous dioxygen electroreduction via at least two 

different mechanisms.  That is, dioxygen is electroreduced mostly via one-step four-electron 

mechanism to water at lower overpotentials.  The H2O2 yield was 66.7 % at the first ring 

current maximum at E’  -0.16.  Then, this yield dropped to the value as low as 4.7% for 

potentials of the current plateau at the ring.  The corresponding disk current was nearly twice 

that for the bare GCE.  The major fraction of dioxygen was electroreduced via one-step for-

electron mechanism. 
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Figure 4.2-8  The LSV curves at the 4-mm diameter disk GCE and the Pt ring of the 

RRDE for the dioxygen electroreduction (1 and 1’) at the bare GCE, and that at the 

coated with (2 and 2’) the NIP-(Ph3N)4CoP film, the MIP-(Ph3N)4CoP film of the 

(Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) ratio, deposited under (3 and 3’) potentiodynamic 

and (4 and 4’) potentiodynamic conditions.  The ring potential was 1.0 V.  The 0.04 M 

Britton-Robinson buffer (pH = 3.0), 0.3 M in Na2SO4, was used.  The potential scan rate 

was 10 mV s
−1

.  The rotation rate was 400 r.p.m. 

 

The MIP-(Ph3N)4CoP films of the 1 : 1 ratio, electropolymerized both under 

potentiodynamic (curves 3 and 3’ in Fig. 4.2-8) and pulsed potentiostatic (curves 4 and 4’ in 
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Fig. 4.2-8) conditions generated H2O2 on the disk electrode.  The potential at which H2O2 was 

generated for both MIP-(Ph3N)4CoP films was much more positive than that for the NIP-

(Ph3N)4CoP film.  That is, these films electrocatalized dioxygen reduction to H2O2.  

Moreover, the ring current for the MIP-(Ph3N)4CoP film deposited under potentiodynamic 

conditions revealed two slopes before reaching plateau.  This behavior indicates two 

competing mechanisms for this electrocatalysis.  Furthermore, there was no maximum in the 

ring currents for these MIPs.  That is, the H2O2 generated was not reduced to water in this 

potential range.   

 

4.2.6  Dioxygen electrocatalytic reduction at the NIP- and MIP-(Ph3N)4CoP film coated 

GCEs in solutions of different pH 

The mechanism of the dioxygen electroreduction at the (Ph3N)4CoP polymer film-coated 

electrode depends on the solution acidity.  That is, this electroreduction involves equal 

number of protons and electrons exchanged in acidic solutions while protons are not involved 

in this mechanism in neutral and alkaline solutions.   

In order to understand this mechanism better, dependence of the cathodic half-peak 

potential of dioxygen electroreduction on pH was examined in a broad, 3.0 ≤ pH ≤ 10.0, 

range using both the NIP- and MIP-(Ph3N)4CoP films (Figure 4.2-9).  The E1/2 for the 

dioxygen electroreduction on the bare GCE is pH independent in the entire pH range.
158

  

Here, the 𝐸1/2
′  was ~ -0.49 V for the uncoated GCE.  The electroreduction at the GCE coated 

with the NIP-(Ph3N)4CoP film, deposited by electropolymerization under potentiodynamic 

conditions, revealed a single cathodic peak, with the 𝐸1/2
′  value of ~ -0.30 V.  This 𝐸1/2

′  value 

was virtually independent of the solution pH (curve 1 in Fig. 4.2-9).   

The film of MIP-(Ph3N)4CoP of the (Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) ratio, 

deposited by electropolymerization under potentiodynamic conditions, showed two peaks in 

the whole pH range.  That is, Peak 1, was observed in the range of 3.0 ≤ pH ≤ 7.0 with the 

negative slope of -46 mV/pH unit (curve 2 in Fig. 4.2-9).  Peak 2 was observed in the entire 

pH range selected (curve 2’ in Fig. 4.2-9).  The slope of the dependence of 𝐸1/2
′  on pH was 

+37 mV/pH unit, in the range of 3.0 ≤ pH ≤ 8.0.  At pH  8.0, the 𝐸1/2
′  of Peak 2 did not 

change being -0.23 V.  The film of the MIP-(Ph3N)4CoP of the (Ph3N)4CoP : PPZ, 1 : 1 

(mole : mole) ratio, deposited by electropolymerization under pulsed potentiostatic 

conditions, revealed two peaks in the range of 4.0 ≤ pH ≤ 10.0.  The slope of the 𝐸1/2
′  for 
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Peak 1 dependence on pH was ~ -9 mV (curve 3 in Fig. 4.2-9), while that for Peak 2 merely 

changed (curve 3’ in Fig. 4.2-9).   

Finally, the GCE coated with the MIP-(Ph3N)4CoP of the (Ph3N)4CoP : PPZ, 1 : 2 

(mole : mole) ratio, deposited by electropolymerization under potentiodynamic conditions, 

revealed two peaks for the whole pH range with the exception of pH = 5.0 where, 

surprisingly, three peaks were observed.   
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Figure 4.2-9  The pH dependence of the LSV cathodic half-peak potential of the 

dioxygen electroreduction at the GCE coated with (1) the NIP-(Ph3N)4CoP or with the 

MIP-(Ph3N)4CoP film of the (Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) ratio, deposited by 

electropolymerization under potentiodynamic conditions (2) Peak 1 and (2’) Peak 2, and 

that, deposited by electropolymerization under pulsed potentiostatic conditions, (3) Peak 

1, and (3’) Peak 2; the MIP-(Ph3N)4CoP film, of the (Ph3N)4CoP : PPZ, 1 : 2 

(mole : mole) ratio, deposited by electropolymerization under potentiodynamic 

conditions, (4) Peak 1, (4’) Peak 2, and (4’’) Peak 3.  The solution used was 0.04 M 

Britton-Robinson buffer, which was 0.3 M in Na2SO4.  
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Peak 1 was observed for the range of 3.0 ≤ pH ≤ 5.0.  It decreased with the pH increase (curve 

4 in Fig. 4.2-9).  Peak 2 was observed for the 3.0 ≤ pH ≤ 10.0 range with its 𝐸1/2
′  hardly 

changed, being ~ -0.3 V (curve 4’ in Fig. 4.2-9).  Peak 3 was seen for the 5.0 ≤ pH ≤ 10.0 

range.  It increased with the pH increase (curve 4’’ in Fig. 4.2-9).  

Considering all the results, one can conclude that the mechanism of the dioxygen 

electrocatalytic reduction depends on the type of the (Ph3N)4CoP polymer.  Clearly, this 

mechanism was different for the NIP-(Ph3N)4CoP, which revealed a pH independent single 

cathodic peak.  Apparently, this peak corresponded to electrocatalytic reduction of dioxygen 

to hydrogen peroxide.  The MIP-(Ph3N)4CoP film of the (Ph3N)4CoP : PPZ, 1 : 1 

(mole : mole) ratio, deposited by electropolymerization under potentiodynamic conditions, 

revealed the electrocatalytic effect both for the dioxygen and hydrogen peroxide reduction; 

the first being depressed but the second enhanced with the pH increase.  The MIP-

(Ph3N)4CoP film of the (Ph3N)4CoP : PPZ, 1 : 1 (mole : mole) ratio, deposited under pulsed 

potentiostatic conditions, catalyzed both the dioxygen and hydrogen peroxide 

electroreduction with the 𝐸1/2
′  only slightly depending on the solution pH.  Finally, the MIP-

(Ph3N)4CoP of the (Ph3N)4CoP : PPZ, 1 : 2 (mole : mole) ratio, deposited under 

potentiodynamic conditions, electrocatalized dioxygen and hydrogen peroxide reduction in 

acidic media.  However, the catalytic effect was lower in solutions of lower acidity.  

Unexpectedly, the NIP-(Ph3N)4CoP revealed more pronounced electrocatalytic effect than 

MIP-(Ph3N)4CoP, however, the latter electrocatalized dioxygen electroreduction to H2O2 at 

higher potentials.  
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4.3  Conducting composites of carbon nanotubes and a redox polymer 

CNTs and C60 are often used for preparation of composites serving as functional materials for 

supercapacitors.  Among them, a (conducting polymer)-(CNTs) composite is used because of 

high specific capacitance of the resulting electrode material.
85,159,160

  We addressed several 

aspects of this way of composite preparation in the present research.  First, SWCNTs were 

non-covalently modified with 1-pyrenebutyric acid via - stacking.  This modification 

allowed for electrophoretic deposition of a uniform pyr-SWCNTs film on an electrode 

surface.  Redox species, like pristine C60, cannot be much attractive for the Type III 

symmetric supercapacitors because it is not conducting at positive potentials.  Therefore, 

some another redox material must be additionally used for that (Scheme 4.3-1).  This point is 

addressed herein by selecting a monomer, which is electroactive in both the positive and 

negative potential range (Fig. 4.3-1). 

 

 

 

 

 

 

 

 

 

 

 a b 

 

Scheme 4.3-1.  The simplified structural formula of (a) metallic single-wall carbon 

nanotube non-covalently surface modified with 1-pyrenebutyric acid (pyr-SWCNTs) and 

(b) C60Fc. 

 

This C60Fc monomer was electropolymerized on top of the deposited pyr-SWCNTs 

film.  Electropolymerization as well as electrochemical and capacitive properties of the 

resulting electrode material were examined elsewhere.
161

   

OH
O

OH
O

OH
O

OH
O

http://rcin.org.pl



143 

 

-1.5 -1.0 -0.5 0.0 0.5

-0.2

-0.1

0.0

0.1

C
u

rr
e

n
t 

, 
 

A

Potential, V vs. Ag pseudo-reference electrode
 

Figure 4.3-1.  The CV curve for 0.1 mM C60Fc in the deaerated 0.1 M (TBA)ClO4 

ODCB solution recorded at the 1-mm diameter Pt disk working electrode.  The potential 

scan rate was 100 mV s
-1

. 

 

Our research was focused on optimization of electrophoretic deposition of the pyr-

SWCNTs film as well as on the power and electrochemical stability determination of the 

composite, in a two-electrode system, by galvanostatic charging and discharging.  The cell 

power was determined by discharging of the capacitor through different resistors.   

First, the pyr-SWCNTs film was electrophoretically deposited using different 

procedures until the optimized electrophoretic deposition procedure was reached.  Then, 

C60Fc was electropolymerized in the presence of Pd(Ac)2 and the resulting polymer deposited 

on top of the pyr-SWCNTs film.  Next, a device composed of two identical Au disk 

electrodes coated with pyr-SWCNTs/(C60Fc-Pd) films was assembled (Fig. 2.3-16).  

Electrochemical stability of the pyr-SWCNTs/(C60Fc-Pd) films in galvanostatic charge-

discharge experiments was evaluated for different operation modes of the device.  Finally, 

power of the fully or partially charged device was determined. 
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4.3.1  Electrophoretic deposition of pyr-SWCNTs 

There are several procedures for preparation of the CNT-modified electrodes.  One of the 

simplest consists in dropcasting of a fine suspension of CNTs in a volatile solvent, and then 

evaporating the solvent.  The disadvantages of this procedure include non-uniformity of the 

resulting film, aggregation of CNTs, and a challenging need of a precise control of the CNTs 

mass deposited on the electrode.  Therefore, other deposition procedures, which are free of 

these disadvantages, are desired.  The electrophoretic CNTs deposition is one of them.  It 

involves preliminary surface functionalization of CNTs with charged molecules.  This 

procedure allows for energy-efficient reusing the solvent after deposition of SWCNTs instead 

of its evaporating. 

Herein, two apparatus setups were used for electrophoretic deposition of SWCNTs.  

One, involving EQCM, appeared to be challenging because of low adherence of the resulting 

pyr-SWCNTs film to the Au-over-Ti or Pt electrode of QCR.  In order to measure the 

resonance frequency changes accompanying the deposition, the film must be relatively rigid.  

For that, the film must be deposited very thoroughly.  Moreover, mass of the deposited 

SWCNTs film may not accurately be determined because the film is swollen with the solvent.  

Therefore, another procedure was developed herein for precise weighing of the deposited pyr-

SWCNTs film.  

The other setup allowed for a long-lasting measurement of the resonance frequency, f, 

and dynamic resistance, R.  A general idea behind the experiment was to determine changes 

with time of real mass of the deposited film by continuous f measurement starting from the 

bare and dry, and finishing with the rinsed, and then well-dried film-coated electrode.  

Accordingly, the measurement was initiated with a dry Pt electrode of QCR in air (time point 

0 and 0’ in Fig. 4.3-3).  Then, a sample of 0.25 ml of the fine ~0.4 mg ml
-1

 pyr-SWCNTs 

suspension in CHP was dispensed onto the horizontally oriented QCR (time point 1 and 

1’ in Fig. 4.3-3) resulting in the f  -10.3 kHz drop due to viscosity and/or density change of 

the medium.  Then, the pyr-SWCNTs film was electrophoretically deposited on the electrode 

from this suspension (time points 2, 2’ and 3, 3’ in Fig. 4.3-3).  In the presence of excess of 

(TBA)OH × 20 H2O in the suspension, the film deposition was drastically faster due to 

deprotonation of carboxy groups of 1-pyrenebutyric acid - stacked on SWCNTs surface at 

pH > 7.0 and the increase of the negative surface charge of pyr-SWCNTs.  A non-transparent 

black solid was deposited on the electrode (Fig. 4.3-4) while the initially cloudy suspension 
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became transparent.  During film formation, the frequency change, f  -683 Hz, was 

unexpectedly low.  The reason for that might arise from soaking with viscous CHP of the 

resulting film and forming a solvent layer between the electrode substrate and the film, thus 

deteriorating mechanical contact between the electrode and the film.  Next, the CHP solvent 

was carefully aspirated with a pipette from above the film (time point 4 and 4’ in Fig. 4.3-3).  

Then, the film was several times thoroughly rinsed with ACN (time point 5 and 5’ in Fig. 4.3-

3).  Each time, the solvent was aspirated, and then replaced with that fresh.  The CHP solvent 

used for preparation of the suspension was miscible with ACN.  Finally, the film was exposed 

to a mild Ar stream overnight (time points 6 and 6’ in Fig. 4.3-3).   
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Figure 4.3-2.  The simultaneously recorded change with time of (a) resonance frequency 

and (b) dynamic resistance for (0 and 0’) the dry electrode in air, (1 and 1’) after 

dispensing the ~0.4 mg ml
-1

 suspension of pyr-SWCNTs in CHP, (2 and 2’) after 

initiating electrophoretic deposition of pyr-SWCNTs; for that, the Pt/QCR working 

electrode was positively polarized with the 24 V dc voltage, (3 and 3’) after finishing 

electrophoretic deposition of pyr-SWCNTs, (4 and 4’) after solvent aspiration, (5 and 5’) 

after rinsing the pyr-SWCNTs film with ACN, (6 and 6’) after a gentle argon purge over 

the film, and (7 and 7’) the final measurement. 
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The initial frequency decrease at this step was most likely due to pressing the 

electrode with the Ar stream.  Over the first 45 min of this step, the resonance frequency 

rapidly increased by ~12 kHz due to solvent evaporation.  Moreover, the frequency increased 

by ~430 Hz for subsequent ~13.5 h because of that.  The total frequency change for the initial 

stage of the bare dry electrode and that for the final stage of the electrode preparation was 

f = 4152 Hz resulting in a well-dried pyr-SWCNTs film. 

The dynamic resistance change (Fig. 4.3-3b) mirrored the resonance frequency change 

(Fig. 4.3-3a) over the entire measurement.  At the end of the experiment, its total change was 

merely 3.5 , indicating formation of a quite rigid film.  

 

 

 

Figure 4.3-3.  The photo of a pyr-SWCNTs film electrophoretically deposited on the 

Pt/QCR.  (This film was not used for the measurement discussed above.)  

 

The resulting mass was determined precisely because only traces of solvent were left 

in the film.  Assuming that deposition of the pyr-SWCNTs from the suspension during 

electrophoresis was complete, one can determine concentration of the suspension and use this 

value for quantitation of mass of the films deposited onto regular disk electrodes.  The time 

stability of the 0.4 mg ml
-1

 pyr-SWCNTs suspension in CHP exceeds one year. 
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4.3.2  Galvanostatic charging and discharging of the energy storage device featuring two 

identical pyr-SWCNTs/C60Fc-Pd composite electrodes 

The use of the pyr-SWCNTs/(C60Fc-Pd) composite electroactive in both the positive and 

negative potential range allowed us to change the electrode polarity in the assembled charge 

storage device by alternate charging it with current of opposite direction.  This ability was 

studied in the galvanostatic charge-discharge regime of the assembled device, according to 

the procedure outlined in Fig. 3.2-15. 
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Scheme 4.3-3.  The voltage-time galvanostatic (40 A cm
-2

) plot for two identical pyr-

SWCNTs/C60Fc-Pd working electrodes WE1 and WE2, arranged as shown in 

Scheme 3.2-2, demonstrating oxidation states of each electrode under different 

polarization conditions. 
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The repetitive alternate galvanostatic +0.72- and -0.72-mA cm
-2

 polarization was 

applied to the cell until it reached the predefined voltage limit where the current direction was 

turned back.  The resulting voltage-time transients were recorded for different voltage limits 

(Fig. 4.3-4).  Two sets of the voltage limit were selected.  The “narrow” limit was set between 

+0.6 and -0.6 V allowing for only double-layer charging and discharging in the absence of 

any faradaic process.  The resulting voltage-time transients were nearly linear and repeatable 

(curves 1 and 1' in Fig. 4.3-4).   
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Figure 4.3-4.  Voltage-time transients for alternate galvanostatic +0.72-mA cm
-2

, and 

then -0.72-mA cm
-2

 polarization followed by +0.72-mA cm
-2

 polarization for (1 and 2) 

the first and (1' and 2') the 1000th charge-discharge cycle (see Scheme 4.3-3) for two 

identical (4-mm diameter Au disk)/pyr-SWCNTs/C60Fc-Pd working electrodes WE1 and 

WE2 (Scheme 3.2-2) for the voltage range between (1 and 1') +0.60 and -0.60 V as well 

as (2 and 2') +1.2 and -1.2 V.  A deaerated 0.1 M (TBA)ClO4 acetonitrile solution served 

as the working solution.  
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The “wide” voltage range was set between +1.2 and -1.2 V.  It allowed for both double 

layer charging and discharging as well as for the C60
0
/C60

-
 and Fc

0
/Fc

+
 redox processes 

occuring.  The initial part of the charging curve overlapped that for the “narrow” voltage 

range.  The slope of the former curve decreased, however, with the voltage increase due to the 

redox processes manifested.  For positive charging, the Fc/Fc
+
 and C60/C60

-
 electrode 

processes proceeded on WE1 and WE2, respectively.  The opposite charging resulted in the 

C60/C60
-
 and Fc/Fc

+
 processes on WE1 and WE2, respectively (Scheme 4.3-3).  For the 

“wide” voltage range, the capacity repeatability in the charge-discharge cycling was not as 

high as that for the “narrow” range.  Some irreversible polymer changes might be responsible 

for that.  The resulting initial voltage-time transient (curve 2 in Fig. 4.3-4) substantially 

changed after 1000 charge-discharge cycles (curve 2’ in Fig. 4.3-4).  
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Figure 4.3-5.  The dependence of relative capacity on the number of charging-

discharging cycles for two identical (4-mm diameter Au disk)/pyr-SWCNTs/C60Fc-Pd 

working electrodes WE1 and WE2 (Scheme 4.3-2) under repeated galvanostatic alternate 

+0.72-mA cm
-2

 and -0.72-mA cm
-2

 polarization within the voltage limits of (1) +0.60 and 

-0.6 V as well as (2) +1.2 and -1.2 V.  A deaerated 0.1 M (TBA)ClO4 acetonitrile solution 

served as the working solution.   
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The relative capacity of the device exposed to repetitive alternate galvanostatic charging 

and discharging in the “narrow” voltage range between +0.6 and -0.6 V was nearly constant.  

Moreover, it evenly increased by ~5% after 1000 cycles (curve 1 in Fig. 4.3-5).  The “wide” 

voltage range, set between +1.2 and -1.2 V, allowed for the occurrence of both the capacitive 

and faradaic behavior of the composite.  After initial increase by ~15%, the relative capacity 

decreased by 18% after 1000 cycles (curve 2 in Fig. 4.3-5).  The apparent reason for this 

decrease may arise from incomplete reversibility of the redox processes. 

 

4.3.3  Measurements of power of the two-electrode energy storage device with identical 

pyr-SWCNTs/C60Fc-Pd composite electrodes 

In order to evaluate power capabilities for two different states of the device, i.e., “fully 

charged” and “partially charged”, the average power of the device was determined for 

different discharge currents (Fig. 4.3-6).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3-6.  Voltage decay with time for discharging, through different resistors 

indicated with numbers at curves, of the two-electrode charge storage device (see 

Scheme 3.2-2), which was charged with the current density of 40 A cm
-2

 to either (curve 

1) 0.7 V or (curve 2) 1.4 V and the electric circuit scheme used for switching between 

(a) charging and (b) discharging of the device. 
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This evaluation provided information on power characteristics of an electric storage 

device in closer approximation to a real life situation.  Our device was charged with the 

current density of 40 A cm
-2

 to reach either “partially charged” (0.70 V) or “fully charged” 

(1.40 V) state. 
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Figure 4.3-7.  The power vs. discharge current curves for two identical (4-mm diameter 

Au disk)/pyr-SWCNTs/(C60Fc-Pd) working electrodes WE1 and WE2 (Scheme 4.3-2), 

charged with the current density of 40 A cm
-2

 to reach the voltage of (1) 0.70 and 

(2) 1.40 V.  A deaerated 0.1 M (TBA)ClO4 acetonitrile solution served as the working 

solution.  Resistances of the resistors used for electrode discharging are indicated with 

numbers at each current value. 

 

Next, the device was discharged through the resistor of the 5, 10, 20, 30, or 40 k 

resistance and the voltage vs. time curves were recorded.  Finally, the average power was 

determined using Eqn. 2.4-6. 

Device charging, which involved faradaic Fc/Fc
+
 and C60

-
/C60 processes occurring in 

the pyr-SWCNTs/(C60Fc-Pd) film, significantly increased average power because of the 

increase of the charge stored in the composite.  Moreover, higher voltage increased the 
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average power even more.  The average power of the “fully charged” device was by 7.3 

times higher than that “partially charged” despite that the voltage was just twice higher 

(Fig. 4.3-7).  Unfortunately, charging of the composite to the higher voltage decreased its 

operation lifetime. 

The average power at the lower discharge rate was slightly higher for both the “fully 

charged” and “partially charged” device (curves 1 and 2 in Fig. 4.3-7, respectively).  

A limiting effect of the counter ion diffusion in the film might be a plausible reason for that.  
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5.  Conclusions 

5.1  Organic electron donor-acceptor systems for photovoltaic solar energy conversion 

 Three different approaches to supramolecular assembling of electron donor-acceptor 

dyads were explored, including (i) Watson-Crick nucleobase paring in a Langmuir 

film, (ii) metal-ligand coordination of monomer molecules in solution, and (iii) metal-

ligand coordination of the polymer donor and the monomer acceptor molecules.  

Metal-ligand coordination of moieties in solution or in a polymer film was the most 

promising for that purpose while hydrogen bonding of the donor and acceptor moiety 

in a Langmuir film was weak. 

 Two photoactive materials were examined.  One involved separation of dyad 

molecules in the Langmuir and Langmuir-Blodgett films by flexible peripheral 

substituents of donor moieties while the other involved, first, linking donor moieties 

by electropolymerization, and then coordinating acceptor molecules by the donor 

polymer film.  The latter approach, with the [(Ph3N)4ZnP polymer electron donor]-

(C60im acceptor) dyad, was more efficient with respect to solar energy conversion. 

 The constructed dyads were non-stoichiometric.  That is, the LB transferred dyads 

partially dissociated during the LB transfer while in the (Ph3N)4ZnP polymer not all 

Zn atoms were accessible for C60im binding. 

 

5.2  Template-imprinted polymer films of (Ph3N)4CoP for electrocatalytic dioxygen 

reduction  

 The NIP-(Ph3N)4CoP film catalyzed dioxygen electroreduction via two competing 

mechanisms.  One resulted in production of H2O2, while the second, dominating at 

lower potentials, was mostly one-step four-electron electroreduction dioxygen to 

water.  The LSV half-peak potential of that process was pH independent.   

 Presumably, this unexpected behavior was due to presence of bulky triphenylamine 

peripheral substituents, which allowed to assume the Co-to-Co distance optimal for 

one-step four-electron dioxygen electroreduction.  The face-to-face arrangement of the 

Co porphyrin macrocycles in the working solution for polymerization could be due to 

- interactions of perpendicular orientation of peripheral triphenylamine substituents 

to the porphyrin macrocycle plane. 
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 The MIP-(Ph3N)4CoP film catalyzed electroreduction of dioxygen to water.  Most 

likely, the piperazine templating ligand used was too big for proper distancing Co 

atoms in the film. 

 The mechanism of dioxygen electrocatalytic reduction by MIP-(Ph3N)4CoP  films was 

dependent not only on pH and the (Ph3N)4CoP : PPZ ratio but on the polymer 

preparation procedure and, hence, the film morphology as well. 

5.3  Conducting composites of carbon nanotubes and the C60Fc-Pd redox polymer for 

energy storage devices 

 The herein developed procedure of electrophoretic deposition of carbon nanotubes 

was, advantageously, more precise and easier to use than that applied earlier. 

 Stability of the pyr-SWCNTs/(C60Fc-Pd) composite in the multi(charging-

discharging) experiment was evaluated for two different voltage ranges.  One, narrow 

(0.60 V), covered only the double-layer capacity range while the other, broader 

(1.20 V), included the pseudocapacity range of the polymer redox processes.  Relative 

capacity of the energy storage device increased by 5% after 1000 cycles of charging 

and discharging for the double-layer capacity range.  The wide voltage range 

encompassed both the C60/C60
-
 and Fc/Fc

+
 faradaic process.  Because of that, 

advantageously, the voltage-time transients were nonlinear.  Advantageously, the 

relative capacity decreased merely by 18% after 1000 cycles. 

 Power of the fully and partially charged energy storage device, composed of two 

identical electrodes coated with the pyr-SWCNTs/(C60Fc-Pd) films, was measured.  

For that, the electrodes were polarized to 1.4 V, and 0.70 V, respectively.  The average 

power of the device polarized to the higher voltage was ∼7.3 times that polarized to 

the lower voltage.   
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6.  Proposed further research 

6.1  Organic photovoltaics 

In order to increase performance of the OPV materials and bring them closer to a possible 

commercial application, I propose the following topics of further research, which will target 

the overall efficiency increase of the PVC by enhancing all steps of solar light conversion 

mechanism, extending the lifetime of the PVC, and withstanding real outdoor temperatures. 

These will require the following studies.  

 Devising and preparing photoactive donor-acceptor materials of increased efficiency. 

 Devising and preparing macro-structure organized photoactive materials of increased 

area contacting an electrolyte. 

 Employing low volatility solvents with a broad range of operating temperature. 

 Using efficient charge mediators capable of surviving billions redox cycles. 

 

6.2  Metalloporphyrins for electrocatalytic dioxygen reduction 

In order to increase electrocatalytic activity of metalloporphyrins towards dioxygen 

electroreduction, the dimers should be more strongly coordinated to maintain their structure 

during surface immobilization and subsequent operation.  Functional properties of the 

polymer can be improved by depositing the polymer on a structured conducting substrate or 

preparing linear polymer wires.  Towards that, the following activity is needed.  

 Increasing control over formation of cofacial metalloporphyrin dimers through 

syntheses of new dedicated monomers. 

 Depositing films of catalysts on surface-developed conducting substrates or producing 

such structures by synthesizing appropriate polymers. 

 

6.3  Functional (conducting polymer)-(carbon material) composites for energy storage 

devices 

Further increase of electric capacity of these composites is connected with improvement of 

morphology of carbon materials and their organization in films.  Synthesis of new polymers 

with suitably adjusted redox potentials may result in composites of increased pseudocapacity.  

Electrolyte solutions capable of withstanding real operating conditions of a supercapacitor 

will help introducing supercapacitors to industry.  Here, the following studies are envisioned. 

 Using carbon materials with a higher surface-to-mass ratio. 
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 Higher extent of material organization. 

 Using carbon materials of a pore size adjusted to the size of the electrolyte ions. 

 Applying non-volatile solvent electrolytes with a high temperature operating range. 

 Developing a standard for evaluation of capacitive properties of an energy storage 

material. 
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