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Spectral Sensitisation of Photo processes in Polymeric Donor-Acceptor
Systems

A.V.Vannikov and A.D.Grishina

Processes are considered which involve the spectral sensitisation of polymeric electron donor-electron acceptor (EDA) systems
as a result of which an electron is transferred and charged species are formed under the influence of visible light. Problems of
the practical utilisation of the phenomenon in the development of light-sensitive recording layers, photovoltaic cells
transforming light into electrical energy, and polymeric photoconductors are discussed.
The bibliography includes 148 references.
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I. INTRODUCTION

The sensitisation of electron transfer reactions in EDA
complexes to radiation at specific wavelengths, particularly
in the visible spectral range, has been studied in detail as a
fundamental problem of the effect of electromagnetic radia-
tion on organic systems and also in connection with the pos-
sible practical applications of this phenomenon. This con-
cerns the employment of organic complexes as photoconductors,
as light-sensitive recording layers, and in photovoltaic cells
transforming solar energy into electrical energy. The
sensitisation is important also in the photochemical oxidation
of organic compounds and in the utilisation of solar energy
by photochemical methods.

In the present review the concept of "polymeric electron
donor—electron acceptor (EDA) complexes" includes not only
complexes formed by polymeric components but also complexes
which contain low-molecular-weight compounds distributed in
a polymer matrix.

Questions concerning the spectral sensitisation of polymer
compositions, incorporating donors (D), acceptors (A), and
also weak charge-transfer complexes (CTC or D.A) are
examined below. The sensitisation is achieved by intro-
ducing an additional component—the sensitiser (S), which
exhibits optical absorption in the specified wavelength range.
The present review does not discuss processes described in
detail in existing publications1"3 and based on the ionic dis-

h v C T C
sociation reaction of polymer CTC (D.A *• Dt + A·) as a
result of direct photoexcitation. We shall consider reactions
involving sensitised electron transfer and reactions due to
the sensitised formation of singlet oxygen.

1. The Principal Types of Sensitised Charge-Transfer Reac-
tions

(a) Reactions with Participation of the Sensitiser in Electron
Transfer

The sensitiser forms CTC with the donor or acceptor com-
ponent :

\O.S)0
^o, (I)

Here 1 ) 3 (D"S") 0 and 1 '3(S'+A')1_are the singlet- or triplet-
excited complexes and 1 > 3[D* ...A' ] 0 is a geminal radical-ion
pair in a singlet or triplet state.

The sensitiser forms a collision complex with the donor or
acceptor component and also with the complex 1 (D.A) 0 :

% -» 3S, D* + ff;

secondary reaction:

*...S-]o (or S[) + XAO-»• % + D* + A" -»• Dl + A"i;

^ % -+3S, - ^ ^ , - ' Α ο - ^[Sf.-A-lo^S* + A";

(HI)

(IV)

secondary reaction:

1-3[St...A-]0(orSt) + % + Ό+· + Â  -* D\ + A",:
11'3[St...DAnon

i.3 [ DiA...Sr J oJ

(V)

plexes.
, and ^ S ^ X(D .A)o are collision com-

(b) The Sensitiser Subjected to One-Quantum or Two-Quan-
tum Excitation is the Donor of Triplet Energy

(DA)-° % + 3φ*· A~)i -+ Ό* + A· -> D; + A",,

'A.
1 S O + 3 D 1 - ^ ( 3 D 1 - 1 A O ) .

Ar · - -> • 'D

(VI)

Processes (I)—(VI) have come to be referred to as autosen-
sitisation when S E D J or Af.

(c) Reactions with Participation of Singlet Oxygen

In the presence of O2, singlet molecular oxygen is formed in
the reaction with the triplet-excited organic molecule (3MX)
( ^ 2 can be in the 1 Σ + and 1Δ states). The reactions

involving ΧΟ2 are used in information recording processes.
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The quantum yield of 1 0 2 is determined by the relative
positions of the E( 3Μχ) level and_the level of the excited
charge-transfer state E[ ^ ( M ' O ^ i ] .

When the E[1>3M iO2)1] level lies below fi(3M1), si
oxygen is formed via the following reactions:

singlet

Scheme 1

VM O -O 2 )

When the E[ 1 > 3(Μ 7θ2)ι] level lies above E( ^χ),1*»5 the direct
involvement of the 1>3(Μ·θ2)ι states in the process is ruled
out:

Scheme 2

3('Μο·3ο,)-

5 ( 3 Μ , · 3 Ο 2 )

3('Μ,· 3Ο 2)·

Comparison of the reactions via Schemes 1 and 2 shows that in
the latter case only one pathway leads to the decomposition of
the collision complex 3Μχ.3θ2 via the singlet state 1(3M1.

3O2) with
formation of singlet oxygen, while in the former case, other con-
ditions being equal, the reaction involving the decomposition
via the state '(MiOj)]., which does not lead to 1O 2, is included.
Taking into account the ratios of the populations of levels with
different multiplicities, one can postulate that the quantum
yield in the formation of singlet oxygen via Scheme 2 will exceed
by a factor of 4 the quantum yield in the formation reaction
via Scheme 1.

I I . PROBLEMS OF THE PRACTICAL UTILISATION OF SEN-
SITISED ELECTRON PHOTOTRANSFER IN EDA COMPLEXES

In the development of recording polymeric donor—acceptor
systems for photovoltaic cells sensitive to a given wavelength
range, the sensitisers employed are dyes of different classes
(cyanine, thiazine, xanthene, etc., dyes), variable valence
ions, porphyrins, which are used in silver halide photog-
raphy 6 ' 7 and in the creation of liquid-phase photochemical
systems transforming the energy of solar radiation into elec-
trical or chemical energy. 8 " 1 1

The reduction of acceptors [viologens (V2+)] sensitised by
ruthenium complexes [including tris(2,2'-bipyridyl)rutheni-
um(II) or Ru(bipy)2."1"], porphyrins, and dyes in the presence
of donors of different nature has been successfully investi-
gated in recent years in connection with the search for new
systems for the storage of solar energy. 8 " 1 2 At the same
time, in order to create non-silver (or low-silver) information
recording systems, studies have been made of the reduction
of acceptors (viologens) in the donor matrix of poly (vinyl
alcohol) (PVA) under the conditions of the phoeoexcitation of

additionally introduced sensitisers: riboflavin13»11* and benzo-
phenone. 1 5 For this purpose, we can also employ a system
comprising V2+ and Ru(bipy) 2 + incorporated in a cellophane
matrix.1 2 A high sensitivity has been obtained in the com-
position deposited on a triacetate support and comprising
PVA as the donor, NN'-bis(p-eyanophenyl)-4,4'-bipyridyl
chloride as the acceptor, and riboflavin as the sensitiser.
Excitation of riboflavin by light with λ s 360-440 nm in the
PVA donor matrix ensures electron transfer from the matrix
to the sensitiser with formation of the reduced form of ribo-
flavin—a semiquinone radical, with a quantum yield of 0.09.16

In the presence of V2+ the subsequent dark electron transfer
from this radical to viologen ensures the formation of latent
image centres—the radical-cations V', for the visualisation
and enhancement of which a physical development process is
employed11* with formation of a visible image made up of metal-
lic silver:

B+ + Ag+ -> Β ϊ+ + Ag°; Ag° + nAg+ + nFe11 -*- Ag°AgB + nFe111

The sensitivity S0,i to monochromatic light with v j n c = 436 nm
was determined as the reciprocal of the exposure Ho 1 (in
J cm"1) for which the optical density on the exposed sections
exceeds after development by 0.1 the optical density on the
unexposed sections (the fog density):11*

S..,= 1/#„.!=6.62- 10s cm2 J"1

Attempts have been made to create liquid-phase photo-
galvanic cells based on the photochemical reduction of
thiazine dyes in the presence of i ron(II) . 1 7 ' 1 8 Different
versions of the recording of the effect of light, consisting
in the photochemical reduction of thiazine dyes in the pres-
ence of donors of different nature and subsequent electron
transfer from the reduced form of the dye to the metal cations
in solid matrices, have been described by Oster. 1 9

The products of the photochemical reduction of thiazine
dyes—semiquinone radicals—initiate the polymerisation of
vinyl and acrylic monomers. 1 9"2 2 A system based on the
polymerisation of acrylic monomers initiated by the radical-
cations MbH· (Mb+ is the dye Methylene Blue) has been used
for the phase recording of holograms.2 3 The effective photo-
chemical reduction of Mb+ was ensured by the presence in the
reaction mixture of a donor—toluenesulphonic acid. The
holograms were recorded by means of laser radiation with
λ = 632.8 nm, which induces the photoexcitation of the dye
Mb+. It has been established2 3 that two mechanisms are
responsible for the phase recording: the first involves
the formation of the relief and the second involves a change
in the refractive index of the medium as a result of poly-
merisation. 4-Nitrophenylacetic acid was introduced into the
reaction mixture to fix the light-sensitive layer. The dye Mb +

decomposes irreversibly under the conditions of the photo-
excitation of the acid by UV radiation. A light sensitivity of
~103 cm2 J " 1 , a resolution of 1500 mm"1, and a diffraction
efficiency of ~45% were attained: the contribution by the
change of the refractive index is ~12% and the modulation of
the thickness is ~33%.

Gelatine layers containing N-vinylcarbazole (VCA and CBri,,
distributed in the matrix in the form of particles whose size
ranges from 0.5 to 20 \im, exhibit a high light sensitivity,
approaching that of silver halide emulsions (S o, 2 = 3 χ
10s cm2 J " 1 for the negative process and 3 χ 101* cm2 J " 1 for
the positive process).21* Depending on the order in which
photoexcitation and heat treatment are applied, a positive or
negative process is achieved. Under the conditions of the
photoexcitation of the sensitiser—the VCA.CBru CTC, the
latter undergoes ionic dissociation with formation of the active
products VC* and Br~...CBr 3, which initiate the polymerisa-
tion of VCA whose high concentration is due to its disperse
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state. A high quantum yield of the polymer is achieved by
the subsequent intensification of the image by the alternate
heat treatment of the entire layer and its exposure to intense
illumination.

Sensitised donor—acceptor systems based on diazonium
salts [p-aminobenzenediazonium+sulphate and salts having
the general formula p-X-C6H^-N = Ν BF^, where X =
(C 2H 5) 2N, CH3O, Br, CH3COO, or NO2] as acceptors 1 6 ' 2 5 " 3 3

have been proposed for the recording of information. The
donors employed are toluenesulphonic acid, sodium toluene-p-
sulphonate, diphenylamine, l,4-diazobicyclo[2.2.2]octane,2S~28

hypophosphorous acid, ascorbic acid, and the polymeric PVA
matrix [combined with poly(ethylene glycol) as plasticiser].16»
29-33

The sensitisers are dyes (thiazine, acridine, and xanthene
dyes), riboflavin, 1 6 ' 2 5" 3 3 and variable-valence ions.3 3 The
essential components are also phenols and an acid stabiliser.
In these systems the recording of information is due to the
decomposition of the acceptors (diazonium salts) as a result
of electron transfer, initially from the donor to the photo-
excited sensitiser and then from the reduced sensitiser to
the acceptor.

The image appears on treatment of the exposed layer with
ammonia, which transforms the phenol Ι106Ηι,ΟΗ into phen-
oxide ions (RC6HiP~). The latter, which have more pro-
nounced electron-donating properties than RC6H4OH, enter
into the dark azo-coupling reaction with the acceptor pre-
served in the unexposed sections—the diazonium salts. This
leads to the formation of the azo-dye and the colouring of
the unexposed sections:

ArNj + RCeH4CT — Ar—N=N-RCeHsOH

The products of the photochemical decomposition of the diazo-
nium salts do not react with phenoxide ions.

Depending on the polarity of the medium, the diazonium
salts decompose via either ionic (heterolytic decomposition in
polar matrices) or radical (homolytic decomposition in non-
polar matrices) mechanisms:

p-X—C,H4—Νί + e -* p-X-CeH; -f N2

As a result of the interaction of the aryl radicals formed in
the homolytic decomposition with Η-donors (RH), new elec-
tron-donating free radicals R*, inducing the additional decom-
position of the diazonium salt, are formed.1 6 '2 7 The forma-
tion of free radicals is used to initiate the polymerisation of
the aery lam ide introduced additionally into the layer.2 8 The
photoexcitation of Mb+ by light with λ = 665 nm in a system
containing p-aminobenzenediazonium sulphate as the acceptor,
sodium toluene-p-sulphonate as the donor, Mb+ as the sen-
sitiser, and also acrylamide results in the formation of poly-
acrylamide (molecular weight Μ = 7 χ 106) with a quantum
yield φ = 1.3 χ 104. As noted above, the photosensitive dye
Mb+ initiates the polymerisation of monomeric acrylamide
derivatives even in the absence of a diazonium salt. For
example, the transformation of acrylamide into the polymer
(M = 9 χ 105) has been found to occur2 8 with a quantum
yield of 1.7 χ 103.

Layers based on polyvinylcarbazole (PVCA) and polyepoxy-
propylcarbazole (PEPC) as donors with acceptors of different
nature, after the additional introduction of sensitising dyes,
acquire a photosensitivity over a wide spectral range,
including the absorption band of the dye. Rhodamine 6G,
coumarin 6,31* eosin,3 5 as well as cyanine dyes with electron-
accepting properties, 3 6 whose ground level lies below the
upper limit of the valence band of PVCA are effective spec-
tral sensitisers for PVCA. The effects of the sensitised
photoconductivity in these systems have been discussed in
detail. 1" 3

It is noteworthy that injection and chemical sensitisations
are widely used for PVCA layers. Injection sensitisation at
the PVCA /selenium boundary arises when aromatic molecules
are introduced and is due to the formation on the interface of
CTC between selenium and the aromatic molecule,37 which
equalise the "ceilings" of the valence bands of selenium and
PVCA and ensure the transfer to PVCA of the holest photo-
generated in selenium.

Chemical sensitisation is ensured by the introduction of
additives such as trichloroacetic acid3 8 and diazonium salts39"1*3

in a system consisting of a donor (PVCA) and a spectral sen-
sitiser or acceptor (o-dinitrobenzene, trinitrofluorenone).
The introduction of such additives increases the photocon-
ductivity of the system almost by an order of magnitude and
leads to the appearance of a "memory effect" consisting in an
increase by 3—4 orders of magnitude (up to 24 h) of the time
during which the photocurrent decreases after the illumina-
tion has been switched off. The effects are associated with
the interaction of the radical-anions (A* or S"), formed in
the phototransfer of electrons, with the additive introduced
(for example, A' + H' •> HA"), which lowers the rate con-
stants for the'bulk-phase recombination of the electron—hole
pairs. The "memory effect" is used in the recording of
information under electrophotographic conditions. A simpli-
fied scheme for the electrophotographic process on PVCA
layers consists in the following steps: the layers are nega-
tively charged uniformly with the aid of a corona discharge.
After exposure, free holes, recombining with the surface
negative charge, are generated in the section of the layer
acted upon by light. This results in the formation of poten-
tial relief on the surface, which reproduces the distribution
of illumination during exposure. The development is carried
out with the aid of charged dye species. ^ S C h . 2 -phe time
required for this process, from exposure to development, is
determined by the "retention" time of the charge on the sur-
face, which generally speaking is short (not more than
several minutes). The "memory effect" makes it possible to
simplify significantly this process and to expose the uncharged
surface of the film, i.e. to separate the charging and expo-
sure stages in time and as regards apparatus. The reten-
tion of increased electroconductivity on the exposed section
permits the visualisation of the image by charging the surface
along time after exposure.

In photovoltaic cells and in information recording process-
es, it is possible to use systems which are a combination of
thin metal layers and organic semiconductors. Layers of
pure PVCA or PVCA containing disperse ZnO ,"15 deposited on
a metallic layer, are used for the electrophotographic process.
In order to sensitise these systems with respect to visible
light, a dye is introduced at the metal/organic layer inter-
face. By employing dyes of different nature (sensitisers
for either ZnO or PVCA), it has been established1*5 that the
primary stage is the photochemical oxidation of the sensitiser
dye with electron transfer from the photoexcited dye to ZnO,
while the secondary stage is the electron transfer from PVCA
to the oxidiser sensitiser. As a result of this process, a
pair of charged species is generated, which can recombine
or move apart into space, contributing to the photoconduc-
tivity of the layer.

tHere and henceforth we shall speak of p-type (holes) and
η-type (electrons) charge carriers in those cases where there
is a possibility of the movement of electrons via the M...M*...M
and M...M'...M systems, where Μ is a neutral molecule and
M· and M,· are radical-cation and radical-anion respectively.
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The use of organic layers in photovoltaic cells for the
transformation of solar energy into electrical energy is of
special interest. The Schottky barrier, arising in the
organic layer when it comes into contact with the metal, is
usually employed for this purpose. Since the organic semi-
conductors usually exhibit ρ-type conductivity, a necessary
condition for the formation of the Schottky barrier is $>m < $sc
(<&m and 3>sc are the electron work functions for the metal
and semiconductor respectively). In this case, the organic
metallic layers are charged positively and negatively respec-
tively on contact, the height of the Schottky barrier does not
exceed the difference Vo = Φ s c - 4>m, and the electric field
in the barrier region is E^ = 2V0/d (d is the width of the
barrier).

The advantages of systems based on the Schottky barrier
are the low cost of the necessary components and the ease of
divising a technology for the preparation of the cells. Among
the numerous studies devoted to this problem, we shall be
interested in communications about the preparation of organic
layers based on phthalocyanine without a metal (Phtc) dis-
persed in a polymer matrix. l | 6~' f 8 Maximum efficiencies for
organic systems (several per cent) have been attained on
such layers sensitised by dyes. In principle, the mechanism
of the generation of charge carriers in these systems is the
same as in organic layers with a homogeneous distribution of
the dye and semiconductor in the polymer. However, there
are also specific features associated with the fact that the dye
is distributed at the disperse Phtc /metal interface. In this
case the redox processes in the solid-phase system proceed
with electron transfer across the interface. Furthermore,
for Phtc it is possible to employ the ideas of the band model
of solids. Compared with the sputtered Phtc layers, polymer
layers with dispersed Phtc particles make it possible to
obtain cells with much higher efficiencies.48 The main
element of the photovoltaic cell is a thin (-1 μπι) layer of the
polymer (PVA, PVCA, polycarbonate) in which the particles
of polycrystalline Phtc, with linear dimensions of several
hundreds of angstroms, are linearly distributed. This layer
is deposited on a conducting support forming an ohmic con-
tact with the latter (this requires the fulfillment of the condi-
tion $ s u p > Φ phtc )· A transparent layer of SnO2 on glass or
quartz and also metals (Au, Ag, Cu, Pt), are used as the
conducting supports. A semitransparent layer of metal with
a low electron work function is sputtered onto the free sur-
face of the organic layer. The most stable characteristics
of the cells have been obtained with indium ( $ i n = 4.0 eV,
Φ Phtc = 5.1 eV). When the cell is illuminated from the side
of the metallic layer (for the maximum effectiveness, it is
important that all the light is absorbed in the region of the
barrier), electron—hole pairs are generated, are separated in
the field E^, the electron passes to the metal, and the posi-
tive charge passes into the bulk phase of the semiconductor.
If the cell is in a closed electric circuit, then a short circuit
current Isc arises in the circuit on illumination. When the
circuit is broken, a potential difference is generated in the
metallic and SnO2 layers—the open-circuit photo-e.m.f. (Voc)
which cannot exceed Vo. When a load resistance R is
included in the external circuit, its value determines V and
I generated when the cell is illuminated and the useful work
is then VI.

The photo-e.m.f. and the photocurrent at which the useful
work is a maximum are designated by Vm ax and I m ax· In
order to estimate the efficiency of the cell, the so called
filling factor F is introduced:3"

I s c , Vo, and F can be calculated from the voltage-current
characteristic of the cell on illumination.

The efficiency of the photovoltaic cell can be calculated
relative to the intensity of the light incident on the cell Lo:

or relative to the intensity of the light which has passed
through the metallic electrode L j :

100%

(1)

( 2 )

The efficiency η characterises the efficiency of the cell as a
whole and η' characterises the efficiency of the transformation
of the energy at the bar r ie r .

The quantum efficiency of the photogeneration of charge
carriers can be obtained from i S c: 3 1 *

vj=1.24/sc/I7.A inc; ( 3 )

(nm)

'm ix 'max

where i s c is ^expressed in A cm 2 and L j in W cm 2;
is the wavelength of the incident radiation.

The photocurrent spectrum is correlated with the absorp-
tion spectrum of Phtc, which indicates the independence of φ
of Ajnc (φ = 0.27 and F = 0.33). For monochromic radiation,
xinc = 6 7 0 nm, Ly = 6 uW cm"2, I s c = 1.4 χ 10~6 A cm"2,
Vo = 0.86 V, η' = 6.5%, and η = 2%. However, for radiation
having the same spectral composition as sunlight, Lj =
1 mW cm"2 (0.01 of the intensity of solar radiation) and η' =
0.5%. With increase of LT to 10 mW cm"2, η' faUs to 0.07%.
The most readily understood pathways leading to an increase
of η' are associated with the increase of i s c owing to the
increase of φ and the more effective absorption of sunlight,
since the optical absorption by Phtc in the green part of the
spectrum, where the maximum energy of solar radiation is
concentrated, exhibits a break. The increase of φ on excita-
tion by light corresponding to the absorption band Phtc can
be achieved as a result of the chemical sensitisation of the
system, for example, by introducing an acceptor which forms
a CTC with Phtc. By selecting dyes having an absorption
maximum in the green gap in the absorption by Phtc, it is
possible to achieve the spectral sensitisation of the layer,
which should ultimately also lead to an increase of φ and i s c .
The mechanisms of sensitisation have been discussed in two
communications31*»35 and will be described in Section III.

Layers for the recording of information based on CTC
between donors [aromatic amines (Am)] and acceptors (car-
bon tetrabromide (CBr^) or bis(tribromomethyl) sulphone
(CBr3SO2CBr3)], which are sensitive to light in the wave-
length range below 500 nm, have been sensitised with respect
to visible light by the introduction of cyanine dyes;3· Ch. 55
"*"*' Ch.6; l»9,so> ^ g j n ^ e s j i v e r halide process, the spectral
sensitisation of these non-silver photographic systems is due
to electron phototransfer reactions.

Non-silver photographic systems based on CTC between
donors of different nature [the leuco-form of Crystal Violet,51

PVCA,52 l,l-bis(p-dimethylaminophenyl)ethylene and p-di-
ethylaminostyrylquinoline,53 and benzyldiphenylamine and
dibenzylaniline;3» Ch.5; ""*> Ch.6j a n ( j a c c e p t o r s (CBr,, and
CHI3) exhibit a high light sensitivity (S 0 2

 s 105 cm2 J " 1 3>13>
5 1 ~ 5 8 ) by virtue of the possibility of the optical intensifica-
tion of the latent image, first established by Fotland.5 1 The
possibility of the optical intensification of the latent image is
due to the fact that the coloured product formed as a result
of the photodissociation of the CTC (in the final form1 3 '5 1"5 3»
5 5 " 5 7 or intermediate form 3 ' C h · 5 ; "> C h ' 6 ; 5 0>5 8) is a sen-
sitiser (autosensitiser) of a CTC-based composition for light
in the region of the intrinsic absorption. The idea has been
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developed" that the mechanism of the optical intensifica-
tion is due to the transfer of triplet energy from the photo-
excited coloured product to the nearest CTC. A two-quan-
tum mechanism of this process in the system based on the
CTC between benzylamines and CBr^ has been established.58

111. REACTIONS WITH PARTICIPATION OF THE SENSITISER
IN ELECTRON TRANSFER

1. Energy Relations

In estimating the efficiency of electron transfer, the rela-
tive positions of the energy levels of the interacting compo-
nents are compared. Together with energy characteristics
such as the ionisation potential of the molecule i.» (Ip for the
donor) or the electron affinity of the molecule E]y (E^ for the
acceptor) in the condensed phase one uses the equilibrium
oxidation-reduction potentials. The relation between these
quantities is given by Eqns.(4) and (4a) for the ionisation
potential and (5) and (5a) for the electron affinity

= 1ft' - E*k = Eo

(4)

(4a)

(5)

(5a)

Here the superscripts ρ, liq, and gas denote the values of
Ijyj and EM in the polymer and in the liquids and gas phases
respectively, £:. or E' = (e 2 /2r ± )( l - l/κ) is the change in
the real solvation energy in the liquid phase in the transition
from the molecule to the radical-cation or radical-anion
respectively, κ the dielectric constant of the liquid in which

ox redthe potentials E1/z' have been measured,

(6)

the change in the polarisation energy of the polymer in the
transition from the molecule to the radical-cation or radical-
anion respectively, κ ρ the dielectric constant of the polymer
layer, r- the radius of the radical-cation or radical-anion
respectively, Ε^μ = E^flVI/M*) the equilibrium potential of
the oxidation of the molecule via the redox reaction

Μ £ Mt + e(S t- S· + e, D t- Dt + e), (VII)

&Χ?2 = E1izW /M) the equilibrium potential of its reduction
via the redox reaction

Mr t- Μ + e(S" Ζ S + e, A~ t- A + e), (VIII)

and Eo the position of the level of the reference electrode
relative to which the equilibrium oxidation-reduction poten-
tials Εχ^ίΜ/Μ*) and E^W /M) measured in the liquid phase
are reckoned. According to Gurevich and co-workers,59""61

£ 0 = φ + βΔΦ—reckoned from the vacuum energy of the elec-
tron in the Fermi level of the reference electrode at the equi-
librium electrode potential—is determined as the electron
work function (for the ejection of the electron into the gas
phase) of the material of the reference electrode (Φ) with
allowance for ΔΦ , where ΔΦ is the surface potential jump
due to the interaction of the reference electrode with the
oriented solvent molecule; ΔΦ depends on the nature of the
reference electrode and the solvent. 5 9 ' 6 0 Using Φ = 4.5 eV
and βΔΦ = -0.07 eV for the platinum reference electrode in
1 Ν aqueous acid solution (normal hydrogen electrode: n.h.e),
£ 0 = 4.43 eV (n.h.e) was obtained. 6 0 ' 6 1 This corresponds

to Eo = 4.67 eV (saturated calomel reference electrode:
sat .c .e) and Eo = 4.62 eV [silver chloride reference elec-
trode in the 1:1 (vol.%) methanol: water mixture: Ag/AgCl].62

It has been noted 5 9 that the potential Δ Φ is known only for
some metal-solution combinations. Apparently for this
reason Eo is frequently identified with Φ. For example, Eo

has been estimated in a review,8» P-199 as Φ = 4.5—4.7 eV
( n . h . e . ) .

It follows from the analysis of literature data that ΔΦ' =
0.53 V, i .e. the potential of the reaction at the reference
electrode

e (in Hg) + HgClsurf ^ Hg° + CP.

and not Eo = 5.07 eV (sat.c.e.), 6 3 ' 6 1* obtained on the basis
of the idea that Eo = Φ + βΔΦ' in which Φ = 4 . 5 4 eV was
adopted, has been used in investigations in recent years.

The energy Eo of the saturated calomel electrode has been
calculated65 from the measured redox potentials in aromatic
hydrocarbons (AH). Eo was obtained by adding together
Eqns.(4a) and (5a) for the same molecule:

r/AH)] .__ _ .

According to experimental data, we have

= -0.31 eV (sat.c.e.);

Thus Eo = 4.65 eV (sat .c .e . ) . According to experimental
estimates for aromatic hydrocarbons,6 5»6 6»6 7 arylazonaph-
thols, 6 8 and cyanine dyes, 6 9 Ε' ζ Ε* s 1.8-2.0 eV in media
with < > 10 [when (1 - l/κ) s i ] .

Comparison of the values of i S a s measured by different
methods and E1/2(M/M^) yielded the relation

(4b)

in which E[ = Eo + E^ = 4.65 + 1.94 = 6.59 eV (sat .c .e .) , 6 5

E'o = 6.5 eV ( sa t .c .e . ) , 7 0 ' 7 1 and E'o = 4.5 + 1.94 = 6.44 eV
( n . h . e . ) 6 6 have been quoted for aromatic hydrocarbons in
acetonitrile and E'o = 4.51 + 1.84 = 6.35 eV (Ag/AgCl) for
cyanine dyes in water (pH 10) . 6 9 ' 7 2 ' 7 3

Comparison of the values of E ^ a s measured by the_ mag-
netron method with the equilibrium potentials E1/2(A' /A) for
strong acceptors (mainly those containing cyano-groups)
yielded the relation71*

, eV, (5b)

in which Eo' = Eo - E' = 2.7 eV was obtained for solutions
in acetonitrile. Similar values of E'^ have been obtained
for cyanine 6 9 and thiazine7 5 dyes. It follows from the com-
parison of Eqns.(4b) and (5b) that (E^j + E^) = (E'Q -
E[j') = 3.89—3.8 eV for the radical-ions derived from large
molecules with conjugated bonds and that the real formation
energy is E^ s E^ a 1.95-1.9 eV. +

The polarisation energy in the solid medium P]yj or PM is
determined by comparing lK a s with the threshold value for
photoelectron emission.

The photoelectron emission from organic solids (including
polymers) has been analysed in monographs. 7 6 ' 7 7 By com-
paring i S a s 7 8 with the threshold values of the photoelec-
tron emission from compounds of different classes,7 7 it is
possible to estimate P^ s 1.5—1.9 eV from Eqns.(4) and
(4a). For molecules at an interface, P ^ differs from the
value characteristic of the molecules within the solid phase.1*7'7

At the interface between phases having the dielectric con-
stants <! and < 2 , the energy P- = (e 2 /2r ± )( l - l/κ'), where
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κ' = (<ι + <2)/2; at the air-solid interface, κ' = (1 +
< 5 Ο ^ ) / 2 . 3 6 For PVCA molecules, the polarisation energy
of the radical-cation has been determined as the difference
p i = l | v

s

C A - l £ y g ^ = 1.5 eV 7 9 on the assumption that

= jgas = 7 5 e v , where IPC = N-isopropylcarbazole.

The value fij$%r. = 6.1 eV has been obtained7 9 by comparing

the electron work function for metals in vacuo and the
threshold energy of the light quanta ensuring the photo-
emission of holes from metals, sputtered onto a PVCA layer,
into this polymer layer. The polarisation energies ~1.2 to
2.04 eV and 1.8 eV for aromatic hydrocarbons in polystyrene
and poly (methyl methacrylate) respectively have been pub-
lished in a monograph.80 These values represent the dif-
ferences between the threshold values for two-quantum
ionisation of molecules in the gas phase and in the polymer
matrix.

Taking into account the scatter of the values of Eo, Erj,
and Pj^ quoted in the above study, one can propose the
following expressions relating the ionisation potentials of the
molecule in the polymer matrix iR and the electron affinity
EJP to the equilibrium redox potentials.

,=£„ + 1.9 ) , eV, (7)

(8)

where £ 0 = 4.6 eV ( sa t .c .e . ) , 4.55 eV (Ag/AgCl in 1: 1
(vol.%) CH3OH:H2O mixture, and 4.36 ( n . h . e . ) . The follow-
ing notation has been adopted below:

eE',A(M/M+-) = + AG+

P, - AGl. (9)

2. Relative Positions of the Levels in the Electron Photo-

transfer Process

The quantum-mechanical theory of the elementary electron
transfer step has been examined in detail in a monograph.8 1 '8 2

The relation between the rate constant for the quenching of
the photoexcitation of molecules via electron transfer and the
free energy of activation for this process in liquid media has
been discussed. 8 3" 8 9 In the present review attention is con-
centrated on the analysis of the energy characteristics of the
components involved in the redox reactions and the relations
between them as factors determining the direction and mecha-
nism of the redox processes in these systems. In the
development of photochemically active polymeric media on the
basis of EDA complexes, the components D and A, forming
either weak CTC or contact complexes corresponding to the
complete electron transfer from D to A in the excited state,
are employed. The use of CTC with a low-lying level and
involving complete charge transfer would lead to the dark
accumulation of electron transfer products.

We shall consider initially reactions with participation of
the complexes D.S or S.A [compounds (I) and (II)]. Under
the conditions of the formation of electron donor—electron
acceptor complexes between S and D or A, there is a possi-
bility of the processes illustrated in Fig.l. In the case of the
CTC 1 ( D . S ) 0 , these processes can be represented by pro-
cess (I) (Fig.la):

Here δ is the degree of charge transfer in the ground state
of the complex and Η ϋ 1 " δ . S " 1 + & ) λ the lowest excited
singlet state of the CTC. For contact complexes, 6 = 0 and
1 ( D 1 - 5 . s - 1 + ^ ) 1 = 1 (D*S T ) 1 .

Next follows the formation of the collision complex with A
(with the constant k12) and electron transfer (fc23):

M ) / l 1

ι ·^ l-J ΓΤι · Δ ~ 1 4- 1 Q

i ^ ^ |_JL/ t\. JQ Τ OQ

))l —J .

( 1 D 0 + 1 A 0 )
^i

; + AD

Figure 1. Schematic illustration of the relative positions of
the oxidation-reduction potentials of the donor (D), the
acceptor (A), and the complexes D.S (a) and S.A (b) in
the ground and excited states; S = sensitiser; continuous
line—polymer matrix; dashed line—liquid phase^ 1) and
V) E^C'Do/Dt), Ei/^Do/Dt); 2) and 2') El/2(S~^S,),

i 2[ 1> 3(D iST)/.
); 6) Ελ/2.

1 8) and 8') E 1 / 2 .
. (^o/St) , Ei/^So/S*);- 9) AG£; 10)AGp; 11) X;
12) AGg ; 13) AG23 (IX); 14) AG23 (X).

V) E^C'Do/Dt), Ei/^Do/Dt); 2) and 2')
£1 / 2(ST/1SO); 3) E 1 / 2 [ 1 (D.S) 0 /(DiS)]; 4) E
.(DtS_); 5) and 5') £ 1 / 2 ( A ' / % ) , Ε'1/2(Α· ΛΑ
.[(SA')/ 1(S.A) 0; 7) E l / 2 [ ( S A - ) 1 ' 3 ( S U > ) 1 ] ;

The free energy AG23 (IX) of the electron transfer stage
of reaction (IX) represents the difference between the redox
potentials (Fig. la):

Ao) (10)

In this formula E'1/2[
 l / 3 (D i S T ) 1 /(D*S)] is the potential,

adjusted to the polymer matrix, for the oxidation of the
excited complex in the redox reaction

+ 6 .S-*)o
[or ^ .S~1+5)i^(DtS) + e],
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which can be calculated from the relation

(11)

where 1 > 3E0 0 is the distance from the ground to the excited
singlet or triplet level of the complex:

x 1A l (lla)
—the equilibrium potential, adjusted to the polymer matrix,
for the oxidation of the complex in the ground state by the
reaction

1(D.S)0

:?(DtS) + e.

In Eqn.(lla), X is the formation energy of the complex; for
contact complexes, the term X = 0 and for CTC we have

{W0l - eSoAE'y^Ool^') + Eo]}2

X~

where W01 = j φ 1 (Ο,8)Ηφ 2 (Ώ·8· )dx is the energy of the inter-
action of uncoupled states [ φ ^ Ώ , δ ) ] and states correspond-
ing to the total charge transfer between the components
[ φ 2 ( ϋ * δ τ ) ] ; WOi = 0 for contact complexes and WOi

 3 0.05 to
0.5 eV for CTC; S 0 1 = | φ 1 ( ϋ , 8 ) φ 2 ( ϋ ; ί ' 8 τ ) ΰ τ the overlap
integral of the wavefunctions of these states; S 0 1 = 0 for
contact complexes and Sai = 0.01-0.1 for CTC. Q £ a s =
ez/2r is the energy of the Coulombic attraction of the radical-
ions in the state 1 > 3 ( D ^ S ' ) 1 in the gas phase.

P — 2u (12)

Ρ is the energy of the polarisation of the polymeric medium by
the dipole 1 ) 3(D-S*)1 including the rapid electronic and also
the atomic and slow orientational components. μ = e>"r)tg~ S

2er is the dipole moment, a(=2r) the radius of the cavity of
the polarising dipole, and r = r+ — r~ the radius of the
radical-cation or radical-anion. Hence

In reaction (IX) the lifetime of the polar states 1 (D 1 δ .
g-i + Ο#Α.)Χ is >10~12 s when the formation of the collision

complex between the excited complex and the molecule A is a
result solely of the increase of the size of the complex on its
photoexcitation. During this period, only the electronic
polarisation of the medium is established (whence κρ = η 2 ,
η being the refractive index). At the same time, under the
conditions of the segmental mobility of the polymer unit, col-
lision with a molecule can occur after the relaxation of the
excited complex to a state of equilibrium (1 > 3E0 0) correspond-
ing to the polarisation energy Ρ and hence corresponding to
equilibrium in relation to the redox potential of the excited

<-X + AGp

CTC+
l>3Qe, (13)

where xQ e = X + xQ'e,
 xQe = Ji2 + Ki2> and 3Qe = J 1 2 - K12

are the interelectron repulsion energies in the singlet-excited
and triplet-excited complex. J 1 2 and K12 are the Coulombic
and exchange energies respectively.90

According to Eqns.(ll), (l la), and (13),

(15)

+ X -

Thus we obtain from Eqns.(lO) and (15) (Fig.la):

AG23(IX) = e[£%(S-/ 1S 0)-£y 2(A^/ 1A 0)]-AGP r c-
 l*Qe. (10a)

When a CTC of the type 1(S.A) 0 participates in the electron
transfer, photoprocesses (X), analogous to (IX), proceed in
accordance with Scheme (II) (with replacement of D by S and

of S by A). The free energy of electron phototransfer is
(Fig.lb)

AG23(X) = eiE^ (16)

where

After substitutions, Eqn.(16) becomes

+1-3EQQ;

+ X +

We shall now proceed to the consideration of reactions (III) to
(V) of the photoexcited sensitiser. The electron phototrans-
fer reactions involving a sensitiser which does not form com-
plexes with D or A components in the ground state are con-
sidered below. Spectral sensitisation is in this case caused
by the formation of the collision complex between the photo-
excited sensitiser and the D and A components of the system.
It is shown below that the direction of the charge transfer
process (the type of primary reaction) is determined by the
relative positions of the levels of the photoexcited sensitiser
and the equilibrium redox potential of the components of the
EDA system.

We shall now examine the primary oxidation of the donor
and the reduction of the excited sensitiser [reactions (III) to
(V)]:

S, *- [D*...Sn

*">rln +lo ^ *"] 1

I II·

Fig. 2a shows that reaction (XI) in stage 23 is determined
by the shift of the reduction potential of the sensitiser in the
excited state in the positive direction up to the value (in the
polymer composition)

eE'yS.S-l1^) = eEVl(S^/1S0)-AG-+ ι·3ΕΜ(οτ ^Ε). (17)

The potential defined by Eqn.(17) corresponds to equilibrium
if the electron transfer reaction takes place after the transi-
tions of 1 > 3 S 1 to the lowest excited singlet or triplet level

(^Eoo)·
The free energy of electron transfer (stage 23) in reac-

tion (XI) is

-j£-x*Ew, (18)

where R is the distance between D" and S' in the geminal
pair. It has been suggested that, in contrast to the excited
CTC, for example 1 '3(Di'ST)i, polarising the medium as a
single dipole [see Eqn.(12)], the geminal pair 1»3[D i'.. .S T ] 0

corresponds to the Coulombic attraction (ez/fi<) of the radi-
cal-ions having their own solvation shells.

The free energy of the secondary reaction

cr -)- lŷ  ^t 1§ + fi· (XII ^

is defined as the difference between the following equilibrium
redox potentials:

AGsec(XII) = (19)

In the primary reduction of the acceptor as a result of the
oxidation of the photoexcited sensitiser [reaction (IV)], pro-
cesses (XIII) and (XIV) (Fig.2b), analogous to processes (XI
and (XIX) (with the replacement of D by S and of S by A),
take place.
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The free energy of electron transfer via reaction (XIII) is
(Fig.2b)

for which

y 0 / 2 0 p-^~1'3E00, (20)

while that of electron transfer via reaction (XIV) is given by

]. (21)

, \

ti=
ι. 4

si-i

13

-±,
Η

?-J£--

•I
iTL

E

1_.5
red, ox

Figure 2. Schematic illustration of the relative positions of
the oxidation-reduction potentials in the primary donor
oxidation (a) and acceptor reduction (b) reactions; D and
D' = donors of different nature: 1) and V) E ^ ^ D o / D * ) ,
E I / Z ^ D Q / D * ) ; 2)_and 2') E 1 / 2 ( 1 p) l

0 /(D') j ", Ε'ιί2[ΗΌ')οΚΏ'^];
3) and 3') E 1 / 2(S " / ^ Q ) , E' l/2(S ' / ^ o ) ; 4) and 4') E l / 2 .
. ( S ^ / 1 ' ^ ) , -fii/aCS-/1·^!); 5) and 5') E x / 2(AT/ 1A 0), Ei/2.
.(A^/'Ao); 6) and 6') E1/2(1S«/S t), Ei/^So/S*); 7) and
7') E i / ^ S j / S i ) ' , E i / z i ^ ' S ^ s i ) ; S) AG23 (XI); 9) AG s e c

(XII); 10) AG23 (XIII); 11) AG s e c (XIV); 12) AG^;
13) AGp.

The dominant direction of the primary reaction is deter-
mined by the difference between free energies AG23(XI) to
AG23(XIII) and the ratio of the equilibrium concentrations
is given by the expression

_ !- = e x p i ^ ^
•3[S*A-]1 L kT J

The collision of 1»3S1 (energy 1>3EOo) with the complex
1 (D.A) 0 entails two possible reaction pathways (a or b) :

^ + A";

l + A~b

1-3[St...DAT]0-»-1'3[Dt...AT]

The dominant pathway is determined by the difference hG(a)-

Liquid-phase systems incorporating donors of different
nature (D and D'), sensitisers comprising low-molecular-
weight and high-molecular-weight derivatives Ru(bipy)|+,
xanthene dyes, and porphyrins, and acceptors comprising
the viologens (V2+) in the presence of dispersed platinum
have been investigated in detail 8" 1 1 ' 7 1 ' 9 1" 9 6 in connection
with the development of converters of solar radiation into
the chemical energy of the evolution of molecular hydrogen.
The set of reactions can be represented by two schemes:

D j r — 3S, <- % ^ % ·*-, p^V^

) * - J I ^ S^: ' I V 2 +

In reactions (XV) and (XVI) the free energy of formation
of H2 is

AG (H2) = e [EVl(V+' /V2+) - EVt (0.5H2/H+)]

where E1 / 2(0.5H2/H+) = -0.059pH V ( n . h . e . ) is the equi-
librium potential of the reduction of Η+ to 0.5H2 in the reac-
tion 0.5H2 ^ H+ + e on the platinum surface.

A high quantum yield of H2 [φ(0.5Η2) = 0.25] has been
attained in a composition where S was a complex system com-
prising a mixture of three xanthene dyes with different
regions of optical absorption which transmit the absorbed
solar energy to the "aerial"—anthracene-9-carboxylic acid.
The "aerial" in the excited triplet state participates in elec-
tron transfer from the donor [ethylenediaminetetraacetic acid
(EDTA)] to the acceptor—methylviologen.95

Fig. 2 shows that the position of the ground energy level of
the sensitiser, for example, the ruthenium complex Ru(bipy) 3

+,
is characterised by two redox potentials: 7 1

(22)

which determine the free energies of electron transfer in the
interaction with the donor. The first value characterises the
free energy, defined by Eqn.(18), of electron transfer from
D to the lowest level of the triplet-excited sensitiser [reac-
tion (XV)] and the second corresponds to the free energy,
defined by Eqn.(21), of the secondary reaction (XVI) involv-
ing electron transfer from D' to the oxidised sensitiser.

The position of the excited energy level of the sensitiser
is characterised analogously by the redox potentials71

= eEV

which determines the free energies, defined by Eqns.(20) and
(19), of electron transfer to the acceptor respectively from
the excited ruthenium complex in the primary reaction (XVI)

eEy, {Ru (bipy)J+/3[Ru (bipyjTli} =

= eEV2 {Ru (bipyjiVlRu (bipy^+lj + 3 £ M = 0.84 eV

( 3 £ 0 0 -2.1 eV)

i*} =1.27 eV (n.h.e.)·

eE%

u (bipy)no/Ru (bipy)!*} - 3 £ 0 0 = - 0.83 eV;

=»— 1.26 eV (n.h.e.).
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and from the reduced sensitiser in the secondary reaction
tion (XV). Reaction (XV) predominates when donors with a
low value of E 1 / 2 ( 1 D 0 /D t ) [0.16-0.64 V (n.h.e . ) ] are used,
such as tetramethyl-p-phenylenediamine, diphenyl-p-phen-
ylenediamine, tetramethylbenzidine, and tetrapyrenediamine,
in combination with Ru(bipy) 2 + and methylviologen (MV2+) as
the acceptor: E1/2(MVi7MV2+) = -0.44 V (n.h.e). Reac-
tion (XVI) proceeds in the presence of donors such as tri-
ethanolamine (TEOA) and EDTA, whose equilibrium oxidation
potentials are J51/2[(1D')0/(D')i] = 0.82 and 0.9 V ( n . h . e . )
•respectively and are almost identical with or more positive
than the potential defined by Eqn.(22).

The positions of the energy levels of the sensitised dyes
(azine, thiazine, and xanthene dyes) and donors (EDTA and
TEOA) depend on the acid—base properties of the medium. 76>
97-100 F o r e x a m p i e > the thiazine dyes (Dy+), thionine (TH+)

and Mb , widely used in non-silver information recording
processes, have an equilibrium reduction potential in their
protonated form which is more positive than in the non-pro-
tonated form by the amount

.OHCH2)2NCHCH2OH (TEOA*), R2N-(CH2)2-(R)N-CHCOO H +

with R Ξ CH2COO~H+ (EDTA*)] are strong donors and effect
additional electron transfer to the acceptor under dark condi-
tions, accompanied by the irreversible formation of the car-

kT kT
2.303 — (pKs - pKa), (2.303 — = 0.059, V, at 293 K),

where K s and Ka are the equilibrium constants of the reac-
tions

DyH+ <* Dy + H+ and DyH2+ & Dy+ + H+.

The quantities pK s and pK a are 10.4 and -0.4 for thionine
and 9 and 0 respectively for Methylene Blue. The equi-
librium potentials of the reduction of the triplet-excited dyes
are more positive in the protonated form than in the non-pro-
ton ated form by the amount

^ ( D y H V ^ D y H ^ J - ^ J D y ^ D y ^ ] =0.059 (pKs-pKt),

where K+ is the equilibrium constant of the reaction
Kt

3(DyH2+)i ^ 3(Dy+)! + H\

amounting to 7.0 and 7.2 respectively for TH+ and Mb + .
The decrease (shift in the positive direction) of the energy

levels of the triplet-excited dyes on protonation increases the
free energy (rate constant) for electron transfer from the
donor to the photoexcited dye.

bonyl groups -CH2—C- in PVA 3 ' 1 0 1 and also of unstable

imino-forms >N = CH-CH2OH or -N = CHCOO"H+ in TEOA 1 0 2

R
or EDTA,105 which undergo subsequent irreversible decom-
position. Thus in systems of this kind not only are the
reverse reactions suppressed but the quantum yield of the
reduced viologen is also doubled. In polymer systems the
doubling of φ(ν · ) is attained by the conversion of low-molec-
ular-weight acceptors into polymeric forms with a high local
concentration of viologen units, such as polypentamethylene-
viologen , polydecamethyleneviologen, or poly-p-xylylene-
viologen. 3 · 1 0 1 · 1 0 6

According to Ohsako et a l . 1 0 7 , the polymer based on poly-
styrene with viologen substituents in the phenyl group
[PV2 +: E ^ p y / /PV2+) = -0.135 V (n .h .e . ) ] does not enter
into a redox interaction either with the excited or the
oxidised complex Ru(bipy)i+ apparently due to steric hin-
drance. Electron phototransfer takes place after the addi-
tional introduction into the system of electron transferring
agents (ET), for example, dipropyl-4,4'—dipyridylsulphonate
[E!/2(ET'/ET) =-0.68 V ( n . h . e . ) ] . The charge transfer

3[Ru(bipy)f h + ET -> Ru(bipy)f + ET",

which takes place after electron phototransfer via the reac-
tion

ET-+PV2+->ET + PVt,

effectively competes with the reverse reaction

ETT + Ru(bipy)l+ -* ET + Ru(bipy)|+,

ensuring a PV+ lifetime of ~1.2 s and a ~50-fold increase of
φ(Ρν^) compared with φ(ΕΤ~) = 0.12 χ 10~2 in the absence
of PV2+.

In order to separate the reaction products in liquid media,
use is made of micellar solutions, two-layer membranes,9'10

and the components at the interface in the field of a nega-
tively charged dispersed SiO 2 . 1 0 8 ' 1 0 9

3. Methods of Limiting the Reverse Reactions

The suppression of the reverse reactions is one of the
central problems for the practical realisation of electron
transfer processes in systems incorporating CTC. In
photoconducting systems, the suppression of the reverse
reactions (recombination in geminal pairs) increases the
quantum efficiency of the generation of free charge carriers.
This can be achieved by applying strong electric fields or,
for example, in the case of PVCA, by increasing the initial
distance separating the charges in the geminal pair by
increasing the energy of the excited quanta.1»3

In non-silver light-sensitive systems based on CTC, halo-
gen-containing compounds (CBr^, CBr3SO2CBr3) are used as
acceptors. The reverse reaction is quenched as a result
of the dissociation of the acceptor on electron capture
(CBr4 + e ->• Br~...CBr3; CBr3SO2CBr3 + e -»• Br"...CBr 2SO 2 .
.CBr3, etc.) . In sensitised systems based on viologens as
acceptors one uses donors and conditions where the radical-
cationic forms, formed as a result of the electron transfer
reactions, are deprotonated [DH+ + D" + H+ (PVAt,3»101

TEOA*,1 0 2 '1 0 3 EDTA^ 1 0 V 0 5 ) ] . in contrast to DH+, the radi-
cals D* [-CH-CO»-(PVA·), (CH2OHCH2)2NCH2CHOH or (CH2.

4. Oxidation-Reduction Potentials and Optical Transition
Energies

The relation between the redox potentials, the electronic
transition energies, and the positions of the highest occupied
(εχ) and lowest unoccupied (ε 2 ) orbitals, calculated by quan-
tum-chemical methods (mainly the Hiickel molecular orbital
method: HMO) has been discussed in monographs6·1 1 0»1 1 1 and
in a large number of original and new communications in rela-
tion to polyenes and aromatic hydrocarbons, 1 1 0 " 1 1 3 hetero-
cyclic compounds,68>112>11't and dyes of different classes
(palmitic, thiazine, oxazine, acridine, and xanthene dyes,
aza-pigments, etc).6»7»69.72»73»112»115»116 It has been demon-
strated in monographs110»111 in relation to a large number of
polyenes and aromatic hydrocarbons that, for compounds of
the same class, there is a linear relation between the experi-
mental E'yl (or I M ) , E^?2

d (or EM), and the values of ηΐχ and
m2, characterising the coefficients of the orbitals and calcu-
lated by the HMO method:

where α and β0 are the Coulombic and resonance integrals.
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The following linear relations have been established:

or [see Eqn . (4b)]

and also

or [see Eqn. (5b)]

where c - c 3 are constants.
The following correlation has been derived: 6»V 2, 7 3, 1 1 5, 1 1 6

A linear relation has been proposed for aromatic hydrocar-
b o n s : 1 1 2

3£o o = p4(ml—m2)

where βι~3 4 are correlation parameters relating the experi-
mental and calculated quantities.

The relations between the positions of the energy levels
and the calculated values for dyes have been subjected to a
detailed analysis 6 8 ' 6 9 on the basis of correlations:111*

- m2).

(23)

(24)

(25)

According to Eqns. (23)-(25), the difference between the
redox potentials defined by Eqn. (25) can be regarded as the
experimental distance between the half-filled orbitals ε χ and
ε 2 in the absence of electron-electron interaction. The
occurrence of electronic interaction under the conditions of
the photoexcitation of the molecule (-Ji2

 + 2K12 for the
excited singlet state and - J 1 2 for the excited triplet state)
should entail the appearance of the following relations:

] - / 1 2 + 2K12, (26)

νί^]-Ι12. (27)

In related series, such as those of aromatic compounds, mono-
aza-compounds, and poly-N-heterocyclic compounds, an
increase in molecular size leads simultaneously to a decrease
of both J 1 2 and of the polarisation energy P". 1 1 0 The experi-
mental relations6 8 '1 1 2

J12 = a + be[Ey£M/M*)-£%(M"/M)], (28)

3£oo = (1 ~ b)e [£vi(M/M*) - £*(M~/M)] - a. (29)

are linked to these changes. Table 1 presents the experi-
mental constants - J 1 2 + 2K12, 1 - b, and α in Eqns. (26) and
(29) for a series of related compounds. Deviations from the
common relations (26) and (29) are characteristic of molecules
with either complex substituting groups or with variable
conformations, which requires allowance for additional intra-
molecular interactions between non-neighbouring atoms.1 1 0 '1 1 1

It has been suggested1 1 7 that the optical absorption energy
of cyanine dyes be related to the redox-potentials by means
of the formula [1 : 1 (vol.%) water—methanol mixture]:

hvmiK = O.87e[£V4(S/St)-£i4(S
T/S)], eV.

The relation (in aqueous methanolic solutions)

1£ o o = e[£y2(
1So/Si)-£^(S^/1So)] +0.37,eV, (30)

or

(31)

has been obtained69 for 100 sensitising dyes (mainly cyanine
dyes—90 compounds, and also xanthene and thiazine dyes,
and individual representatives of the groups of acridine,
oxazine, and alloxazine dyes), which have been investigated
in detail in connection with their use in the silver halide and
non-silver photographic processes and in the development of
photovoltaic cells. According to literature data, the splitting
S i - T1 is 2K12 = 0.27 eV for cyanine dyes,9 0 -0.32 eV, for
acryidine dyes,1 1 8 and -0.31 eV for xanthene dyes. 1 1 8 We
find from Eqns. (26) and (30) that the interelectron repulsion
energy is small: -J12 - +0.37 - 2K12 = 0.37 - (0.27-0.32) =
+0.1-0.05 eV. Thus, for sensitising dyes, we have

«0.1), eV; (32)

for this series of compounds, we have the coefficients b = 0
and α s -0.1 eV in Eqn. (29) (Table 1).

Table 1. The coefficients - J 1 2 + 2K12, 1 - b, and α in
Eqns. (26) and (29) for a series of related compounds
(aqueous and methanol solutions).112

Coefficient

- • Ί Ϊ + 2 / C I ,
(l-b)

a

Aromatic
hydrocarbons

0.82
0.52

Mono-iV-hetero-
cyclic com-
pounds (n ->7r*
transition)

O.SS
0.54

Poly-7V-hetero-
cyclic com-
pounds (π -• π*
transition)

0.3
0.9
0.687

Dyes*

0 . 3 7 "
1.0**

—0.1***

*Cyanine, acridine, thiazine, oxazine, xanthene, etc. dyes
(100 compounds in all).69

**Data of Loutfy and Sharp.6 9

***Calculated by the authors of the review.

Table 2. Electrochemical and spectral characteristics of the
additives and the energy characteristics of the photovoltaic
cells based on Phtc.31*

Additive

TMF*
Coumarin 6
Rubrene
Rhodamine 6G
Perylene
Phtc without additives
DPBF**
BPEA**·
Safianine

Ey,

volts (sat.c.e.)

—0.42
- 1 . 5 0
—1,55
—0.84
—1.72
- 1 . 2 4
—1.98
—1.40

—

1.5
1.16
0.86
1.30
1.06
0.90
0.73
1.22
0.5

Absorption

ληΐ3Χ> η™

370
480
525
545
440

420
470
—

emax>
dm3 mortem"*

1·10<
M O 5

1.2-105

1.2-105

3.4-101

1-104

3.4-10*

Φ

0.93
0.84
0.76
0.40
0.33
0.27
0.14
0.04
0.02

η' %

1.58
1.54
1.44
1.00
0.48
0.50
0.27
0.06
0.02

*Trinitrofluorenone. **1,4-Diphenyl- 2,3-benzof uran.
***9,10-Bi(phenylethynyl)anthracene.

5. The Mechanisms of the Spectral Sensitisation of the Photo-
electric Sensitivity in Photovoltaic Cells

In the study of the processes in photovoltaic cells based on
Phtc dispersed in a polymer matrix,3'*Λ6-1*8 the positions of
the levels of the additives adsorbed on the surfaces of the
Phtc particles were estimated from electrochemical data,
which, together with spectral and energy characteristics,

'are listed in Table 2. Polycarbonate was used as the poly-
mer matrix in the photovoltaic cell. The quantity φ was
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determined from Eqn.(3) for λ = 620 nm and L j = 0.1 mW cm 2 .
The efficiency η' [see Eqn.(2)] was measured with exposure
to sunlight; Lj· — 1 mW cm"2.

In a layer without additives, the charge carriers are
generated at the Schottky barrier in accordance with the
scheme in Fig. 3a. The electron-hole pair formed in the
region of the Schottky barrier dissociates in the barrier
electric field, the electron passing to the metal and the hole
drifting into the bulk of the Phtc. If the added substance S
has an oxidation potential satisfying the condition Ey2.
.(lS0/S*) < E ^ ^htCo/Phtc^), then it captures a hole and
functions as a densensitiser (Fig. 3b):

S + Phtc+-(hole) -> St + Phtc.

The hole does not then escape into the bulk phase but is
trapped by the additive molecule, which sharply increases
the probability of its recombination with an electron and
leads to a decrease of the photocurrent compared with the
initial layer. Among the additives listed in Table 2, safra-
nine and DPBF satisfy this condition. The densensitising
effect of BPEA may be determined by the tendency of this
substance to aggregate with formation of insulating layers
on the Phtc grains, which diminish Isc.

In a solid, the absorption of light by Phtc particles leads
to the formation of the exciton state x Phtci, which diffuses
to the Phtc/S interface and forms an exciplex with a molecule
of the additive, which can decompose into charged species,
the process intensifying in an electric field (E^):

Ed

^ h t c ! + XSO -»• HPhtc.SX - * HPhtc^S")! -* Phtc t + S",

The free holes Phtc+ escape into the bulk of the phthalo-
cyanine particle and the reduced molecule of the additive
gives up an electron to the metal (Fig. 3c). This chemical
sensitisation process constitutes an additional channel to the
formation of free separated charge carriers and to the
increase of JSc ·

In spectral sensitisation (Fig. 3d), the additive molecule
absorbs light. For effective spectral sensitisation, it is
essential that the excited additive molecule should accept
an electron from Phtc. The relation between the electro-
chemical and spectral parameters of the additive is given31*
by Eqn.(26) on the assumption that - J 1 2 + 2K12 = 0, i .e.
that the reduction potential of the excited additive molecule
is equal to the oxidation potential of the molecule in the
ground state. According to Table 2, almost all additives
in their excited states, with the exception of DPBF and

safranine, are capable of injecting holes into (of capturing
electrons in) the bulk of the semiconductor Phtc and thus
of effecting spectral sensitisation. In reality, spectral
sensitisation was a maximum for coumarin 6 or rhodamine 6G
and was weaker for rubrene and perylene, while DPBF,
BPEA, and safranine did not influence the photosensitivity
of Phtc. The agreement between experiment and the mecha-
nism considered, involving charge transfer, does not rule out
the contribution to the spectral sensitisation by processes
involving the transfer of excitation energy from the additive
to Phtc.

The study 1 1 9 of the photovoltaic effect in the cells

Al/the dye I dispersed in the polymer/SnO2 - Sb

showed that I s c is smaller by four orders of magnitude than
in the cells based on sensitised Phtc.
the structure

Here the dye I has

2+

R1 and R2 are radicals derived from anilines, indoles,
azulenes, indolizines, and methines.

6. Spectral Sensitisation of Non-silver CTC-based Photo-
graphic Systems by Cyanine Dyes

Cyanine dyes, which have a large extinction coefficient,
a small Si - Ίx splitting, and hence a short lifetime in the
excited singlet state, enter into photochemical reactions in
the excited triplet s ta te . 8 5 ' 8 7 ' 9 0

Table 3 presents the characteristics of cyanine dyes,
which, as mentioned above (Section II), have been investi-
gated as sensitisers of non-silver photographic polymeric
layers based on the CTC of benzyldiphenylamine (Am) as
the donor and acceptors (A = CBr^ or CBr3SO2CBr3).
These polymeric layers are sensitive to light at wavelengths
λ ύ 500 nm as a consequence of the optical absorption of A
and Am in the region up to ~320 nm and of the CTC in the
range 320-500 nm. The coloured product (Ami), which is
assumed to have the structure

(CeHe)iN=CH-C,H6

is formed under the influence of light.

(XVII)

Μ

:3.3.

C.B.
-0

-Ζ

Phthc

//////A

Μ Αϊ>\ Phthc Phthc

Figure 3. Schematic illustration of the generation of charge carriers (holes) at the Schottky
barrier in the Μ/Phtc (dispersed in polycarbonate) photovoltaic cell; a) no additives;
b) desensitisation by added safranine and DPBF; c) chemical sensitisation by added TNF
and coumarin 6; d) spectral sensitisation by added rhodamine 6G, coumarin 6, e tc . ;
Μ = metallic semitransparent layer; C.B. =·conductivity band; V.B. = valence band;
£ f . g . — width of the forbidden gap of Phtc.31*
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When cyanine dyes are introduced, processes of three
types take place:

(1) Dyes with E^OSQ/S*) < D.5 V (sat .c .e . ) are decol-
orised in the dark on contact with acceptors.

(2) Dyes having E°fz in the range 0.5 < E^fz < 0.9 V
(sat.c.e) are decolorised as a result of photoexcitation on
contact with A (Fig. 4a), the efficiency of the process —
increasing with decrease of E^i^Sg/S*). Such dyes are
weak spectral sensitisers of compositions incorporating the
complexes Am. A. It has been established3» Ch. 5; "*V° that
the quantum yield of the decolorisation of dyes increases
linearly with acceptor concentration: <f><jec = α[Α], where
A = CBr,, or CBr3SO2CBr3.

Table 3. The structural formulae of the dyes, the poten-
tials Ελι2 and E^/e

2 ( sat .c .e .) measured in acetonitrile1*9 and
in the 1 : 1 (vol.%) C2H5OH-H2O mixture at pH 10-12, 7 2 ' 7 3

and the values of X m a x in a CPVC film."9

No

10

Dye (S)

0.55

0.73

0.90

0.99
0.9

0.90
0.93
1.18

—1.62

-1.42

-0.94

—1.03
-1.15

—0.65
—0.58
—0.42

740

522

531

571

531

535
535
538

[491

(49]

[491

[49]

16]
(«I

[49]
[49]
[49]
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Table 3 (eontd.).

No

14

17

18

19

Dye (S)

" (CH.J.N-CH.-C.H.

CBr,

CBr,—S—CBr,
II
ο

1.0

Μ
1.35

- 0 . 5

-0.55
-0.65

—0.7'

- 0 . 6 '

630

530

540

296*

240··

238*
(shoulder
at 265)

Refs.

[120]

[120]

149]

149]

[49]

[50]

Remarks. *Calculated by Eqn.(5b) from Ep^(C&rh) =
2.0 eV and E A (CBr 3 SO 2 CBr 3 ) = 2.1 eV.5 0 **Measured in
ethanol.

The type of decolorisation of group 1 and 2 dyes described
justifies the conclusion3· Ch.5; t9,so ^ n a ^ ^ e decolorisation
is determined by electron-donating properties.

(3) Dyes with EJii^SolS*) > 0.9-1.0 V ( s a t . c . e . ) , i .e . with
fii^^So/S*) > £1/2(

1Am0/Am i') (Table 3) are not decolorised
on photoexcitation in the presence of A or simultaneously Am
and A. These dyes are effective spectral sensitisers of the
polymer composition based on Am.A.

The efficiency of the formation of Ami increases with
decrease of the concentration of agents quenching the triplet
excitation (for example, O2), which confirms the idea that
triplet-excited dye molecules participate in the sensitisation
process.

The oxidation-reduction mechanism of spectral sensitisation
has been established by EPR. The first step in the sen-
sitisation process is electron transfer from the amine to the
photoexcited sensitiser (Fig. 2a):

1 Am 0
Am1 + ST. (XVIII)

The appearance of the EPR spectrum of the radical-cations
Am* (a quartet with intensity ratios of 1:2:2:1) at the
instant of the excitation S in the absence of the acceptor
component from the layer corresponds to this stage. 1 2 0

Further reactions are as follows:

-1S0 + Br-...CBr3, (XIX)

Am* + Br...CBr3 •+ Απί[ΒΓ + CHBr3. (XX)

The absence of the EPR spectrum under the conditions of the
photoexcitation of S in the presence of only A in the layer
and the simultaneous formation of Am* and radicals formed
from AT as a result of the abstraction of the bromide ion on
photoexcitation of S in the presence of Am and A correspond
to these stages. 1 2 0
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0.5

20 15 1(Γ3/λ, cm"

υ

1.0

0.5

25 20 15 10~3/λ, cm-

Figure 4. Variation of the optical spectra under the condi-
tions of the photoexcitation of the dye (λ = 531-533 nm,
Lo = 10~3 W cm"2) in a composition containing benzyl-
diphenylamine (0.8 mol dm"3) and CBr^ (2.3 mol dm"3);
[S] = 0.03 ml dm"3; a) dye No. 7 (Table 3); illumination
time (s): J) 0 (initial spectrum); 2) 120; 3) 240; 4) 360;
b) dye No. 16 (Table 3); illumination time (s): I) 0 (initial
spectrum); 2) 15; 3) 30; 4) 45; 5) 60 . "

The quantum yield in the formation of the coloured product
Ami v * a t n e reactions (XVIII)—(XX) initially increases with
increasing concentrations of Am and A:

¥>..„, = 0.12[Am] [CBr4]. (33)

Then, after the attainment of the values [Am] = 1 and [A] =
1 mol dm"3, it assumes the constant value <j>sens = 0.12.

In conformity with the above scheme (Fig. 2a), the cyanine
dye participates in reaction (XVIII) at the oxidation-reduc-
tion potential £i/ 2 (S T / 3 Si), defined by Eqn.(17), while in the
secondary reaction (XIX) the reduced sensitiser interacts
with the acceptor at the equilibrium potential E[;2(ST/1S0).
The cyanine dyes listed in Table 3 belong to the group for
which 3E 0 0 is related to Ε?μ' r e d by Eqn.(32). Since the
value of 3 £ 0 0 are unknown for many dyes (Table 3), Eqns.(17)
and (32) were used to calculate E{/Z(ST PS}.):

e£a(S-/3Si) = eE'nCSJS*) + .«0.1) + AG*V.

The free energy of electron transfer from the Am molecule to .
3SX via reaction (XVIII) is (Fig. 2a)

AG(XVIII) =

e[£V4(
1Amo/Amt)-£V4(

1So/St)]-«O.l),eV.

0.12

0.06

0.5 1.0 1.5
E>ACS0/S+),V (sat.c.e.)

Figure 5. Dependence of the quantum yield <i>sens f ° r the
formation of AmJ" on E^^So/S*); concentrations of the com-
ponents (in CPVC): [S] = 10~3, [Am] = 0.8, [CBrJ =
1.2 mol dm' 3 . 3 -Ch.5 ; 120

Fig. 5 illustrates the dependence of <j>sens on E1/2(1S0/Si)
(Table 3). With increase of E ^ i ^ o / S i ) , there is a tenfold
increase of <i>sens in the region of E1/2(

1S0/S*) = £1/2.
.^Amo/Am*) = 0.98 V (Table 3).

Thus the rate of the process is determined by reaction
(XVIII) in the formation of AmJ [reactions (XVIII)-(XX)]
sensitised by cyanine dyes. The secondary reaction (XIX)
does not influence appreciably the quantum yield in the for-
mation of Ami.

The coloured product Ami is unstable and, as a result of
the interaction with CBr4 and amine molecules, is transformed
on heating, with an activation energy of 0.9 eV, into a dye
resistant to light and heat 5 5 and is tentatively assigned to the
triphenylmethane series. It has been established5 5 that this
dye is a sensitiser (autosensitiser) with respect to light
active in the region of intrinsic absorption. The mechanism
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of the autosensitisation apparently consists in the involvement
of the photoexcited dye in electron transfer from the donor to
the acceptor [reactions (XVIII)-(XX)].120

IV. SENSITISATION VIA ENERGY TRANSFER

1. The Role of the CTC as the Triplet Energy Donor

The sensitisation via a mechanism of type (VI) (Section I)
has been postulated in a polymer composition based on a CTC
between benzylamines (benzyldiphenylamine, dibenzylaniline)
and CBr^. 3 ' 5 1*' 5 7 ' 1 2 1 ' 1 2 2 According to the existing ideas about
the formation of complexes by aromatic amines,1 2 3 their inter-
action with CBri, entails the formation of complexes of at least
two types: a complex of the η,σ-type between the nitrogen
atom and the acceptor, responsible for the long-wavelength
optical absorption (in the range 330—500 nm) of the polymer
composition based on Am.CBri,, and the complex of the ττ,σ-
type, which is formed by the aromatic rings of the donor
(possibly the excited donor) and the acceptor.

Under the conditions of the photoexcitation of the η , σ-type
complex, the quantum yield φ(Απιί) = 0.12—0.16 and is
independent of [Am] and [CBr,,] [for an optical density
D(Ami) < 1]. The introduction of a triplet energy acceptor
(TEA), namely 1-naphthol, lowers φ(Απΐι) and leads to the
appearance of the relations121*

;) = b[Am] and l/<p[A.m\] =b^ + &2/[CBr4]. (34)

The appearance of such relations cannot be accounted for on
the basis of the idea that a coloured product is formed as a
result of the photodissociation of the η,σ-type complex itself,
since in this case <i>(AmJ") could not correspond to Eqn.(34)
and should decrease with increase in the TEA concentration.
The reactions leading to the cyclisation of amines, methyl-
phenylamine and diphenylamine (the methylcarbazole and
carbazole formation reactions), occurring as a result of
triplet energy transfer to amines from triplet energy donors
(propiophenone, acetophenone, benzaldehyde, e t c . ) photo-
excited by light with λ = 365 nm, are well known. 1 2 5 It has
been established that the effective triplet energy donors for
these amines are compounds whose triplet level lies above
the position of this level in the amines by 0.06 eV. In the
diphenylamine (A), methyldiphenylamine (B), and benzyldi-
phenylamine series, the optical absorption maxima are at
282, 292, and 296 nm. The positions of the triplet levels
in the liquid phase correspond to 3 E 0 0 = 3.14 and 3.05 eV
for (A) and (B) respect ive ly . 1 2 5 It is to be expected that
the triplet level in the benzyldiphenylamine molecule is
similar to that in compound (B) or is somewhat reduced
relative to the la t ter .

In the light-sensitive system based on Am.CBri,, the influ-
ence of TEA can be readily explained by the occurrence of
competing reactions on the basis of the idea t h a t , u n d e r the
conditions of excitation b y light with λ = 365 nm, the complex
of the η,σ-type does not dissociate itself but serves as a
triplet energy donor for benzyldiphenylamine molecules; the
coloured product Ami is formed as a result of the dissociation
of the complex of the π,σ-type:

! + Am.CBr4

A-CBr4 (η, σ)

2. Desensitisation

On photoexcitation by light with Ainc = 742 ± 3 nm in a
composition containing Am and CBri,, the cyanine dye (Table 3,
No.6) is decolorised in accordance with fy^ec = 0.0052[CBr,,]
and also sensitises the given composition with respect to red
light, ensuring the formation of Ami an^L w ^ t n Φ sens = 0.0014
for [Am] = [CBr,,] = 1 mol dm" 3 . 1 2 2 The same dye is an
effective quenching agent for the photoexcitation of the η,σ-
complex Am .CBri,. On photoexcitation of the complex Am.CBr^
by light with Xjnc = 365 nm, this dye is decolorised with the
quantum yield ^ e c = 0.15 for [Am] = [CBr,,] = 1 mol dm"3.1 2 2

There is no decolorisation under the influence of near UV
radiation if the composition contains either no donor or no
acceptor component (i.e. the CTC Am.CBri, is absent). The
value of φ ^ β 0 exceeds by a factor of -30 that of ^^ec obtained
under the conditions of the photoexcitation of the dye itself.
This difference can be due to the fact that by accepting the
triplet energy of the CTC, the dye can pass to a second
triplet state in, which the decolorisation is more effective than
in the first.

An effective quenching agent for the excited state of the
complex Am .CBri, is the coloured product Ami· As Ami
accumulates on photoexcitation of the CTC, in the quantum
yield in the formation of the coloured product Ami * s given
by the following expression when its optical density D(Am )̂ = 1
has been reached:

- 0-12fc[Am] _0.12*[Am]
fc[Am] +A:1[Ami] fcJAm'J]

This relation can be accounted for by the competition between
Am and Ami [analogously to the behaviour of TEA in reac-
tion (XXI)] for the capture of the energy of the complex
3(Am.CBr^)! (of the η,σ-type). This desensitisation process
determines the photographic characteristics of the light-
sensitive polymer layers based on the CTC Am .CBr.. 1 2 6

3. The Sensitisation Effect Associated with the Polymeric
State of the CTC

The polymer matrix exerts a sensitising influence in the
region of visible light (400—600 nm) on the light-sensitive
composition based on the complex Am.CBri,. Indeed, it has
been shown on the basis of the complex between benzyldi-
phenylamine and CBr,, 1 2 7 that the optical spectrum of the com-
plex Am.CBri, (of the η,σ-type) in the polymer matrix [chlo-
rinated poly (vinyl chloride)—CP VC or polystyrene (PS)]
and in the liquid (hexane) has the Gaussian form

D (v) = D (28,2) oxp [- ( (35)

3Am, + CBr4-» 3Anii.CBr4(7r, σ)

Am.CBr4 +
 3ΤΕΑΧ -»• XTEAO;

(XXI)
-• AmiBr + CHBr3.

where D(28.2) is the optical density at the absorption maxi-
mum at v m a x = 28.2 χ 103 cm"1, Δνχ = 28.2 - v1 ? and vx =
UfvcuT 1 .

The hexane σ2 = 7.0; in polymer layers σ2 is independent
of the nature of the polymer and amounts to 13.5 in PS and
14.5 in CPVC. Thus, in the liquid phase, the optical spec-
trum of the complex Am.CBri, is approximately twice as
narrow as in the polymer and does not extend outside the
limit of the UV region (the long-wavelength edge corresponds
to 400 nm). In the polymer matrix the optical spectrum of
the complex extends to 500—600 nm. Apparently this effect
occurs because, under the conditions of a limited free volume
in the polymer, conformations of the amine in the CTC Am.CBri,,
of the type which do not obtain under equilibrium conditions
in the liquid, are "frozen". Data have been published,127

according to which the light sensitivity in the region of the
absorption of the complex Am.CBri, has the following spectral
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in mind that Ε1ι2{Ο'2ΙΟί)
t r i l e : 1 ^

= -0.82 V (sat .c.e.) in acetoni-

According to generally accepted ideas concerning the
nature of molecular complexes,11*5 the wavefunction of the
excited oxygen complex 3(M.O2)i consists of the set of con-
tributions of the following individual states:

^ ( M - O ^ ^ ^ i M ^ D x + o ^ U 8 ^ · ^ ) +O3<P3»(1M1-
s02) (37)

The wavefunction of the singlet-excited complex 1(M.O2)i is
given by the set of the following contributions:

φ1(Μ.Ο2)1 = αί^0Μ0·
1Ο2) + α;φί(Μ^Γ)1 + α;φί(8Μ1.

8Ο2) (38)

We shall now consider Scheme 1 (Scheme I) when Ε(3Μλ) >
E[3M^O~)!] (Fig. 6a). In this case the energetically lowest
triplet state is the state with complete charge transfer
3(M*O£)i, which makes the main contribution to the con-

3(M.O2)i [it will be shown below that αϊ s 1 in
The contribution of other states, determined by

figuration
Eqn.(37)].
the multipliers (ο^/οΐχ)2 and (a.3/ai)z, is associated with the
relative positions of the energy levels ΔΕΧ = Ε ί 3 ! ^ ) -
E[3(M*OJ)1], because α2/αι = Q/AE1 and ΔΕ2 = EC1!^) -
E[ 3(M i"Of)1], since α 3 /α! = β/Δ£2. Here

.leV

is the potential energy of the transferred charge distributed
in the electrostatic field of the radical-cation M*.11*5 The col-
lision complex 3( 3M 1. 3O 2) or the state 3(1M1.

3O2) is trans-
formed into 3(M.O2)1 via the complex formation mechanism (37)
with a rate constant k = β/h s 2 χ 1012-2 χ 1013 s" 1 (h =
4.2 χ 1 0 1 5 eV s). It is possible to estimate that the contri-
bution to φ|(Μ.Ο2)! by the states 3(Μ^θΙ)χ is 9̂6% and that

by the states 3(3M1.
3O2) and 3( 1M 1. 3O 2) is 4 4% when ΔΕΧ >

0.5 eV. Hence it follows that the formation of the triplet
collision complex 3(3M1.

3O2) determines the primary electron
transfer in the oxidation reaction of the organic compound.

The energetically lowest configuration among the states
which contribute to 1(M.O 2) 1 [Eqn.(38)] is the collision com-
plex 1( 1M 0. 1O 2). The excited complex in the singlet state
1( 3M 1. 3O 2), formed on collision of 3Μλ and 3O 2, is initially
transformed, with a rate constant β/h = 1013 s~\ into the
configuration with total charge transfer 1 (M'O")i > which is
transformed in its turn into the state 1( 1M 0 . 1O 2) with a rate
constant $l/h = 1011 s~l, where

x ̂  10'2 eVβ, = C Ψ\ (M+O7)i #<pi ('Μ
J + -

is the energy of the dipole M"O2 in the potential field of the
neutral 1 O 2 molecule. The dissociation of the states 1 ( 1 M 0 .
.λΟ2 : ^g) and VMQ^OJ, : xZg) leads to the formation of XO2

in the forms xAg and 1Zg. Taking into account the statisti-
cal weights of the states with different multiplicities, formed
on collision of 3M1 and 3O2 (see Section I), it is to be expected
that in the case considered (Scheme 1) 75% of the total num-
ber of the triplet-excited molecules 3M1 } constituting the
state 3(M^"O2)1 [see Eqn.(37)], quench the energy in pro-
cesses involving electron transfer from 3M1 to 3 O 2 , while 25%
of the 3Μχ participate in the formation of 1( 3M 1 . 3O 2) [see
Eqn.(38)] and lead to the appearance of 1 O 2 . Hence it
follows that the compounds satisfying the inequality E( 3ΜΧ) >
Ε[1·3(Μ^Ο2)1] are weak sensitisers of the formation of 1O2

and may be oxidised via the mechanism involving electron
transfer to oxygen.

We shall consider_Scheme 2 (Section I) (see Fig. 2b) when
E(3MX) < E[1 '3(M*O2)1] and the main contribution to the
overall configuration of the triplet-excited state [Eqn.(37)]

Figure 6. Schematic illustration of the photoprocess with participation of O 2: a) E(3MX) >
Ε[ 1 ' 3 (Μ^θΙ) 1 ]; b) E(3M:L) < E[ 1 '3(Mi"Ol)1]; the molecules Μ are of different nature and the
levels are reckoned from Ε(λΜ0) = E-L/ZOMQ/M·); the states corresponding to the positions of
the levels: J) 3 ( 1 M 0 . i O 2 ); 2) 3l ; 3) and JJ) 1 ( 3 Μ 1 . Ό 2 ) ; 4) and 12) 3( 3M 1 . 3O 2); 5) and
13) 5( 3Μ!. 3Ο 2), S x —ΗΜίοϊ), Τ—3(M^OI); 6) E l / 2 (Ol/O 2 ); 7), 9), 14), and 16) ^Mo-'Oz);
8) and 15) x Zj; 10) and 17) ^g.3· Ch.7.
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comes from the state 3 ( 3 M!. 3 O 2 ). The contribution of the
state 3(M*O2)X in Eqn.(37) is determined by the ratio
(.a.[/az) , where αΊ/012 = β2/Δ£3, ΔΕ3 = £[ 3 (Μ ί θ1) 1 ] -
E(3Mi), and

10-1 eV lk5

is the energy of the dipole Μ·Ο2 in the potential field of the
neutral molecule 3 O 2 . l l t 5 Hence (αί/α 2 ) 2 < 2% for Δ£3 > 0.5 eV
and the charge transfer state 3 (Μ*θΙ) ! does not participate
directly in the photochemical oxidation process. In this
case, which has been considered in detail , l l f 6 ~ l l f 8 the effi-
ciency of the transformation of the energy of the triplet-
excited molecules into the energy of singlet oxygen reaches
100%.

—oOo

The above discussion of the charge transfer reactions with
participation of CTC in polymer matrices confirms the validity
of the initial postulate that the energy relations of the pro-
cess are determined mainly by dielectric parameters of the
polymer matrix, which functions as a binder for the photo-
active components and it is immaterial whether the latter are
monomeric or polymeric compounds. This should apparently
be manifested in the kinetic characteristics of the process.
However, kinetic studies of this kind have so far been clearly
insufficient.

One can also conclude that the oxidation-reduction poten-
tials measured in liquid solutions by electrochemical methods
and adjusted with respect to the polymer matrix can be
usefully employed for the analysis of charge transfer proces-
ses in polymers instead of the gas-phase values of the ionisa-
tion potential and the electron affinity. Firstly, this is con-
sistent with the essential physicochemical nature of the pro-
cesses considered and, secondly, it makes it possible to
employ the numerous data on the oxidation-reduction poten-
tials of a large number of organic compounds.

It also follows from the above analysis that measurements of
the energies of the optical transitions of the donor—acceptor
systems in the polymer matrices are necessary, since their
comparison with the energies of the analogous transitions in
liquid media, where oxidation-reduction potentials are mea-
sured, makes it possible to obtain directly the ionisation
energies and electron affinities of the molecules in polymer
matrices without using the polarisation energies in polymers
and in solutions, which are difficult to fix.
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