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Donor-Acceptor Interactions between Non-silver Information Recording
Processes

A.D.Grishina and A.V.Vannikov

The use of non-silver layers based on intermolecular charge-transfer complexes (CTC) for the recording of information, the
recording of the influence of light, and for microfilming is examined. The processes are based on the ability of the CTC to
dissociate following the absorption of light with formation of products whose absorption spectrum is different from that of
the initial films incorporating the CTC. General postulates concerning the mechanism of the photodissociation of the CTC
are described and the characteristics of the photochemical reactions of specific systems used as light sensitive materials are
considered.
The bibliography includes 142 references.
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I. INTRODUCTION

Organic systems whose physicochemical properties
change under the influence of light have been widely
investigated in recent years. Compounds or compositions
whose optical properties change as a result of illumination
are used to record images1"4.

Light-sensitive layers based on organic materials are
characterised by a high resolving capacity, the possibility
in many instances of carrying out repeated recording-
deletion cycles, the absence of chemical development
and fixing stages, and the development (intensification) of
the image on exposure or by simple physical methods
(for example, by heat treatment) and hence the possibility
of obtaining an image in real time, the elimination of
expensive silver from the recording process, and many
other valuable properties. At the same time the sensi-
tivity of organic layers is lower by several orders of mag-
nitude than that of silver bromide photographic materials.
At the present time all the above factors make such
materials promising in copying and special-purpose
photography requiring a high resolution. The existing
monographs and reviews deal in detail with the mecha-
nisms of the photochromic transformations in organic
compounds1'2'5, the diazo-coupling reaction for diazonium
salts in connection with their use in diazo-printing and in
the vesicular process6"10, as well as the physicochemical
principles of the electrophotographic process11'12.

This review discusses the characteristics of the changes
under the influence of light in the chemical and optical
properties of systems based on charge-transfer com-
plexes (CTC). Two- or multi-component compositions, in
which the primary stage of the complex process involving
a change in the positions of the optical absorption bands
is electron transfer from the donor component of the CTC
to the acceptor component, have been examined. The
special interest in intermolecular complexes is due to two
factors. The first (the presence of an intermolecular
bond) rules out the diffusion-dependent limitation of the
rate of the photochemical reaction between two molecules.
The second (ionisation of the donor component) corre-
sponds to the absorption of a single light quantum, i.e. does
not require high-intensity light sources and, depending

on the nature of the selected components as well as the
properties of the film-forming medium, can occur under
the influence of light at wavelengths from 250 to 1500 mm.
Systems based on CTC are beginning to find practical
applications in the recording of images as a result of their
high rate of colour change and the possibility of optical
development13"16 and thermal fixing17.

The need to obtain materials whose colour changes
under the influence of light requires the compounds to
have a system of conjugated bonds. In these compounds
the delocalised ir electrons, characterised by a close
proximity of allowed energy levels, are responsible for
absorption in the visible and near ultraviolet and infrared
regions. The colour of organic molecules is determined
by the size of the conjugation system in combination with
the presence of electron-donating and electron-accepting
groups and their chemical composition18"20. The great-
est displacement of the optical absorption bands is due to
the change in the size of the continuous conjugation
regions18.

The dependence of the position of the optical absorption
band on the size of the conjugated bond system was obtained
by Kuhn21"23 for cyanine dyes. It was established that, in
symmetrical molecules with equal lengths of single and
double bonds, the energy levels are distributed mono-
tonically and correspond to the following relation between
the position of the optical absorption maximum and the
number of units A in the conjugated chain:

(1)
N+l

where I is the length of a single chain unit. Owing to the
difference between the lengths of single and double bonds,
the energy spectrum of asymmetric molecules corre-
sponds to an increased distance between the highest
occupied and highest unoccupied levels compared with the
distances between both highest occupied and lowest
unoccupied orbitals. Such distribution of levels is char-
acteristic of many conjugated molecules, which is the
reason for the appearance of a spectrum in the long-wave-
length region when the molecule is converted irto a
radical-cation or a radical-anion.
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A shift of the absorption spectrum from the visible to
the ultraviolet region accompanies the dissociation of the
system of conjugated bonds on conversion of thiazine,
triphenylmethane, and other dyes into their leuco-forms18'
24-56,13-is a n d Qf x a n t n e n e d y e s i n t 0 the lactone form27"31.

Certain specific properties of the CTC, which must be
taken into account in selecting the components of the com-
plex, are analysed below. These are the spin state at the
dissociative level for complexes of different types as well
as the region of maximum light sensitivity under the con-
ditions corresponding to different ways of exciting the
system.

II. CONDITIONS GOVERNING THE PHOTODISSOCIATION
OF CHARGE-TRANSFER COMPLEXES

Since 1952, when Mulliken surveyed the accumulated
data on the donor-acceptor interaction and described the
phenomenon for the first time in quantum-chemical terms
(in the gas approximation), numerous original papers,
reviews, and monographs have been devoted to this field
of study32"39.

According to the ideas developed by Mulliken and
Person33, an inter molecular bond is formed in a system
incorporating an electron donor (D) and acceptor (A) as
a result of the mixing of the state in which there is only a
van der Waals interaction (DA) between D and A and the
dative state (Dt-AT) in which the electron is fully trans-
ferred from the donor to the acceptor. The residence
time of the system in each state r - h/Wm - 10"13-10"14 s,40

since the Planck constant h = 4.2 x 10"15 eV s and the
integral WOi = j<p(DA).E.<p(D*-A~ )dr = 0.05-0.5 eV, where
cp(DA) and <^(D--A") are the wave functions of the non-
bonded and dative states respectively. Thus, as a result
of the mixing of the states, a dipole D+6A~6 is formed,
where 6 is the degree of charge transfer. The experi-
mental methods for the measurement of 6 have been
examined in detail33'41. The idea of charge transfer has
been introduced by Hausser and Murrel42 in a quantum-
chemical description of the state of dimers comprising
identical radical-ions, because the ionisation potential of
a radical-ion is close to the electron affinity. In con-
trast to the dative state of the CTC, in the dimer, owing
to the complete identity of the radical-ions, this state
corresponds to a jump of two electrons (in a paired state)
between radical-ions at a frequency which, as stated
above is close to 1014 s"1 and not to a directional charge
transfer from one radical-ion to another.

Fig. 1 presents a generalised energy diagram for
donor-acceptor systems of different types. A character-
istic feature of the CTC is that, owing to the mixing of the
(DA) and (D:-AT) states, the energy level of the ground
state IVN lies below the positions of its components Wo
and W\ (section I, Fig. 1). The energy gain is

7s - WQ = — (W01 - (2)

for weak CTC, where Wi » Wo (section la, Fig. 1); in the
vicinity of Wo — Wi (section Ib, Fig. 1) we have

If Wi ̂  Wo and

O1 — W0S01)/(l + S01)

— Wt = — (Wo - W.SJ/il + SOi)

(3)

(4)

if Wo ̂  Wi, for the " reve r se" CTC, where Wo » Wi (sec-
tion Ic, Fig. 1), the energy gain is

WN- W1 = ~ (W01 - W^r/iWo - WJ.

For CTC, the overlap integral Soi = /^(DA).^(Dt-A")dr =*
0.01-O.I.43 The excited energy level Wv in CTC exceeds
the components Wi and Wo by an amount

wv - wx = (wn - w1snyi{w1 - w0)

or

along sections la and Ic respectively. We have

for Wi >> Wo (section Ib) or Wi > Wo and

Wv - Wo --= (W01 ~ W0S01)/(l - Soi)

for Wo > Wi.

(6)

(7)

(8)

(9)

In-EA

Figure 1. The energy scheme for electronic donor-
acceptor complexes. Levels: ground (WN), excited (Wv),
triplet (3W), non-bonding (W0)(DA), and dative (Wi)(Dt-A~);
/rj is the ionisation potential of the donor and EA the
electron affinity of the acceptor.

In a condensed medium the position of the level Wi is
determined by the relation

W1 --= 7|D — EA — Q - P + (C ± K) =F V,

where Q is the energy of the Coulombic attraction between
radical-anions of different signs, P is the polarisation
energy of the system, C + K and C - K are the energies
of the Coulombic repulsion between unpaired electrons for
the singlet and triplet orientations respectively, K is the
exchange repulsion energy, and V the contribution of the
covalent structure to the dative state. V is large for
stable nv, irv, and no complexes35. Owing to the presence
of the contribution of V, the purely ionic triplet level of
the dative structure

SW1 = lD~Ek —Q- P + C + (V - K)

lies above the singlet level

(10)

(V — K). (11)

for the majority of donor—acceptor systems.
The CTC triplet state (3W, Fig. 1) arises after the com-

plete electron transfer from the donor to the acceptor and
constitutes none other than a purely ionic triplet config-
uration of the dative structure' The wave function of

(5) the triplet state of the complex (<pT) is described by a
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combination of the wave functions cp(D*) and cp(A~) corre
sponding to the distribution of the unpaired electron
densities in the radical-cation (D*) and radical-anion

V3

where

<Pr (m, = + 1) = A {cp (Dt f) cp (A^)

<Pr (ms = — 1) = A {cp (DiH)cp (A~\)},

<fT (ms = 0) = (tpi — i|)n)/(2 - So2!)''2

ipi = A {cp (D*'f) • <P (A^\)} and

(12)

(13)

The arrows indicate the direction of the spin of the
unpaired electron.

In the presence of a contribution by V the 3W level can
lie above Wv for a weak CTC, which in the limit becomes a
contact CTC (section II, Fig.l) with Woi - 0, Soi - 0, and
Wv -

 xWi [Eqn.(6)].44~46 It shifts to the region W^< 3W< Wv
on passing to a stable CTC (section I, Fig. 1) and, as the
difference /Q - E& decreases, it falls to the level
j = V - Vi = 2(V - K) on transition to radical-ion salts,
for which Wol = 0, Soi = 0, and W^ = lWi [Eqn. (5)].

In 7T7T complexes the V term is insignificant and the
dative structure is largely ionic (D^"). For such com-
plexes, there is a possibility of a shift of the triplet level
to a position below the singlet dative level [Eqns. (10) and
(II)].47 '48

As already mentioned, the dissociation of donor-
acceptor complexes into radical-ions is the primary step
of the complex process leading to a change in the absorp-
tion spectra of film materials. Since dissociation takes
place with a greater probability after the light-induced
population of the level with the most complete charge
separation, it follows that the dissociative levels in weak,
contact complexes are both the triplet level 3W and the
excited singlet level Wv, in a stable CTC only the 3W level
is dissociative, while in radical-ion salts both the triplet
state and the ground singlet state are dissociative.

The dissociative level can be reached in contact com-
plexes and CTC by the action of light corresponding to the
absorption band of the complexes:

hv = Wv — WN, (14)

and in "reverse"' CT by thermal excitation. Dissociation
occurs when the dissociative level lies above the level of
solvent-separated radical-ions 2W, 49 i.e. under the condi-
tion

/D-£A-Q-
2e-f 1 a3

9d2 / 1 \

Here [2(e - l)/(2e + I)](\x2/a3) is the polarisation energy of
'37'40 th d i t b t37'40

_ the distance between
*

[
the dipole p. - r + . - e ' , r +

JJ*,A " JJ *j
the donor and acceptor components of the complex, e the
dielectric constant of the medium, a the radius of the
cavity polarised by the dipole p,, (e2/ri)(l - 1/e) the
polarisation energy of the radical-ion with radius ri, and
Qi the energy of the Coulombic attraction between the
solvent-separated radical-ions.

The photodissociation process for the dissociative
level 3W is illustrated in Fig. 2. Many non-ordered sys-
tems incorporating CTC, liquids and films, are charac-
terised by the presence of radical-ions even under condi-
tions where the difference 3W - W-$ [see Eqns. (12), (13),
and (2)-(5)] is fairly large and cannot ensure thermal

dissociation. According to Stewart and coworkers50'51,
the appearance of radical-ions under dark conditions is
associated with the formation of a CTC in an excited
triplet state at the instant of formation of the complex on
dissolution of an acceptor in a donor liquid. Then
3W - WN = Afl + 6, where AH = Wo - W^ is the heat of
formation of the complex and 6 = 3W - Wo' the activation
energy for the thermal formation of radical-ions.

Figure 2. Schematic illustration of the formation of
radical-ions in a non-ordered donor-acceptor system:
1),1'), and 1") photodissociation of the CTC; 2) thermally
excited D + A systems; W&—the level of separated D and
A; 2W the level of separated D* and A"; rj^A < r*— tne

CTC region; n < roA < ^2—exciplexes;
separated D and A or D* and A".

The above explanation is apparently not the only one
possible. As shown in Fig. 2, in a liquid and in films
where both CTC and solvent-separated D and A exist
simultaneously in equilibrium, one may expect the occur-
rence of reaction via pathway 2 on thermal excitation:

without collision of the species. According to the theory
developed by Dogonadze and Kuznetsov52, reaction via
pathways? takes place without change of the distance
between the components and is due to a tunnel electron
transfer. This transfer occurs on thermal excitation of
the (D + A) system to the position coinciding with the 2W
level and under conditions where, in consequence of
fluctuation-induced changes, the orientation of the solvent
relative to the A and D molecules coincides with the
orientation about the A" and D+ ions.

The photodissociation of CTC into radical-ions was
first suggested by McGlynn and coworkers45'46. The
photochemical decomposition of CTC has been examined
in the reviews of Sergeev and coworkers53'54, Nagakura55,
Davidson37, and in a study by Irie et al.58 on the use of
this phenomenon in photopolymerisation, photosynthesis,
and photochemical oxidation.

The elucidation of the nature of the dissociative level
is important for finding the conditions under which light-
sensitive systems operate. For dissociation via the
triplet level in liquid and film systems, oxygen (the
quenching agent for triplet energy) greatly reduces the
quantum yield of the photodissociation products, which
determines the light sensitivity of the system13'55'59; the
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lack of an effect by molecular oxygen means that dissoci-
ation takes place via a singlet state, a characteristic
solely of contact complexes55 '59 '60"62.

Photodissociation can also occur via the excitation of
both the complex and its individual components. In the
latter case the electron transfer from the donor to the
acceptor is due to the decrease of the difference / D - E&
owing to the decrease of /j) by ^hv^ on excitation by light
corresponding to the absorption band of the donor or an
increase of EA by IIVA when the system is acted upon by
light corresponding to the absorption band of the accep-
tor18 '22 '63. The photoexcitation of an individual component
is effective when the component of the complex whose
colour changes is light-sensitive and the content of the
second component, determined by the equilibrium constant

K = [DA]/[D][A], (15)

ensures that a dominant proportion of the light-sensitive
component exists in the form of the complex. The sim-
ultaneous presence of the light-sensitive component both
as part of the complex and in the free state is responsible
for the decrease of the quantum yield of the photodissocia-
tion products of the complexes (as a result of the absorp-
tion of part of the light quanta by the free molecules).

III. THE LIMITING LIGHT SENSITIVITY OF THE LAYERS
IN THE ABSENCE OF IMAGE INTENSIFICATION

The principal characteristics of photolayers are light
sensitivity and resolving capacity. Since in organic
materials an individual molecule reacts, the resolving
capacity of such materials is extremely high and their
light sensitivity is low because it is limited by the quan-
tum yield i * 1. It is possible to estimate the upper
limit to light sensitivity on the basis of the decrease of
the concentration c of the component undergoing a colour
change (or of the entire CTC):

- d c / d * = /abS<I>/f, (16)

where /abs i s the power of the light flux absorbed by the
film and Ms the film thickness. After substituting
c = D/el and /abs = ^(1 - 10"Dl) in Eqn. (16), D being the
optical density of the component whose colour changes,
D\ the optical density of the layer in the wavelength range
of the incident light, e the extinction coefficient, and h the
power of the light flux incident on the film, the relation
between the incident energy of the light flux Iodt (J cm2)
and the change in D assumes the following form:

1.196 • 105

(17)
l _ 1 0 - ° . eOA,

Here e is expressed in litre3 mole"1 cm"1 for a liquid and
in dm3 mole"1 cm"1 for films, A being the wavelength of
the incident light in nm. According to a USSR Govern-
ment Standard (GOST), the light sensitivity of silver
bromide layers is determined from the energy of the
incident light causing a change in optical density by
AZ> = 0.2:

where K is the coefficient of visibility with a maximum
value of 680 at 555 nm. m Having adopted 4> = 1, e = 10s

dm3 mole"1 cm"1, lO"^1 « 1, and a wavelength of incident
light A = 555 nm identical with that corresponding to the
absorption maximum of the compound, we find

7CA/O . ,~0.4 • 1(T3 J cm"2 ,

i.e. the limiting attainable light sensitivity corresponds to
So.2 - 4 x 10"4 GOST units and is lower by several orders
of magnitude than for silver bromide films. It is note-
worthy that, in order to estimate the light sensitivity of
non-silver layers, the value of IoAti corresponding to a
change of D by AD = 1 was adopted. At the present time
IcAti is used mainly when information is recorded by
decolorising coloured films, particularly for high optical
densities. When a colour was imparted to colourless
films, the light sensitivity was estimated in many inves-
tigations from /oA^o-2.

Thus systems with <$ ^ 1 can be used successfully in
microfilming, where the resolving capacity of the layer
is of decisive importance. The problem of obtaining
layers with a high light sensitivity requires image intensi-
fication analogous to development in silver bromide
photography and leading in its turn to a decrease of the
resolving capacity, because a grain and not a molecule
is now the light-sensitive element.

IV. LIGHT SENSITIVE CHARGE-TRANSFER COMPLEXES
BASED ON ORGANIC SYSTEMS

Light-sensitive compositions, consisting of cyanine
dyes65 and their bases66 '67, leucoxanthenes, leucoanthra-
quinone, leucodiarylmethanes66 '68, amines67 '69 '70, leuco-
triphenylmethane and styryl dyes13"16 '71 '72 (as the donor
component which undergoes a colour change), and the
A-C-X3 acceptors13"16 '65"72 (where A = H, Cl, Br, or I,
and X = Cl, Br, or I) or Cl2BrCCBrCl2, as well as
sulphur-containing acceptors of the type ArSh and ArS2Ar
or sulphophenyl halides 6, are being widely used nowadays
and are being introduced into industry. In addition to
the above substances, the compositions include also a free
radical inhibitor and a polymeric binder. The light
sensitive composition is deposited on either a paper or a
polymeric support. It is noteworthy that the Horizons
Co. Inc. in the USA alone took out more than 250 patents
for light-sensitive compositions of this type.

Photochemical reactions in solid layers have been
investigated in greatest detail using leucotriphenylme-
thane dyes13"16 (DyeH) in combination with CBr4, for
example, leuco-Crystal Violet with added inhibitor of
CBr2' (triphenylantimony) and a polystyrene binder. It has
been shown13"16 that, in contrast to DyeH and CBr4, which
absorb in the region below 370 nm, compositions with
these substances give r ise to an additional spectrum up to
450 nm, which imparts a yellow colour to the entire film.
The additional absorption indicates the formation of a CTC
(we shall designate it by DyeH.CBr4). The photodissocia-
tion of the CTC on illumination by light corresponding to
its absorption band [Eqns. (14)] takes place only in the
absence of O2 and therefore proceeds via the population of
the triplet level 3W in accordance with reaction

(18)
DyeH • CBr4— -0yeH • CBr4)* ->-|3(DyeH'+ CBrT),

3()DyeH iCBrT)-* DyeHJ + CBrJ.
The dye responsible for the image (Dye+), which absorbs
in the visible region (X2, max = 600 nm, e = 1.2 x 105 dm3

mole"1 cm"1), ar ises via the reaction

DyeHt + CBrf -> ,Dye +Br + HBr + CBr a'. (19)
The CBr2" radicals which fog the film interact with the
added inhibitor, restoring the transparency of the film.

The quantum yield at this stage, under the conditions of
continuous circulation of gaseous nitrogen, is 4> = 0.1 and
corresponds to 7oA ô.2 = 10"2 J cm"2.
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The formation of an image in layers incorporating a
CTC based on CHI3 and vinylidene or substituted styryl
components is due to an analogous set of reactions71. The
absorption spectra of these compounds are displaced
under illumination to a lesser extent than in the transition
DyeH — Dye+, since it does not entail an increase in the
size of the continuous conjugation system [Nl in Eqn. (1)]
and is due solely to the formation of electron-accepting
groups via the following respective reactions:

CH2 CH2

II

CHI2 . . . I2

hv,

R 2 N / ' \ / \ /

CH,
1

CHI.

(20)
N R

CH=CH

/ \ /

CH CH CH CH

\ / \ N / \

NR;

CHI2 . . . I

+ CHI2

\ / \ N / \ /

NR2

r (21)
The initial CTC absorb in these systems in the region of
488 nm and the resulting dyes absorb at Amax = 620 and
580 nm respectively.

The problem of the optical development of the exposed
film is also discussed in the studies quoted above13" 6'71.
The latent image arising as a result of brief exposure to
radiation with Ai < 450 or 488 nm may be developed via
reactions (18)-(21) by light corresponding to the absorp-
tion band of the dye. The dye molecules are then used as
sensitisers. The effect is absent in the presence of O2,
which indicates energy transfer via triplet levels. The
formation of a grain consisting of dye molecules during
development takes place via the mechanism13

Dye^ ——-*1Dye*',

•DyeH** ->• 3Dye+ ,
3Dye+ + (|DyeH • CBr4) -*• Dye1+ +3(DyeH* • CBrJ) .

and then in accordance with reactions (18) and (19).
Owing to the absence of inclusions of dye molecules at the
unexposed sites, the film remains yellow after develop-
ment due to the presence of the CTC. In contrast to the
process discussed above, another mechanism, consisting
in the thermal dissociation of the complex as a result of
the liberation in a microvolume of the energy absorbed by
the dye Dye+ inclusions, has been suggested14"16. This
conclusion is based on the fact that layers containing DyeH
become coloured also on heating. The image is fixed by
keeping the film at a temperature of ~14O°C, which
ensures the decomposition of the halogen-containing com-
ponent and hence the decomposition of the CTC. The
yellow colour then disappears and the unexposed sites
become clear. It has been shown13 that the image can be
intensified in this way by a factor of ~1400, with an
increase of the effective quantum yield to ~140 and of
/oA/0.2 to 7 x 10"6 J cm"2. This corresponds to S0.2 = 0.03
GOST units. In the best specimens S0.2 reaches 0.1
(Fotland and Fichter72) and is close to the light sensitivity
of silver halide films with a high resolution.

Polymeric films incorporating CTC comprising an
amine (Am) (dibenzylaniline)70'73'74 and CBr4 are not
coloured on heating to 250°C. Analysis of the influence
of triplet energy acceptors on photochemical reactions73

has established that the complex Am.CBr4 (Amax = 365 nm)
does not dissociate on photoexcitation and, after an inter-
combination conversion, transfers to the triplet levels the
energy absorbed by the Am molecules not involved in the
CTC. At high concentrations of the added components,
the latter form the exciplex3(Am).CBr4, which dissociates
via the mechanism

'(Am) • CBr4 -» (Am* • B r + CBr3) B r + HBr + CBr2 (22)

with formation of Am! (C6H5-CH=N-CH2-C6H5), which

C6H5
absorbs in the visible region with Am a x = 665 nm. The
optical intensification of the image in this system takes
place via a two-quantum mechanism74 in accordance with
the relation (for Am » Amf)

[Am] [CBr4

* i o D ° - l W. + cIAJ dfA2] + /.[Am) +g k + hlCBu]

where D and Do are the optical densities at 665 nm at
times t and t0, a, b, c, d, / , g, h, and k are constant
coefficients, Ai and A2 are oxygen or other acceptors of
the triplet energy of singly and doubly excited Ami species
respectively, and h is the intensity of the light acting in
the region of A = 665 nm.

Optical intensification made it possible to increase the
effective quantum yield from ~0.14 to ~14 and the light
sensitivity at 365 nm from 1.4 x 10"2 to 1.4 x 10~4 J cm"2.
In contrast to layers based on leucodyes, amine-contain-
ing films are more stable and do not lose their light
sensitivity for a long time. In the fixation of films by
heating, a stable dye is synthesised simultaneously from
Amt and other components of the layer.

In a photoreproduction process, amines such as
iV,A'-diphenylenediamine, N,A'-diphenyl-^-phenylene-
diamine, and others are used in combination with CBr4

 75

or CHI3.76 These systems are also sensitive to ultra-
violet light and the appearance of a colour in them is
associated with the formation of stable radical-cations.

The region of spectral sensitivity of the films has been
extended to ~540 nm when the bases of cyanine dyes began
to be used in conjunction with CBr4

 66'67 and to 700 nm
when cationic cyanine dyes were used65. The presence of
CTC of CBr4 and cyanine dyes or their bases has been
merely postulated65'67. These systems are used without
image intensification. Compositions consisting of cationic
cyanine dyes and anionic aryl borates (BR^RSR-J)" , where
Ri-4 are aryl-substituted groups which are effectively
decolorised on photoexcitation of the dye, have also been
proposed for use in reproduction using visible light.
Lifanov et al.77 and Chibisov78 established that, on photo-
excitation of cyanine dyes, there is an effective electron
transfer to the dye with formation of a radical-anion if the
system contains simultaneously a donor (ascorbic acid,
diphenylamine, hydroquinone, etc.), but in the presence
of acceptors the products are radical-cations.

The photographic process involving A-C-X3 is referred
to by convention as a free radical process. It is note-
worthy that in all systems free-radical reactions take
place under the conditions of the photoexcitation of the
halogenomethane (<300 nm) as a result of its dissociation,
for example into CBr3 and Br, and the occurrence of
subsequent reactions with participation of these radicals69.
When the reactions are initiated by the photoexcitation of
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the CTC or the donor under these conditions, the primary
stage is electron transfer from the donor to the halogeno-
methane. This transition has been demonstrated by flash
photolysis18'79 using also the aromatic amine-CCU liquid
system. The nature of the subsequent reactions is deter-
mined by that of the donor. In contrast to the composi-
tions examined above, these reactions take place with
participation of the CBr3 radical also in the liquid phase
via a chain mechanism when donors such as diphenylamine6

and polyvinylcarbazole (PVCA) are used80. When illu-
minated films containing PVCA and halogenomethane
complexes are placed in a solvent, the effective quantum
yield of the PVCA photochemical oxidation product
increases from 5 x 10~2 to approximately unity as a result
of the decrease of the rigidity of the matrix and the estab-
lishment of conditions for the occurrence of free-radical
reactions80.

Smets et al.81 proposed a complex light-sensitive
system incorporating the CTC of polyvinylcarbazole and
CBr4 as well as di-/3naphthospiropyran. The well known2'5
displacement of the absorption spectra of spiropyrans
from the ultraviolet to the visible region under dark con-
ditions when the pH changes as a result of the occurrence
of the reaction

is used in this system. The enhancement of the acid
properties of the films is due to the photodissociation of the
CTC on exposure to light corresponding to its absorption band
[Eqn.(14)]atX1= 405nm: PVCA.CBr4 -^MPVCACBr4)*
and then

(PVCACBr, PVCA t + HBr + CBr (25)

The quantum yield of the products of reaction (25) is
close to 0.23 and is independent of the CBr4 content. The
authors demonstrated the possibility of the optical mani-
festation of the latent image produced on exposure by
employing as sensitiser di-|5-naphthopyrylium bromide
(DNP), formed by reaction (24) and absorbing in the range
A2 = 600-700 nm. Since the rate of development increased
in proportion to the CBr4 concentration, the authors postu-
lated the formation of CTC between DNP and CBr4 and
their participation in the development reaction:

DNP • CBr4 — ^ (DNP • CBr4)*,
(DNP • CBr4)* -f PVCA CBr4 -> DNP • CBr4 + l(PVCA- CBr4)* ,

th i s being followed by r e a c t i o n (25). The HBr fo rmed by
reaction (25) ensures the appearance of an additional
amount of coloured DNP by reaction (24). It was also
established that the CBr3 radicals are inserted in the chain
and that, together with PVCA*, they ensure the cross-
linking of the polymer in the exposed regions. In this
system there is a possibility of the appearance of an image
as a result of the dissolution of the non-cross-linked
PVCA.

Systems based on bipyridylium salts with acceptor
properties, such as 2,2'-bipyridylium (2,2'-BP2+2X") and
4,4'-bipyridylium (4,4'-BP2+X~) also acquire a colour on
ultraviolet irradiation:

They exist either in low-molecular-weight82"85 or poly-
meric forms86. The optical absorption Spectra of the
above dications lie in the range 200-300 nm. Photo-
excitation of the salt in the presence of a donor component
such as the film-forming poly(vinyl alcohol) (PVA) 82""85

leads to the formation of the radical-cations BP* via the
mechanism (in relation to the 4,4'-BP2+-PVA system):

+ RCHOH
* BPt + H+ + RCHOH ,

RCHO + H+.

Br
0.015
200

SO*
0.028
130

NO-
0.045
82

cr
0.047

80.6

It has been established for aqueous solutions of BP2+ 87 that
the photochemical reduction is irreversible only in the
presence of primary and secondary alcohols, owing to the
possible elimination of a proton in the a-position relative
to the alcoholic group and the formation of the correspond-
ing carbinol. The finding that the alcohols quench the
fluorescence of 2,2'-BP2+ salts served as a basis for the
conclusion that the electron-accepting state is the excited
singlet state of the salt. It has been shown for the liquid
phase88"90 that 4,4'-BP2+ forms CTC with benzilate and
oxalate anions, which absorb in the region of Am a x =
370 nni and dissociate on photoexcitation with formation of
BP\ In a solid-phase system with 4,4'-BP2+X" and PVA
the quantum yield of the formation of the radical-cations
depends on the nature of X". The values of IoAto.2, char-
acterising the sensitivity of the films to light with Ai =
270 nm, and the quantum yields 4> are listed below as a
function of the anion in bipyridylium salts:

Anion

O
/„ • At0 , •• 103, J cm'2

The radical-cations BP* transfer their charge to oxygen
when the latter is introduced. However, the solubility of
oxygen in PVA films is so low that the image obtained
persisted throughout the period of the observation (1 year).
It has been suggested in a patent85 that cationic dyes be
introduced into a chloride-4,4'-bipyridylium-PVA com-
position. Heat treatment of this system after the photo-
chemical reduction of the salt ensures the transfer of an
electron from the radical-cation BPt to the dye and the
decolorisation of the latter as a result of the formation of
the leuco-form. Such electron transfer ensures an
increase of photosensitivity within the limits of one order
of magnitude owing to the increase of the extinction coef-
ficient of the films from (1.2-2.4) xlO4 dm3 mole"1 cm"1

for BP* to (0.8-1.2) xlO5 dm3 mole"1 cm"1 on passing to
the dye.

A composition of benzoyl-leuco-Methylene Blue as the
donor and an aromatic nitro-compound as a photosensitive
acceptor has also been proposed9 as a system sensitive
to ultraviolet light. Illumination of the system in a
polymeric polyester binder for 2 s with light from a 20 W
lamp and subsequent heat treatment at 120°C for 5 s ensure
the conversion of most of the leuco-form into the dye.

The duPont de Nemours Co. (USA) developed a "dyelux"
process91 9i, where the colour change is associated with
the interaction of two basic components. Hexa-arylbis-
imidazoles having the structure

CeH4X

N N—

C8H4X
1

/ V
- N N

\=/ \=/
YH4C6 C6H4Y C,H4Y C,H4Y

X = HJ,C1, or Br; Y = | H oi Cl

(27)

are used as the light sensitive component in this process.
The component whose colour changes consists of amines92'93

and leucodyes DyeH (see, for example, Ref.94).
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Under the influence of light with Ai - 250-360 nm, the
dimers (27) undergo homolytic dissociation with formation
of the triarylimidazolyl radicals R':95

C,H4X

(28)

C,H4Y

These radicals absorb in the visible region (530-620 nm),
but are characterised by a lower extinction coefficient
[e - (1.3 - 8.1) x 103 litre mole"1 cm"1 in solution]. A
detailed study of the nature of the reactions occurring in
solution1'2'96"100 showed that the radicals (28) oxidise
amines in the dark92'93'96 as well as leuco-dyes94'96"100.
When amines are used, the appearance of the colour is due
to the formation of radical-cations, for example by the
following reaction in the case of tetramethyl-/?-phenylene-
diamine 3'95:

CH;

The resulting radical-cation has absorption maxima at
575 and 625 nm and the extinction coefficient in the film is
e ^ 105 dm3 mole"1 cm"1.

When the leuco-form of the dye is used, the colour is
associated with the formation of the dye itself94 by the
reaction96"100

DyeH+2R- -vDy
In order to rule out the acquisition of a colour by the
unexposed regions of the film under the influence of ultra-
violet light after the recording of the image, it has been
suggested that a third component be used94—1,6- or
1,8-pyrenequinone or 9,10-anthraquinone—in combination
with a polymeric donor matrix. Asa result of the inter-
action with the matrix in an excited state (under the
influence of light with A2 = 380-500 nm), the quinones
(O=Ar=O) are converted into hydroquinones (HO-Ar-OH),
which react with the dimers under dark conditions:

HO—Ar—OH + R—R -* O=Ar—O+2RH.

ensuring the transformation of the dimer R-R (27) into
the lophine form (RH), which is insensitive to the action
of light with A > 250 nm. The "dyelux" process does not
provide for image intensification and can be used in the
formation of duplicates in microfilming. Its sensitivity
is /oA/0.2 = 2 x 10~3 J cm"2.

In order to obtain non-silver layers sensitive in the red
part of the spectrum, Oster and coworkers101"103 inves-
tigated the photochemical reduction of thiazine dyes, which
have an optical absorption maximum at 590-665 nm, to
the leuco-form, which absorbs in the ultraviolet when
present in PVA films and in hydroxylated glasses—fruc-
tose, glucose, etc. In order to obtain films whose colour
changes under the influence of red light, Kamogawa104'105

synthesised a polymer of the type (Dye+)n:

-CH2—CH—

C = O

I
R

M . / (29)

The reduction of Methylene Blue (a thiazine dye) MB*
(Amax = 665 nm) to the leuco-form MBH (Amax ~ 260 nm)
in layers deposited on a support, under dark conditions on
contact with gaseous H2S as a donor, has been studied by

Vartanyan106'107, who suggested106 that the photodecolorisa-
tion of MB+ in gelatine films observed by Lazarev (1912)
is associated with the photochemical reduction of the dye
to MBH. Oster et al. showed that the rate of decrease
of the optical density of the dye in hydroxylated films and
glasses is accelerated after the introduction of electron-
donating components such as ascorbic acid, phenylhydra-
zine, allylthiourea, SnCl2, ethylenediaminetetra-acetic
acid, etc., increasing linearly with increase of the ratio
(T/r])1/2, where T is the temperature and q the viscosity
of the medium. This relation served as a basis for the
conclusion that the decolorisation process is controlled
by the diffusion of the components. It has been suggested
that, in the absence of donors, the unexcited dye mole-
cules serve as a reductant to a greater extent than the
medium.

Kamogawa104'105 investigated the photodecolorisation of
polymeric dyes introduced into a PVA or cellulose matrix
together with Fe2+ as the donor and enzymes. As expected
from the consideration of the phenomenon in the liquid
phase108"111, the added Fe2+ ions do not ensure the complete
decolorisation of the film, since the Fe3+ ions formed in
the course of the reduction of the dye are a powerful oxi-
dant and induce the reverse reaction in the dark. Enzymes
increase the rate of the photochemical reduction of the
polymeric dye, but the addition of water constitutes the
most effective means of accelerating the photochemical
decolorisation process. An estimate based on the experi-
mental data presented in the relevant paper shows that the
transmittance at A = 600 nm increases from 4 to 94% as a
result of the absorption of the light energy IoAt = 1-4
J cm"2.

The finding that the rate of photochemical reduction is
controlled by diffusion and therefore proceeds slowly in the
solid phase apparently limited the number of studies whose
aim was to employ the photodecolorisation of thiazine dyes
in photography. In contrast to solid layers, numerous
studies have been devoted to the photochemical reduction
of thiazine dyes in the liquid phase. When aqueous and
alcoholic solutions are used, the nature of the decrease of
the concentration of the dye following its photoexcitation
confirms112"116 the hypothesis but forward for the solid
phase that the colourless leuco-form is produced as a
result of the interaction of the excited dye molecule with a
donor and, in its absence, with an unexcited dye molecule.
A slow decomposition of the functional groups as a result
of the interaction of the excited dye with the solvent has
also been observed in alcoholic solutions. In aqueous and
alcoholic solutions Dye+ and D do not exist as a complex
but interact on collision, as shown by the increase of the
quantum yield with increasing donor concentration in
accordance with the relation

\/<£> = a + b/JHp]. (30)

Arvan and coworkers24'117"120 demonstrated the forma-
tion of a a-complex (quasi-leuco-form) between Dye+ and
the leuco-form of a dye of a different class and also
between Dye+ and the solvent (pyridine) under the influence
of light corresponding to the Dye+ absorption band. It
was shown120 that pyridine or an electron-donating additive
add to the central nitrogen atom of the dye, which ensures
its decolorisation. The increase almost by an order of
magnitude of the rate of reduction of MB+ by hydrogenated
aromatic hydrocarbons under dark conditions after the
introduction of amines has been explained121 by the primary
formation of a a-complex and its subsequent reaction with
the hydrocarbons, terminating in the formation of MBH,
the initial amine, and an aromatic molecule. In contrast
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to PVA films, when poly(vinyl chloride) (PVC) was used
as the film-forming material, the independence of the
quantum yield of the products of the decolorisation of MET,
in the presence of tribenzylamine (TBA) as the donor, of
the MB+ and TBA concentrations122'123 was demonstrated
for [TBA] > 0.1 mole dm"3. The yield 4> was calculated
from experimental data by the formula

— 1> = < D -
1 . 1 9 6 X 1 0 6

(31)

obtained by integrating Eqn. (17) for D = Di and amounted
to 4> = 0.08. Here Do and D are respectively the optical
densities (at A m a x = 665 nm) of the initial film and the
film illuminated during the period At with monochromatic
light (A = 652 nm) having an intensity /0.

The independence of $ of [TBA] and [MB+] indicates the
presence of associated species comprising MB+ and TBA,
for example of the type of weak a-complexes. The
following set of reactions then take place:

(MB+ ... TBA) —5*-> (MB+* ... TBA),

(MB+* ... TBA) —---- (MB+ ... TBA),

(MB+* ... TBA) — - MBH+ M,

and 4> is determined by the relation

~ __ [MBH] «,
(MB** ...TBA] *, + *, '

which differs from Eqn. (30) for photochemical reduction
on collision between the component molecules.

Since the rate of photodecolorisation of coloured PVC
films on photoexcitation of MB+ in the absence of a donor
was the same as that measured in the presence of tri-
phenylamine (TPA) but increased by a factor of 130 on
passing to TBA and since the radicals MB' arose in the
presence of TPA at higher concentration than after the
addition of TBA, it was concluded that TBA ensures the
reduction of MB+ to MBH by transferring not only an
electron but also a hydrogen atom to the dye via the reac-
tion

:I-N (CH;,)2

N.

_ N (CH,)2 _

Ph

CH2

.N—CH2—Ph
\

CHj
\

Ph

N (CH3)2

Ph

/ CH2

\ u
NH + Cl-N-CH2-Ph

/ I!
\ CH

/" 1
PhAt low TBA concentrations, corresponding to an appre-

ciable fraction of MB+ in a non-associated state according
to Eqn. (15), the relation lg(10D - 1) = f(At) gives rise to
two sections corresponding to the photochemical reduction
of the dye molecules in both associated and free states.
The separation of these contributions at different TBA
concentrations made it possible to determine K — 10 dm3

mole"1 [Eqn. (15)]. In the system considered the light
sensitivity in the region of A — 600-700 nm corresponds to
a decrease of the optical density by AD = l a s a result of
the effect of the incident light having an energy /oAfi.o =
33 x 10"3 J cm"2.122'123 This quantity exceeds approxi-
mately by two orders of magnitude the light sensitivity of
PVA films coloured by MB+ and is due to the presence of
associated species, which rule out diffusion-dependent
limitation of the rate of the photochemical reaction.

Japanese investigators1'3 suggested that dye layers
vacuum sputtered onto a support at 60-70°C be used in
reproduction (they designated these dyes by the abbrevia-
tion TED-Thermally Evaporated Dyes). The process is

based on the ability of certain dyes to dimerise as a result
of photoexcitation18. Since the dimers absorb light in the
region displaced by several tens of nm towards shorter
wavelengths compared with the absorption of the mono-
mer, the image remains coloured and is difficult to dis-
tinguish from the unexposed regions. The image is
developed by treating the layer with a non-polar solvent
and heating. In the former case the dye is removed from
the unexposed regions but remains in the exposed regions
owing to the decrease of solubility as a result of the for-
mation of dimers. In the case of xanthene dyes such as
rhodamine B and its derivatives, the greater thermal
stability of the dimers compared with the monomers is
used. In order to develop the exposed regions, which
have a higher content of dimers, use was made31 of the
ability of these dyes to undergo an irreversible conversion
into the lactone form as a result of heating to 70-140°C,
which has been thoroughly investigated24'27'30. After
heating, the coloured layer remains on the exposed
regions, but ihe unexposed regions become colourless,
since, in contrast to the cationic dye which absorbs in the
region of 550 nm, the absorption spectrum of the lactone
form is in the ultraviolet. The light sensitivity of the
layers is low {~0.3 J cm"2), but the layers consist of only
one component and are distinguished by a high resolving
capacity.

V. LIGHT SENSITIVE CHARGE-TRANSFER COMPLEXES
BASED ON ORGANOMETALLIC COMPOUNDS

There exists yet another class of compounds which
undergo further chemical reactions involving charge-
transfer states and are extremely promising for the for-
mation of image recording systems. These are organo-
metallic compounds and in the first place ferrocene and its
derivatives.

The fundamental studies carried out during the last ten
years showed that the photochemistry of organometallic
compounds has its characteristic features and many
phenomena have still not been fully explained even for the
simplest systems. Photochemical reactions involving
the decomposition of many ferrocene derivatives were
first observed by Nesmeyanov and coworkers124'126. A
number of reviews have been devoted to the chemistry of
metallocenes and transition metal carbonyls The
mechanisms of photochemical reactions have been con-
sidered mainly in relation to solutions and it is very
difficult to use these results for reactions in solid mat-
rices, particularly since the solvent effects for organo-
metallic compounds are very considerable. The use of
organometallic compounds in recording systems is based
on photochemical reactions in the solid state and, with a
rare exception130, the chemistry of photochemical pro-
cesses has not been established at all reliably in most
instances.

Systems where the photochemical reactions proceed
with precipitation of charge-transfer complexes are of
interest for the present review. These are the most
promising for use in recording systems. Brand and
Snedden13 observed a dissociative charge-transfer band in
the absorption spectra of ferrocene solutions in carbon
tetrachloride. When these solutions are irradiated with
ultraviolet light, ferricenium tetrachloroferrate(III) is
formed quantitatively. In the presence of compounds
containing mobile hydrogen, the ferricinium salt is trans-
formed into ferrocene The formation of ferricinium
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tetrachloroferrate(III) was also observed133 in the photoly-
sis of ferrocene in hexachlorocyclopentadiene. In solu-
tions of organic halogeno-derivatives in ethanol photo-
chemical substitution of ferrocene takes place134. It is
thus possible to introduce ethoxycarbonyl, formyl,
ethoxymethyl, benzyl, and allyl groups into the ferrocene
molecule under the influence of ultraviolet light135 via the
general mechanism

R=CClj, C.HClo, or CH2CI;

ll'= CO/'.Jl-, CHO, or CH2OC2H5.

The ultraviolet absorption spectrum of ferrocene in
ethanol has a band with Amax = 440 nm, which has been
attributed to a d — d* transition and a band with Amax =
325 nm assigned to 3d — MO*, MO — MO*, or symmetry-
prohibited 77 — 77* transitions. The absorption at wave-
lengths below 300 nm is apparently due to a ir —• it* or
n — 7r* transition136. An absorption with a maximum at
307 nm, associated with charge-transfer, is manifested
in ferrocene solutions in carbon tetrachloride. When
other halogen-containing organic solvents are used, such
as chloroform, dichloromethane, allyl bromide, benzyl
chloride, trichloromethylbenzene, and p -nitrobenzyl
chloride, Amax for the charge-transfer band is located in
the region between 300 and 380 nm, while for chlorides
such as n-butyl chloride, allyl chloride, and a number of
others, a charge-transfer band was not observed in the
presence of ferrocene. Accordingly the yield of substitu-
tion products in the latter case is much lower than in
systems forming CTC. The mechanism of the substitu-
tion reaction has been investigated in detail The
dependence of the quantum yield of the photosubstitution
reaction (and of the decomposition of ferrocene) on the
wavelength shows that it is zero in the region of the d — d*
transition, while excited states with charge transfer lead
to the effective formation of substitution products.
Excitation by light at shorter wavelengths stimulates such
reactions as a result of the decomposition of ferrocene
molecules by the chlorine atoms generated by the direct
photochemical decomposition of the halogenohydrocarbons.
Measurements by flash photolysis137 suggested a mecha-
nism of the formation of coloured products: the first
stage of the photochemical reaction is believed131 to consist
of the excitation and decomposition of the CTC:

Fe . . . C1CC13 (CTCJ + cci: + a"

According to Beckwith and Leydon138, the ferricinium
cation is extremely reactive towards free radicals, in
contrast to ferrocene itself:

^rVH

+ CClj

The subsequent stages were determined less reliably.
On pulsed illumination, FeCl3 is formed in an overall
process which obeys first-order kinetics and has a rate
constant of ~(1.6 ± 0.5) x 105 s with subsequent formation

of ferricinium tetrachloroferrate(III) and, in the presence
of ethanol, of ferrocenecarboxylic acid:

FeCi;

In contrast to normal ferricinium ions, ferricinium
tetrachloroferrate(III) does not interact with trichloro-
methyl radicals. It has been suggested that the formation
of ferricinium tetrachloroferrate(III) in ferrocene solutions
in CCU be used in 60Co y-radiation dosimeters139, because
the concentration of the ferricinium salt formed is pro-
portional to the absorbed dose.

The formation of CTC between ferrocene and halogeno-
hydrocarbons is used in recording layers. On formation
of the CTC in the solid state, the acceptor interacts with
the pentadienyl ring and not with the metal The exact
mechanism of the photochemical processes in such solid
systems has not been investigated, but there is no doubt
that its main stages have much in common with reactions
in solution. Compositions containing ferrocene or its
derivatives and photolytic halogenohydrocarbons are
characterised by a spectral sensitivity which embraces
the visible region, in contrast to many other organic
systems which are sensitive only in the ultraviolet region.
In a system incorporating ferrocene and CBr4 a complex
having the composition Fc.3CBr4 with Amax — 388 nm is
formed The absorption band of the complex extends
into the visible region up to ~600 nm. The bathochromic
shift of the CTC absorption band when CCU is replaced by
CBr4 is associated with the increase of the electron
affinity (0.15 and 1.17 eV respectively). The formation of
the CTC and its absorption spectrum fully determine the
light sensitivity of the recording layers and its spectral
range143.

Compositions based on ferrocene or its derivatives
and halogenohydrocarbons are used in the manufacture of
reproducing materials with an increased sensitivity in the
visible light. These layers can be effectively stored in
the dark, are fixed on heating, are readily activated, and
do not require a chemical treatment140. Other ways of
employing light-sensitive layers containing CTC have also
been proposed. Thus layers based on vinylferrocene
copolymers with halogenohydrocarbons become electri-
cally conducting in the exposed regions. The subsequent
employment of electrophotographic stages makes it possi-
ble to obtain a large number of copies from a single
exposed layer. Layers with CTC comprising vinylfer-
rocene copolymers with nitrogen-containing heterocyclic
compounds and halogenohydrocarbons have now been
obtained; after their exposure and treatment with metha-
nol, a coloured image is produced141.

The latter process can also be regarded as a photo-
chemical reaction of the ammonium forms of nitrogen-
containing ferrocenes142, which was first observed in
relation to a -ferrocenylpyridinium methiodide:

+ Fe (inorg.)
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The above discussion shows that definite achievements 14.
have been made in the use of charge-transfer states for
the formation of light-sensitive layers with a wide variety
of photographic characteristics. Interactions with charge
transfer are universal—it is difficult to point to a system 15.
in which they do not occur and in which they do not con-
tribute to photochemical processes, but their detection
involves difficulties in many instances. The formation on
photoexcitation of radical-cations and radical-anions
changes the spectroscopic characteristics in the visible
region under the influence of infrared and ultraviolet
radiation, which makes it possible to obtain contrasting
layers. One may also note that, among other organic
systems, only layers based on the use of charge-transfer 16.
states approach the sensitivity of silver bromide layers.
This is associated with the possibility of using physical
developers and of intensifying the latent image by the
action of light corresponding to the absorption band of the
coloured photochemical reaction products. These layers
also possess special properties—sensitivity within narrow
spectral regions of the visible, infrared, and ultraviolet, 17.
the possibility of multicoloured recording, as well as the
recording of holograms. 18.

The mechanism of the photochemical reactions of CTC
has been studied mainly in solution. The application of
the results to solid layers is open to serious objections, 19.
particularly in systems sensitive to the characteristics
of the medium. The study of the photochemistry of
charge-transfer states in solid multicomponent systems
forming CTC is therefore important for the development 20.
of light-sensitive layers.
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