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F. P. Schiifer 

I n u o d u c d o n  

In the years since 1964, when the first passive Q-switching with organic dyes was 
accomplished, the use of organic dyes in laser technology has become increasingly 
important. Some of the most important developments in the laser field would not 
have been possible without organic dyes, and one can foresee even further pos- 
sibilities for the use of dyes in laser technology which could be realized in the near 
future. 

There are several reasons for the usefulness of organic dyes ill the laser field. 
A physical reason can be seen in the very large cross-sections of dyes for the inter- 
action with light, not only for a few lines but for broad bands in the visible part 
of the electromagnetic spectrum, including some extensions to the near ultraviolet 
and infrared. As a chemical reason one can give the almost infinite variety of 
dyes (with the resultingly large variation of their properties) which can be syn- 
thesized using the methods of Organic chemistry. Finally, one should not forget 
to mention the inexpensiveness of organic dyes, an obvious advantage in many 
applications. 

This short review will discuss all of the different applications of organic dyes 
in the laser field which have been reported up to the present, emphasizing a 
unified treatment of basic principles and leaving a discussion of the details to 
special reviews and monographs of the different applications. Within the limited 
space available it is not possible to give a complete list of references. Therefore, 
only a selection of the most important literature references will be presented here 
to enable the interested reader to acquire the complete literature of this field from 
the secondary references cited in these papers. Two review papers on organic dyes 
in laser technology appeared in 1970 1,~). 

Applications making use of the nonlinear absorption of dyes are passive Q- 
switching in solid-state lasers, pulse shaping, pulse intensity measurements of 
high-power ultrashort pulses, optical isolation between amplifier stages of high 
power solid-state lasers, and pulse width measurements of ultrashort pulses by 
the two-photon-fluorescence (TPF) method. 

Dye lasers are presently the most important application of organic dyes in 
laser technology, making use of the fluorescence of dyes. 

Finally, the nonlinear polarizability of dyes is used for frequency tripling the 
output of high-power lasers. 

The nonlinear absorption of dyes will be treated first, followed by a description 
of the various applications making use of this property. Dye lasers will be examined 
next, but only briefly, since a monograph on dye lasers has recently been pub- 
lished 3). Finally, frequency tripling in dyes will be considered. 

It should be stated here that the term "dye" is used in this context in its 
broadest meaning, and is meant to include all organic compounds with con- 
jugated double bonds since the mechanism of their interaction with light always 
involve the excitation or deactivation of a-electrons. 



Organic Dyes in Laser Technology 

Nonlinear Absorption 

A simplified energy level diagram of an organic dye is given in Fig. 1. I t  shows the 
singlet levels So, SL S~ . . . .  and the triplet levels Tx, T2 . . . .  with some rovi- 
bronic sublevels indicated. The absorption (upward) and emission (downward) 
arrows are drawn as sharp single lines as are the energy levels. Actually, however, 
the energy levels are smeared out considerably by  solvent-solute interactions, and 
the huge number  of possible transitions between the sublevels of the higher and 
lower levels form a quasi-continuum with a broad envelope, generally several 
thousand wavenumbers  wide. Only at low temperatures  ( <  20 K), when the 
environment of the dye molecules cannot change significantly, is it possible to 
observe sharp, linelike spectra, when the fluorescence is excited with a laser of 
small spectral width as has been demonstrated only recently 4). We will come 
back to this problem of the superposition of many  sharp spectra to form a broad 
band in the discussion of "spectral  hole-burning". 

The radiationless transitions are indicated by  wavy  lines with the correspond- 
ing rate constants or lifetimes. The rates of thermalization of a dye molecule after 
an absorptive or emissive transition, namely k' in the excited singlet state S1 and 
k" in the ground state So, are so fast tha t  they have not yet  been reliably measured. 
From indirect evidence they are believed to be k' ~ k "  ~ 1012 - 1013 sec -1. The 
rate k21 of radiationless internal conversion from $2 to $1 has recently been 
measured for several dyes and was found to be in the range k21 ~ 1011-  1018 
sec-1 5,6). While kT~, has not yet  been measured directly, there is no reason to 
believe tha t  it should be much different from k21, and indirect evidence seems to 
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Fig. 1. Generalized energy level scheme of an organic dye molecule. Straight arrows : radiative 
transitions, wavy arrows: non-radiative transitions. The sigmas, kays, and taus are the cor- 
responding cross-sections, transition rates, and lifetimes, respectively 
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confirm this assumption. The triplet lifetime ZT is many orders of magnitude 
longer than the fluorescent decay time TF since the transition T1-~S0 is spin- 
forbidden. The triplet lifetime approaches the radiative lifetime at very low 
temperatures and is then found to be several seconds for many dyes 7~. At room 
temperature, in liquid solution, ZT is markedly reduced by  spin-orbit coupling 
with triplet-quencking agents, such as 02 or solvents with heavy atoms, and can 
be less than 100 nsec. The sum of k l o + k s T  can easily be obtained when the 
fluorescence decay time zF is known by comparing with the radiative lifetime *FR 
--  obtained from the absorption spectrum with the help of the Strickler-Berg 
formula s> _ since 1]zF = 1/zFI~ + kl0 + ksT. The two rates can also be distinguish- 
ed if the quantum yield of triplet production ~?T is known, for example from flash- 
photolysis data, since ,l~ =ksT'zF.  The relative importance of kl0, the internal 
conversion rate, and ksT, the intersystem crossing rate, on the radiationless 
deactivation of dye molecules differs greatly for different dyes, even within the 
same class of dyes, when the structure is slightly changed, and it depends very 
much on the environment. 

The spontaneous fluorescent decay time zF is connected with the radiative 
lifetime Zl~l~ and the quantum yield of fluorescence ~F by ~p ~l~/Zl~.  Since the 
radiative lifetime is of the order of a few nanoseconds in most dyes, the spontaneous 
fluorescent decay time is about the same for quantum yields of fluorescence near 
unity (i.e., kl0 ~ k s T  ~0)  and decreases to a few picoseconds for quantum yields 
of the order of l0 -3. 

A large amount of information has been accumulated on T-T-absorpt ion 
spectra 9> although the excited singlet state absorption spectra are much less well 
known 10). 

With the above facts in mind we can now proceed to discuss tlle characteristics 
of light absorption in organic dyes at high light intensities. 

Let  too, ml, m2, m~l, m2,2 be the populations of the lowest rovibronic sublevels 
of So, S1, S~, T1, and T2, respectively, with m = too  + m l  + m 2  +roT1 the total 
dye population [molecules/cm3]. For simplicity the populations of higher rovibronic 
states are assumed to be negligibly small, which means that  k' and k" are assumed 
to be much greater than all other rates involved and that  the temperature is low 
enough so that  the Boltzmann distribution leaves higher sublevels empty. 

Let  us first consider the simplest case of a dye which has no excited singlet 
state absorption in the spectral region of the longest wavelenght absorption band 
corresponding to the transition So -~S1, and has a time of irradiation that  is long 
compared to zF and short compared to 1/ks~,. The latter condition means that  
we can forget about the triplet state in this simple case. A dye fulfilling these 
conditions would, for instance, be a xanthene dye with a quantum yield near 
unity and an irradiation time of around 20 nsec. This could be produced using a 
giant-pulse laser, suck as a frequency-doubled neodymium laser, which would 
irradiate the dye at a wavelength of 532 nm and which should be absorbed by  the 
particular dye. Now the rate equations for the populations in this simple case are 
the following: 

mo Golnc + ml/r (1) 
at 
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= m o  a o l n c  - md~r, (2) 3t 

m l  + t o o  = m .  (3) 

Here n is the photon density [photons/cm 3] and c is the velocity of light in the 
medium, so that  nc  is the intensity of the laser light expressed in photons/cm 9'. sec. 

For an optically thin sample we can neglect the variation of nc  over the 
distance x traveled by the light in the dye solution. Then, combining (1), (2), and 
(3) results in 

T N = I  - - - - . 4  = 1  mo _ nc~o~rr (4) 
A o m 1 + nccr0xvF ' 

where TI~ is the normalized transmission, A the absorption of the sample at a 
laser intensity nc,  and A 0 the transmission of the sample at low light levels, since 
the absorption of the sample is proportional to the population density m0 of the 
ground state So. If we call the laser intensity at which the normalized transmission 
equals 1/2 the saturation intensity (nc)s, then 

and (4) becomes 

(nc)s = 1 / (r  (s) 

T~r = ,,c/(*,c)s (6) 
1 + nv/(nc)s 

A plot of the relative transmission TI~ of the dye sample versus the normalized 
laser intensity nc / (nc ) s ,  according to (6), is shown in Fig. 2. I t  is seen that  the 
absorption is completely bleached at very high light levels. 

1. 
! 

o.I 

o.o! 

(3,001 , , . . . . . .  i . . . . . . . .  i . . . .  ' , , , , t  . . . . . . . .  i . . . .  

o,ooi o,oi o.1 ~ 1o Jnc)o 

(nc)~ 
Fig. 2. Norma l i zed  t r a n s m i s s i o n  T]v v e r s u s  t he  no rma l i zed  laser  i n t e n s i t y  nc/(nc)s, accord ing  
to Eq. (6) 
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For optically thick samples, which is the more interesting case applicable to the 
majori ty of experiments, Eqs. (1) - (3) have to be combined with the photon- 
transport  equation: 

On On 
a--~ + c~x = - -  m o a o l n c .  (7) 

Since TF is assumed to be much smaller than the width of the laser pulse we 
may treat  this problem as a stationary one and set all partial time derivatives 
equal to zero so that  one differential equation remains: 

On 1 
--'~x = - ncaolrn  1 + n~a01,~ (8) 

Integrating (8) from x = 0 to x ---- L, the depth of the sample, we get 

in (nc)v. + a o l x v [ ( n c ) E - -  (nc)0] = -- a o l m L  
(~c) o 

(9) 

where (nc)o is the laser intensity entering the sample and (nc)E the intensity at the 
exit. For  small light intensities this relation reduces to Beer's law, 

lnTo = In (nc)s __ # o l m L ,  (10) 
(nc) o 

with To being the low-intensity transmission. Using the intensity dependent 
transmission T = (nc)•/(nc)o, (9) can be rewritten as 

or 

r = To exp [ a 0 1 ~  (nc) o (1 - T)] (11) 

InT/T_~o ~ (~c)_~o (12) 
1 - -  T (nc)s 

This relation 11) gives the sample transmission T as a function of the normalized 
intensity (nc)o/(nc)s. Figure 3 shows the saturation characteristics, according to 
(12), for several values of To. These curves approach complete bleaching of the 
sample at very high light levels, as in Fig. 2., but  the point where the absorption 
of the sample is half of the initial value Ao = 1 -- To is not reached at (m)o/(nc)s  
= 1, but  rather  at higher light levels: the greater is A 0, the higher is the light 
level at half-absorption. 

Unfortunately there are no experimental results which could be compared 
with these theoretical curves. All experiments reported in the literature are 
either made with cyanine dyes showing some excited state absorption or with 
phthalocyanine dyes which have an extremely high intersystem crossing rate so 
that  triplet populations cannot be neglected. 



Organic Dyes in Laser Technology 

IT 
1,0. 

0.8' 

0.6. 

o t ~ 

o ~ (nc )o  
oo, o, , lo ,oo '";G6o " ( n c ) s  

Fig. 3. Transmission T versus normalized laser intensity nc/(nc)s with low-level transmission 
To as a parameter 

To include excited-state absorption into the above model, Eqs. (1)--(3), and 
(7) have to be rewritten and another rate equation for the population m2 of the 
singlet level $2 has to be included: 

Ot 
- -  - -  m o  ~ o  1 n c  + m i / z ~  (1 a) 

~.~1 _ (too ~ o i  - m l  ~ i2 )  nc + m~,k~l- mil~F (2 a) 
Ot 

Om2 
- -  m i  gi2nc -- m 2 k z i  (13) 

ot 

mo- } -m l  + m 2  = m 

On On 
O--i + c-~-x = -- (aoimo + ~i2m2) n c  

reducing again to a single differential equation, 

(3a) 

(7a) 

0n 1 -~ 612TFn6 
C ~x = "  - -  nca~ .+ aOU~F'nc (1 -1- az~nc /h2 i )  

with the solution i2), 

ln(~--~o ) - k c r o i ' ~ F ( n c ) o ( T - 1 ) - ~  (goi _ 1 -  got lnF' 0 
\ai~ crl2~Fk2i [ 1 +ai2~r(nc)o J 

(11 a) 
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For low intensities ((nc)o < (nc)s) this reduces to (11); for high light intensities 
((nc)o >k21/a12), however, to 

T ~ To  [ (az21*~176 , (14) 

which shows tha t  for very large values of k21 there should be a residual absorption 
at  high light intensities: 

T ~ To <~12t*01) . (15) 

This lat ter  result has already been derived by  Hercher 11). 
To test  this model, the nonlinear absorption of cryptocyanine solutions has 

been investigated by  several authors 13-15). The most conclusive results were 
obtained by  Schfiller and Puell 12) who used a ruby  laser which, when focussed, 
produced an intensity of nearly 1010 W/cm 2 during a pulse width of 8 nsec. Their 
results for cryptocyanine dissolved in glycerol or alternatively in methanol are 
shown in Fig. 4. The solid lines in this figure, drawn through the experimental 
points, show the best fit to the relation (11 a). The fitted parameters  for glycerol 
solutions were a12, zF, and k21 which were fitted at  the points indicated by  arrows 
and resulted in the following values: az2 = 10 -16 cm ~', TF ---- 0,83 nsec, and k21 
= 0,83-1012 sec -1. The value of a0: = 5.10 -16 cm ~' was taken from the recorded 
absorption spectrum. For methanol  it is known tha t  *F is much shorter 16), while 

PHOTON FLUX [cm-2sec - I ]  

102/* 1025 1026 1027 1028 1.0 '~ '"1 . . . . . . . .  ~ . . . . . . . .  I . . . . . . . .  I . . . . . . . .  t -- 

) CC in Glycerol 

1.o ..... l ........ l ........ l ''"'"'~ ' '~':J~ - 
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0.I 

0.01 i W ~ I  ,I ,b) CC inlMethono ! 

10 5 10 6 10 ? 10 8 10 9 1010 
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Fig. 4. Measured transmission versus incident  l ight  in tensi ty  for solutions of cryptocyanine in 
glycerol and methanol  a t  room temperature.  Ini t ial  dye transmission To = 1%. Theoretical 
curves (--)  according to Eq. (11 a) were obtained from matching  theory and  exper iment  a t  
points indicated by  arrows. (From Rcf. 12)) 
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one should expect the ratio al2/a01 and the value of k21 should remain unaffected. 
Hence the only parameter tha t  had to be readjusted was rF. This was done at the 
point indicated by  the arrow resulting in ZF = 25 psec for this solvent. The 
agreement between the theoretical curve and the experimental data is seen to be 
excellent. The molecular data  obtained by the curve-fitting must be regarded 
with some reservations, however, because of the neglect of stimulated emission 
which acts in two ways. First, the stimulated emission at the ruby laser wavelength 
would become noticeable at the highest pump powers, affecting the value of a12 
and/or k21. Second, spontaneous emission is amplified at the wavelength of the 
peak of the fluorescence spectrum when it passes through the excited parts of the 
sample, thus effectively shortening the fluorescence decay time rF at high inten- 
sities. The values of rF found in these experiments are already shortened by  
stimulated emission and can only be considered a lower bound for the true spon- 
taneous fluorescence decay time TI~ as measured at low light levels. The excitation of 
the second excited singlet state $2 in these experiments is also substantiated by  
similar experiments by  Mfiller and Pfltiger 17) who found an anomalous blue 
fluorescence in ruby-laser-excited solutions of cryptocyanine, the kinetics of 
which also confirmed it as a two-step population of $2 by the ruby laser excitation. 

The situation is quite different with dyes like the phthalocyanines which have 
very high intersystem crossing rates kay, (e.g. vanadiumphthalocyanine, ks~, > 
6. 109 14)). In addition, the triplet lifetime TT is usually in the microsecond region 7) 
for air-equilibrated samples and even longer in degassed solutions. This means 
that  a laser pulse of a few nsec duration will increase the transmission of the 
sample by bringing many molecules into the triplet state T1 via the excited 
singlet state S1. How much the transmission is increased no longer depends on the 

t 
peak intensity but  rather  on the energy density of the laser pulse J = c f  n (t)dr. 

0 
We therefore define an energy transmission ll) 

T j  ~ ( t r a n s m i t t e d  energy  densi ty)  = J__ 

( incident  energy  densi ty)  J o  

with J0  being the energy density of the incident laser pulse. Neglecting excited 
singlet and/or triplet state absorption, which is justified in the case of the phthalo- 
cyanines, and assuming that  the internal conversion rate kl0 can be neglected in 

comparison with ksT, which means that  */F -- l/~Fi~ we obtain the following 
1/~FR + hs,r " 

rate equation for m0 in an optically thin sample: 

dmo/dt = -- m0a01 (1 - ~F) nC. (16) 

For every molecule which absorbs, ~F molecules return directly to the ground 
state, while 1 -- VF are transferred into the long-lived triplet state, Integrating (16) 
g i v e s  

mo(t) - -  e -~ (17) 
m0 (t = 0) 
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or a normalized energy transmission TNj of 

T I ~ J  = 1 -  e -~ . (is) 

which becomes with J s  = l/[qo (1 - VF)], 

TIC, j = 1 - -  e J / d s  . (18a) 

This result shows that  J s  is the energy density that  is needed to reduce the 
sample absorption by  a factor of 1/e. Similarly, for an optically thick sample one 
findslO 

T j  = ( J s / J o ) l n [ 1  + T o  (e J~ -- 1)]. (19) 

Plotted curves illustrating this relation, Fig. 5, resemble very much the curves 
of Fig. 3. Consequently, one cannot infer from a measured intensity or energy 
saturation curve reliable values of molecular data  without additional information, 
as for instance an independent measurement of kz~,. Another possibility is a 
measurement of the temporal characteristics of the bleaching as demonstrated in 
an experiment by  Hercher et al .  14). These authors bleached a thoroughly degassed 
solution of metal-free phthalocyanine in 1-chloronaphthalene by  a ruby laser 
pulse (694.3 nm) of about 59 nsec pulse width. At the same time they measured 
the absorption at 632.8 nm using a He-Ne-laser, and the result of this measurement 
is shown in Fig. 6. I t  clearly demonstrates that  the sample was almost completely 
bleached even before the laser pulse reached its maximum intensity, and that  
almost all of the molecules were stored in the triplet state because the transmis- 
sion did not decrease with the fall of the laser intensity for at least 100 nsec. A 
small residual absorption indicates triplet-triplet absorption. 

F o r  the general case, when neither the steady state approximation nor ap- 
proximations regarding relaxation rates axe valid, one has to use computer solu- 
tions of a set of rate equations, analogous to those above, including the triplet 
population. 

! 
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Fig. 5. Energy transmission T j  versus normalized energy density ]o/Js. (From Ref. la)) 
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Fig. 6. Relative laser pulse intensity versus time of a ruby giant pulse laser that  was used to 
bleach a solution of metal-free phthalocyanine and transmission of the dye solution at the 
wavelength of the He--Ne--laser.  (From ReI. 14)) 

Noteworthy is the behaviour of some dyes, for example indanthrone dyes, 
which become opaque with high-power laser irradiation in contrast to the normal 
saturation of absorption discussed above 15). It could be shown that in these cases 
photochemical processes are operative, creating species which exhibit a higher 
absorption coefficient at the laser wavelength is). 

Q-Switching of Solid-State Lasers 

The most important application of the nonlinear absorption characteristics of dye 
solutions is the so-called passive Q-switching of solid-state lasers, in particular 
ruby lasers emitting at 694.3 nm and neodymium lasers emitting at 1.064 #m. 

To explain this application, we consider the schematic drawing of a giant pulse 
laser, shown in Fig. 7. Such a laser consists essentially of (1) a rod of active 
material AM (for example a ruby or neodymium glass or neodymium-doped rod 
of yttrium-aluminum garnet) excited by the light pulse from a flashlamp F, 

F 

DC AM 
M2 MI 

Fig. 7. Experimental  arrangement of a giant-pulse laser (Q-switching by dye solution). AM, 
active material {e.g. ruby crystal rod), F, flashlamp, MI, M2, resonator mirrors, DC, dye cell 
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which is generally focussed onto the axis of the rod by  an elliptic cylinder (not 
shown in the drawing) which surrounds both the rod and the flashlamp, each being 
positioned at one focal line of the elliptic cylinder, (2) two mirrors M1 and M2 
with reflectivities R1 and R2, respectively, which are aligned parallel to each other 
and normal to the axis of the rod, and (3) a dye cell DC, containing a dye solution 
of low-level transmission To at the laser wavelength, the faces of the cell often 
being antireflection coated for smaller reflection losses. 

If the flashlamp is fired, the active material is excited and an inversion 
i = M u  -- ML builds up, Mu  and ML being the population density of the upper 
and lower laser levels in the active medium. As the inversion increases, the 
amplification V (t) by stimulated emission in the active medium rises accordingly: 

V(t) = e *I~*L . (20) 

Laser oscillation will start  when V (t) has increased to such a value that  the 
overall amplification in one round trip of a photon through the laser resonator is 
greater than unity, resulting in the oscillation condition 

V 2 . T ~ . R 1 . R 2 >  I . (21) 

As soon as the laser oscillation starts and the laser light level nc increases, the 
absorption of the dye solution decreases. The decreased attenuation of the laser 
light in the dye cell is equivalent to an increase in the overall amplification result- 
ing in a much faster rise of the laser intensity. This again will have the effect tha t  
the transmission of the dye cell is increased at an even faster rate, and so on, in a 
fast regenerative process, until the absorption is completely bleached (or at least 
until only the absorption is left) and a so-called "giant laser pulse" is emitted. 
The width of such a giant pulse can vary from a few nsec to about 100 nsec, depend- 
ing mainly on the initial transmission To but  also on the inversion and the mirror 
reflectivities. 

A quantitat ive description of giant pulse generation is again given by  a set of 
rate equations; in the simplest case one for the inversion, another for the popula- 
tion density m0 of the dye in the ground state So and a third for the laser light 
intensity nc. If excited state absorption has to be taken into account, additional 
rate equations would have to be added as described above in the section on 
nonlinear absorption. 

The result of a computer solution of the rate equations is shown in Fig. 8 for a 
typical example, in this case the cyanine dye 3,3'-diethylthiadicarbocyanine 
bromide (DTDC) in methanol solution as a Q-switch for a ruby laser, with To = 
0.36. Peak laser powers of over 500 MW/cm 2 are easily obtained with dye solutions 
as passive Q-switches. 

Until recently a general drawback of this passive Q-switching scheme was the 
difficulty of obtaining an exact synchronization of the giant pulse with other 
events in more complex experiments. This difficulty does not exist with active 
Q-switching in which an electro-optic device, e.g. a Kerr-cell or Pockels-ceU, is 
used instead of a dye cell, and one is able to determine exactly the time at which 
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Fig. 8. Laser intensi ty  S and dye populat ion density difference between ground s ta te  and  
excited state, m o - - m l ,  versus t ime /or a typical example of a Q-switched ruby  laser. (From 
Ref. I)) 

the attenuation is switched off and the laser pulse starts. This can be done at any 
time during a period of usually 100/,s to several msec during which the inversion 
in the active material is kept at u sufficiently high level. On the other hand, with 
passive Q-switching one can never be quite sure at exactly which time the slowly 
rising inversion will reach the level at which the oscillation condition is fulfilled 
and the laser pulse is generated because small variations of tile flashlamp light 
intensity from shot to shot give rise to large uncertainties in this respect. 

This difficulty has now been resolved 19} in the following way. The inversion in 
the active material is built up to shghtly below threshold level by  using a slightly 
lower than usual voltage of the energy storage capacitor that  is discharged through 
the flashlamp. At the suitable moment a second capacitor, much smaller than 
the first one and thus being capable of a much faster risetime, is discharged 
through the flashlamp bringing the inversion above threshold in less than a #sec 
and resulting in an exact timing of the laser pulse. 

If a giant pulse from some other laser is available, part  of its intensity can be 
directed at the dye cell of another giant pulse laser whose inversion is slightly 
below threshold. The sudden increase of the dye transmission by the absorption 
of energy from the master laser reduces the threshold of the slave laser, and a 
second giant pulse is generated 20,14,21). This method is also important  for the 
understanding of the so-called hole-burning in dyes, which will be discussed 
below. 

Q-Switch Dyes 

The above discussion of the Q-switching process immediately gives some require- 
ments for a good Q-switching dye. First, this dye must exhibit a saturable absorp- 
tion at the laser wavelength. Second, the residual losses by  excited state absorption 
should be as low as possible. Third, the photochemical stability (and, of course, 
also the chemical stability in the dark) should be as high as possible. Fourth, the 
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dye should be highly soluble in solvents that are compatible with use inside a high 
power laser resonator such as water, methanol, ethanol, dimethylsulfoxide, 
dichloroethane, benzene, and others, that neither exhibit significant absorption 
at the laser wavelength nor are very susceptible to self-focussing, stimulated 
Raman- or Brillouin-emission and similar undesirable phenomena. The solvents 
should also have a low viscosity so that thermal gradients which are either 
generated accidentally or as a consequence of the laser operation, and which 
degrade the optical quality of the laser beam, will quickly disappear. If only dyes 
of a limited photochemical stability are available, one should use a flow cell in the 
laser resonator and a relatively large reservoir for the dye recirculation system if 
one wants a long uninterrupted period of laser operation. 

There are many dyes which fulfill the above requirements, few of which have 
been used until now. The first dyes used with a ruby laser were phthalocyanines; 
the free base as well as chloro-aluminum- and vanadium-phthalocyanine in 1- 
chloronaphthalene or nitrobenzene 22). While these dyes show little residual 
absorption 14) and good photochemical stability, the solubility is relatively low 
and the solvents are not well suited to operation in a laser resonator. 

Other dyes which were used very early are some cyanines, such as crypto- 
cyanine and DTDC ~8,24). There is one insteresting difference between the latter 
two dyes. ~r cryptocyanine has an absorption spectrum with a peakwavelength 
(in methanol) of 707 rim, which practically coincides with the ruby laser wavelength 
of 694.3 rim, DTDC has a peak absorption wavelength of 652 rim, and the extinction 
coefficient is less than the peak value by roughly a factor of 30 at the ruby laser 
wavelength, which in this case practically coincides with the peak of the fluo- 
rescence spectrum. Nevertheless, DTDC is an efficient Q-switching dye, in fact 
even better than cryptocyanine because of its higher chemical and photochemical 
stability. This behaviour is explained by the energy level diagram of this dye 
which is shown together with absorption and fluorescence spectra in Fig. 9. The 
fact that the ruby laser wavelength lies at the extreme long-wavelength end of the 
absorption band, far beyond the wavelength of the O-O-transition, implies that at 
the ruby laser wavelength there can only be transitions from higher rovibronic 
sublevels of the ground state So to the lowest sublevel of $1, and that there is the 
possibility of stimulated emission by ruby laser photons, since these absorptive 
transitions (indicated by upward arrows) coincides with the peak of the spontane- 
ous fluorescence emission. In this way the bleactfing of the dye's absorption is 
already reached when 50% of the molecules are in S1 and 50% in So, neglecting 
the intersystem crossing rate which is supposed to be relatively low in this dye 
since in similar cyanine dyes the radiationless deactivation was found to be mainly 
through internal conversion from S1 to So 25}. In addition, almost all of the 
photons absorbed by the dye at the beginning of tile bleaching process are recov- 
ered through stimulated emission during the laser pulse resulting in a higher 
overall efficiency. 

An essentially incomplete list of other dyes suitable for operation at the ruby 
laser wavelength can be found in 1}. Some merocyanine dyes were investigated as 
Q-switches in ~6}. 

Q-switch dyes for neodymium lasers are not so numerous since there are only 
relatively few dyes known which exhibit absorption due to an electronic transition 

14 



-6 
E 

t ~  

r  

[a} 

~b 

Organic Dyes in Laser Technology 

500 600 

El. 

(b) 
$I Z 

700 
~nm)----- 

800 

Abs. F[. 
\ / 

S o ~  

Fig. 9. a) Absorption and fluorescence spectra of 8,8'-diethylthiadicarbocyanine in methanol 
b) Corresponding energy level diagram. The lengths of the absorption and fluorescence arrows 
correspond to the energy of a ruby photon. (From Ref. 1)) 

at 1.064 #m. The first dyes for this applications were long-chain rigidized thia- 
cyanines 27) and pyrylocyanines zs). These dyes are all relatively unstable in 
solutions, when kept in the dark, and rapidly deteriorate in diffuse daylight. 

Recently, a new Q-switch for neodymium lasers has become available 20) 
which is extremely stable and shows energy-dependent Q-switching similar to the 
phthalocyanines by a rapid intersystem crossing into the triplet state 3o). This 
"dye" is a nickel-complex, bis-[p-dlmethylamino]-dithiobenzylnickel, and has a 
strong absorption band around 1 #m in several solvents. 

Mode-Locking 

Another application which is very similar to Q-switching is the mode-locking in 
solid-state lasers. This application differs from Q-switching in the following 
experimental details. First, instead of a ceil length of 1 cm, which is most often 
used in giant pulse lasers, only cell lengths of 1 mm or less are applied. Second, the 
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cell must be placed as near as possible to one of the resonator mirrors, the best 
position being when the dye solution is in direct contact with the reflective layer 
of the resonator mirror. Third, the dye's spontaneous fluorescence decay time TF 
should be as short as possible. Fourth, there must not be any reflecting surfaces 
parallel to each other apart from the resonator mirrors. This last condition is 
easily fulfilled using either wedged ( ~  1~ ~ compoments or Brewster-angle 
surfaces which give no reflection for the linearly polarized laser light. 

If all of these conditions are fulfilled the laser operates in the following way. 
As the inversion in the active medium slowly increases with increasing excitation, 
the spontaneous emission increases proportionally, fluctuating statistically. These 
statistical fluctuations contain frequency components up to the inverse spectral 
bandwidth, i .e.,  to at least 10 THz. In due course of time one of these statistical 
fluctuations will be so high that  it brings the laser above threshold for the short 
duration of its pulse width. Now this short pulse is traveling back and forth 
between the resonator mirrors, growing as long as there is sufficient inversion in the 
active medium. Consider, however, what will happen to a somewhat lower statis- 
tical fluctuation which happens to occur, say, 100 psec after the first successful 
spike. If Tv,r 100 psec, it will experience a higher attenuation in the dye than 
the stronger spike since it will not be able to bleach the dye to the same extent 
because of its smaller energy. Consequently, the smaller spike experiences a 
smaller amplification in every round trip between the mirrors, and thus the first 
spike will soon have grown to a far greater intensity than the smaller one. Since 
this strong spike uses up the stored inversion of the active material as it travels 
back and forth, the inversion rapidly decreases, and any strong spike which comes 
long after the first strong spike will not find enough amplification in the active 
material left over to grow significantly. In this way there usually remains only one 
strong pulse in the resonator and, since part of it is coupled out every time the 
pulse is reflected from the partially transmitting resonator mirror, the laser beam 
consists of a train of short pulses as shown in the oscillogram of Fig. 10. 

The build-up of the laser pulse from the statistical fluctuation is beautifully 
demonstrated in 31~, where a short period of statistical fluctuations was registered 
with a streak camera while they were traveling back and forth in the resonator. 
A detailed theoretical treatment of this process is given in 3z~ for the case of solid- 
state lasers and in ss~ for the case of dye lasers in which the saturation of the active 
medium plays an important r61e. The halfwidth of the pulse which is finally reach- 
ed in this "mode-locking" process is theoretically determined by the inverse spec- 
tral bandwidth of the active medium provided that  the dye relaxation time zp is 
sufficiently short. 

This effective dye relaxation time ~F is the spontaneous fluorescence decay 
time shortened by stimulated emission which is more severe the higher the excita- 
tion and therefore the higher the population density ml. The dependence of 
fluorescence decay time on excitation intensity was shown in 34,35). Thus, fluores- 
cence decay times measured with high intensity laser excitation s6)37, axe often 
not the true molecular constants of the spontaneous emission rate which can only 
be measured under low excitation conditions. At the short time scale of mode- 
locking the reorientation of the solvent cage after absorption has occurred plays a 
certain r61e 3s~ as well as the rotational reorientation of the dye molecules 3s.4o) 
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Fig. 10. Oscillogram of a typical mode-locked pulse train. Sweep speed 20 nsec per major 
division 

which brings those ground-state molecules which were not excited by the trans- 
mitted pulse, because of an orthogonal orientation between their transition 
moment and the pulse polarization, into a position allowing excitation by the 
next pulse. The often-measured recovery times of dyes used for mode-locking 4t- 
4a), the lowest one of 7 psec, give always a superposition of these effects. 

Intensity Measurement of Ultrashort Pulses 

As described in the section on nonlinear absorption, the transmission of a pulse 
which is short compared to the various molecular relaxation times is determined 
by its energy content. A measurement of the energy transmission ratio will then 
give the peak intensity of the pulse when its pulse shape is known 44~. In fact, the 
temporal and spatial pulse shape is of relatively little importance. Fig. 11 gives 
the energy transmission Tp. as a function of the peak intensity 1 [W/cm 2] for the 
saturable dye Kodak 9860 with the pulse halfwidth as a parameter. It is seen that 
this method is useful in the intensity region between 108 and 10 lo MW/cm 2 for 
pulses with halfwidths greater than 5 to 10 psec. Since one can easily manipulate 
the cross-section and hence the intensity of a laser beam with a telescope, this 
method is almost universally applicable. 

Pulse S h a p i n g  

Since the transmission of a nonlinear absorber is lower in the low-intensity wings 
of a laser pulse traveling through the absorber than in the peak of the pulse, the 
pulse shape is generally distorted in such a way that the pulse width is decreased. 
The front wing of the laser pulse is especially steepened since more energy is used 
up in the first portion of the pulse to excite dye molecules. 

This effect can be used to produce shorter pulses than are obtainable by mode- 
locking alone. Using five transits through a saturable absorber cell (and 4 ampli- 
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Fig. 11. Calculated energy t ransmiss ion T j  versus  peak laser in tens i ty  Io  for several values of 
the  laser pulse dura t ions  A t ,  and the  dye paramete rs  To = 0,173, a = 1,84 �9 10-1aem 2, and 
zF = 9.1 psec. (From Ref. 44)) 

tying stages between them to restore the energy lost to the dye molecules) it was 
possible to reduce the incident pulse width of 8 psec to a transmitted pulse width 
of 0.7 psec 4s). 

Optical Isolators 

For the generation of very high peak powers it is necessary to use many amplifier 
stages in which the pulse from the laser oscillator is amplified to the necessary 
peak power. The high overall amplification factor of such an amplifier chain 
could cause it to break into spurious oscillations long before the peak power of the 
laser pulse from the oscillator stage is reached. This must be prevented by in- 
tensity dependent optical isolators between tile stages, which transmit high in- 
tensities practically unattenuated and reduce the transmitted low intensitylight to 
an insignificant level. 

Much simpler than the use of active isolators, such as rotators making use of 
the Faraday effect, is again a saturable absorber cell which can easily be adjusted 
in length, dye composition and concentration to give the desired low light level 
attenuation and high light level transmission 4~). 

Two-Photon Absorption 

Another nonlinear absorption mechanism in dye molecules that becomes important  
at high light intensities is the " s i m u l t a n e o u s "  absorption of two photons of energy 
E = hv to reach a stationary energy level, situated at 2E, in the dye. "l~his effect 
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is generally termed "two-photon absorption" and should be clearly distinguished 
from tile successive absorption of two photons via an intermediate s tat ionary 
energy level of the dye molecules, as for instance described in the section on 
nonlinear absorption to explain excited state absorption. A quantum-mechanical  
description of two-photon absorption was first given by  Goeppert-Mayer many  
years ago 4~). This theory is difficult to apply for large molecules since it entails a 
fair knowledge of many  excited states of the molecule which are not known in 
general. 

For a numerical calculation of the two-photon absorption one can employ a 
simple phenomenological theory which describes very well the experimental facts 
at least in the case of an excitation of the lowest lying excited singlet state SI  4s). 

One starts with the postulate that  two photons of wavelength 2o striking the 
molecule simultaneously are absorbed by  it, in the same way as one photon of 
wavelength 2o/2. I t  must  be specified what is meant  here by  "simultaneously".  
The transit  t ime of the photons (which are regarded as corpuscular) when they 
travel with the velocity of light c through the g-electron cloud of the molecule 
with thickness w and max imum cross section amax is T = w/c .  If two photons fall 
within this t ime interval on the area covered by  the n-electron cloud of the 
molecule, this may  be described as simultaneous incidence. If  nc  photons/cm2sec 
(wavelength 2o) fall on a thin layer of dye solution having thickness dl, the steady- 
state number  of molecules m* through whose u-electron clouds a photon is just 
passing is given by  

m* = (m]3) amaxnCW]C (22) 

where the factor 1/3 arises from the averaging of the random orientation of the 
molecules. As was mentioned earlier, amax can be found from the absorption 
spectrum of the dye: amax = 3a. According to the postulate mentioned above, the 
effective cross section a l  of any one of these m* molecules for a second photon of 
wavelength 20 is the same as the effective cross section of the molecule for the 
absorption of a single photon of wavelength 20/2. The attenuation of the laser 
light in this layer is therefore 

- -  dnc  = 2 a l m * n c d l  (23) 

The factor of 2 takes into account the fact that  two photons disappear in each 
act of absorption. Integrat ion over the length L of the cell gives the absorption 
law for the two-quantum absorption: 

1 1 2 w 
m - -  Crma x CrL, (24) 

(nc) l ~c 3 c 

where n c l  is the photon flux at the rear and of the cell. Even at  very high irradia- 
tion intensities, the absorption is so weak tha t  we can write nc(nc)1  ~ n 2 c 2. Intro-  
duction of the cross section F of the beam gives, to a good approximation,  the 
number mabs of molecules excited per unit time, and multiplication of mabs by  the 
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fluorescence quantum yield ~1~ gives the number (nc)F of fluorescence photons 
emitted per unit time: 

(nc)F = ~Fmabs = (2/3) ~Fm (w/c) amax al FLn2c 2. (25) 

As can be seen from Eq. (25), (nc)F is proportional to the square of the photon 
flux nc. I t  should also be proportional to the product of the maximum absorption 
cross section amax and the cross section al  at wavelength 40. This relation has been 
checked experimentally in 48). The relation between tile fluorescence output (nc)F 
and the excitation power nc for an aqueous solution of rhodamine B resulted in a 
straight line in a double-logarithmic plot with a slope of 2.05 + 0.1, thus verifying 
the square law of two-photon absorption. 

A check of the dependence of (nC)F on amax a l  gave an agreement within an order 
of magnitude, with a relatively large scatter. Examination of these values sug- 
gested tha t /w/c  should be used for the transit time instead of w/c, where / is the 
oscillator strength of the absorption band in question for one-photon absorption. 
The oscillator strength is generally a measure of the resonance of the electrons in 
the field of the stimulating light wave. Improvement of Eq. (25) to Eq. (25 a) 

(nc) F = (2/3) *IFm/ (w/c) O'max al  F L  (nc) 2 (25a) 

and comparison of tile experimental results with (25 a) shows not only the required 
linear dependence of fluorescence intensity (nc)F on  ] amaxa l ,  but also an excellent 
agreement with the absolute calculated values if the only remaining free parameter 
w is assumed to have a value of 1.5 .~. This value approximately corresponds to the 
thickness of the ~-electron cloud normal to the plane of the molecule. I t  is 
especially noteworthy that  this relation not only holds for one particular dye or 

�9 class of dyes but  was found to be valid for dyes from different classes, including 
aromatic hydrocarbons. A recent critique of this theory 49) remarked that  it does 
not give results in agreement with the experiment in some cases. Upon a closer 
examination all these cases were of such a nature that  the excitation leaves the 
molecule in the second excited state $2. 

A theoretically well-founded theory of two-photon absorption using the free 
electron-gas model of dye molecules 5o) is to be found in 49). 

Pulse width Measurement by Two-Photon  Fluorescence 

To use the two-photon fluorescence (TPF), i. r the fluorescence excited by  two- 
photon absorption, for the measurement of the ha/fwidth of ultrashort pulses from 
mode-locked lasers, the laser beam containing the train of pulses is split into two 
beams by  a beam splitter B (Fig. 12) which are then redirected by two mirrors M1 
and M2 so that  they are collinear and completely overlap in the dye cell DC which 
is situated in the center between the two mirrors. In the selection of tile dye, it 
need only be remembered that it should, as far as possible, be free from absorp- 
tion at the laser wavelength, have a strong absorption band at half the wave- 
length, and have the highest possible fluorescence quantum yield 7. Thus a 
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la 

f / ~ i  C 

Fig. 12. Exper imenta l  a r rangement  for the measurement  of pulse widths of u l t rashor t  pulses 
by the  two-photon fluorescence method.  B, beam splitter, M1, ]~2, mirrors, DC, dye cell 
containing fluorescing dye solution t ha t  absorbs a t  half the laser wavelength, C, camera 

solution of rhodamine 6G is generally used for neodymium glass laser pulses and, 
as an example, 9, 10-diphenylanthracene in benzene or 6-acetylaminopyrene-1, 3, 
8-trisulfonic acid in water for ruby lasers. Now the fluorescence excited by  each 
incoming pulse of peak intensity I is proportional to I 2. Let F~ be the intensity of 
the fluorescence trace generated by the pulses traveling from left to right and F,_ 
that created by  the pulses traveling in the opposite direction. Then the total 
fluorescence intensity in the trace recorded by the camera C is 

F_. + F._ ---- 2-const. 12 , (26) 

while at the points where the pulses traveling in the opposite directions overlap, 
the exciting intensity is 2I and thus 

F :  ---- const. (2I) 2 . (27) 

This means that  the fluorescence intensity at the point is twice as bright as at 
neighboring points of the trace. The width of this bright area divided by the 
velocity of light in the dye solution then gives the time halfwidth of the pulses. 

This is a simplified description of the  measurement  principle. For a complete description 
and for l imitations of the method  at  very high pulse intensities, see 51). 

The above-mentioned "hole-burning" in dyes refers to the  following effect. A laser beam 
incident on an absorbing dye solution only excites those molecules which have  such a solvent 
configuration t h a t  their sharp absorption lines 4) of less than  one wave number  width are 
exactly coincident with the laser frequency. Since only a small fraction of the  total  number  of 
molecules fulfills this  condition, the absorption by these molecules is bleached even at  low 
laser intensities. However, the  energy levels of all molecules are constant ly  per turbed by 
thermal  motion of the solvent molecules and the dye molecules themselves.  Thus,  the  "hole 
burned"  into the  absorption spec t rum is cont inuously filled up with molecules which then  can 
absorb and make a t ransi t ion of the  excited state. At  room tempera ture  this  spectral diffusion 
process is very fast  and the spectral "hole" mus t  be very small except at  the  highest  laser 
intensities. Nevertheless, this phenomenon mus t  be the  cause for the frequency-locking of 
several giant  pulse lasers as discussed above. A more detailed discussion of spectral hole- 
burning is to be found in 11) and 14). 
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Dye Lasers 

Since a monograph on dye lasers has been published very recently 3~, in this 
section a brief t rea tment  of only the principles of dye laser operation and the main 
differences between solid-state and dye lasers will be presented. In addition, the 
latest progress in the field will be reported. 

If  the fluorescence band of a dye solution is utilized in a dye laser, the allowed 
transition from the lowest vibronic level of the first excited singlet state to some 
higher vibronic level of the ground state will give a high amplification factor even 
at low dye concentrations. The main complication in these systems is the existence 
of the lower-lying triplet states. The intersystem crossing rate to the lowest triplet 
s tate is high enough in most molecules to reduce the quantum yield of fluorescence 
to values substantially below unity. This has a twofold consequence: Firstly, it 
reduces the population of the excited singlet state, and hence the amplification 
factor; and secondly, it enhances the tr iplet- tr iplet  absorption losses by  increasing 
the population of the lowest triplet state. Assume a light-flux density which 
slowly rises to a level nc, a total  molecular absorbing cross section a, a quantum 
yield CT of triplet formation, a triplet lifetime zr, populations of the triplet and 
ground state of mT and m0, respectively, and, neglecting the small population of 
the excited singlet state, a total  concentration of dye molecules of m = m0 + roT. 
A steady state is reached when the rate of triplet formation equals the rate of 
deactivation : 

ncamor = mT/ZT �9 (28) 

Thus, the fraction of molecules in the triplet s tate is given by  

mT/m ---- nCaCT~T/ (1 + ncaCrzr) . (29) 

Assuming some typical values for a dye, a = 10 -1G cm 2, CT = 0.1 (corre- 
sponding to a 90% quantum yield of fluorescence), and ZT ~ 10 -4 sec, the power 
to maintain half of the molecules in the triplet state is (nc)1/2 = 1021 photons 
sec -1 cm -2, or an irradiation of only 1/2 kW cm -2 in the visible par t  of the spec- 
trum. This is much less than the threshold pump power calculated below. Hence 
a slowly rising pump light pulse would transfer most of the molecules to the 
triplet s tate and deplete the ground~state correspondingly. On the other hand, the 
population of the triplet level can be held arbitrarily small if the exciting light 
flux density rises fast enough, i. e., if it reaches threshold in a t ime tR which is small 
compared to the reciprocal of the intersystem crossing rate tR ~ I / ksT .  Here tR 
is the risetime of the pump light power, during which it rises from zero to the 
threshold level. For a typical value of ksT  = l0 T sec -1, the risetime should be less 
than 100 nsec. This is easily achieved, for example with a giant pulse laser as 
pump light source, since giant pulses usually have risetimes of 5--20 nsec. In such 
laser-pumped dye-laser systems one may  neglect all triplet effects in a first 
approximation. 

We thus can restrict our discussion to the singlet states. Molecules that  take 
par t  in dye-laser operation have to fulfill the following cycle (Fig. 13) : Absorption 
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Fig. 13. Pump cycle of dye molccules. (From RcL a)) 

of pump radiation at ~p, and with cross-section ap, lifts the molecule from the 
ground state with population m0 into a higher vibronic level of the first (or second) 
excited singlet state S 1 (or $2) with a population ml  (or m'2). Since the radiationless 
deactivation to the lowest level of S1 is so fast, the steady-state population m] is 
negligibly small, provided the temperature is not so high that  this vibronic level 
is already thermally populated by the Boltzmann distribution of the molecules in 
S1. At room temperature kT = 200 cm -1, so that  this is not the case. Stimulated 
emission then occurs from the lowest vibronic level of S1 to higher vibronic levels 
of So. Again the population me of this vibronic level is negligible since the mole- 
cules quickly relax to the lowest vibronic levels of So. 

I t  is easy then to write down the oscillation condition for a dye laser. In its 
simplest form a dye laser consists of a cuvette of length L [cm], with dye solution 
of concentration m [cm-a], and of two parallel end windows carrying a reflective 
layer, each of reflectivity R, which form the laser resonator. With ml molecules/ 
cm a excited to the first singlet state, the dye laser will start oscillating at a 
wavelength ~ if the overall gain is equal to or greater than one: 

exp [-- aA(~)moL]R exp [+aF(~)mlL] > 1. (3o)  

Here ~A(2) and aF(2) are the cross-sections for absorption and stimulated 
fluorescence at 4, respectively, and m0 is the population of the ground state. The 
first exponential term gives the attenuation due to reabsorption of the fluorescence 
by the long-wavelength tail of the absorption band. The attenuation becomes 
more important,  the greater the overlap between the absorption and fluorescence 
bands. Tile cross-section for stimulated fluorescence is related to the Einstein 
coefficient B by  

,o'F(2) = g(2)Bh])~ ~ g(J.)d2 ----- 1. (31) 
fluorescence 

band 
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Substituting the Einstein coefficient A for spontaneous emission according to 

B = ~eA -~ (32) 
8 z  h 

and realizing that  g(2 )A . r  = Q(2), the number  of fluorescence quanta  per 
wavelength interval, one obtains 

~2 Q (~) (33) 
~ F ( 2 )  s-~ " r  " 

Since the fluorescence band usually is a mirror image of the absorption band, 
the max imum values of the cross-sections in absorption and emission are found to 
be equal: 

O'F, max = 0"A, m a x .  (34) 

Taking the logarithm of (30) and rearranging it leads to a form of the oscil- 
lation condition which makes it easier to discuss the influence of the various 
parameters:  

sire + ~A (z) < r (;.) (35) 
aF (2) aA(~) = 

where S = (l/L) In (l/R) and y(2) = ml/m. 
The constant S on the left-hand side of (35) contains only parameters  of the 

resonator, i.e., the active length L, and reflectivity R. Other types of losses, like 
scattering, diffraction, etc., m a y  be accounted for by  an effective reflectivity, 
Rert. The value y (4) is the minimum fraction of the molecules tha t  must  be raised 
to the first singlet state to reach the threshold of oscillation. One may  then cal- 
culate the function y(2) from the absorption and fuorescence spectra for any 
concentration m of the dye and value S of the cavity. In this way one finds the 
frequency for the minimum of this function. 

Figure 14 represents a plot of the laser wavelength 2 (i. e., the wavelength at 
which the minimum of y(2) occurs) versus the concentration with S a fixed 

a t  s :~ ,~  ~- :o.,:~ ~ :o.3:~ 1 :l:r.'~ :3{r~ 

BOO t 

105 104 10-3 concentra.t;on mot/t 

Fig. 14. Calcula ted  laser  w a v e l e n g t h  vc r su s  conccn t r a t i on  of t he  laser  dye  3 ,3 ' -d i e thy l th i a t r i -  
c a r b o c y a n i n e  bromide ,  w i t h  S as a p a r a m e t e r .  (From Ref. 3)) 
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Fig. 15. Calculated laser wavelength versus active length of the laser cuvctte, with the con- 
centration of the solution of the dye 3,3'-diethylthiatricarbocyanine bromide as a parameter. 
From Ref. 8)) 

parameter. Similarly, Fig. 15 shows the laser wavelength versus the active length 
L of the cuvette with dye solution, with the concentration of the dye as a para- 
meter. Both figures apply to the dye 3,3'-diethylthiatricarbocyanine (DTTC). 
These diagrams demonstrate the wide tunability range of dye lasers which can be 
induced by  changing the concentration of the dye solution, or length, or Q of the 
resonating cavity. They also show the high gain which permits the use of extremely 
small active lengths. 

The wide tunability of the laser emission and the very high gain are the two 
most prominent features of dye lasers that  are not found in other lasers (with the 
exception, perhaps, of semiconductor lasers which, however, only reach peak 
powers that  are many orders of magnitude lower than those of dye lasers). 

The absorbed power density W necessary to maintain a fraction y of the mole- 
cular concentration m in the excited state is 

W = ymhc/(ZF~p) (36) 

and the power flux, assuming the incident radiation is completely absorbed in the 
dye sample, 

(nc)e = W / m ~  = yhc/(TF~r~p) (37) 

where ,~e is the wavelength of the absorbed pump radiation. If the radiation is not 
completely absorbed, the relation between the incident power Win and the 
absorbed power is W = Win/1 -- exp(--  apmoL)]. Since in most cases m ~mo,  
this reduces, for optically thin samples, to W =  WinapmL. The threshold incident 
power flux, (nC)in, then is 

(3s) 

In the above derivation of the oscillation condition and concentration depend- 
ence of the laser wavelength, broad-band reflectors have been assumed. The 
extension to the case of wavelength-selective reflectors and/or dispersive elements 
in the cavity is straightforward and will not be treated here. 
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The necessary pump powers can be achieved either by  other lasers (e.g. nitrogen 
lasers, solid-state lasers or even focussed He-Ne- or Ar+-gas lasers) or by  flash- 
lamps. The simplest practical arrangement is a square spectrophotometer  cell, 
polished on all sides, containing tile dye solution which is pumped by  a nitrogen 
laser whose beam is focussed into a line parallel to and directly behind one of the 
cell windows. Then the Fresnel reflection from the two adjacent windows gives 
enough feedback in most cases, so tha t  no additional resonator mirrors are needed 
and the dye laser oscillation starts. 

For only slowly rising or even continuous pumplight sources like slow flash- 
lamps and continuous argon-ion lasers, one has to take care of the triplet problem. 
One way to solve this problem is by  adding some agent to the dye solution that  
reduces the triplet lifetime by  increasing the radiationless intersystem crossing 
rate  1/~T between the triplet s tate T1 and the ground state So. Such agents are, 
e.g., paramagnetic molecules like oxygen or substances that  have low-lying 
triplet states, like cyclooctatetraen (COT), and thus are able to take the energy 
from the dye molecule by  energy transfer whenever the distance between the dye 
and the COT is lower than about 10 A. In this way the triplet lifetime zT can often 
be reduced to less than 100 nsec, and the steady-state triplet population can thus 
be reduced so far that  one can easily reach the threshold of laser action with 
generally available pumplight sources. 

One drawback of dye lasers as compared to solid-state lasers is the short 
fluorescence lifetime zF or energy storage time, which implies a quick inversion 
decay when pumping stops. For this reason one cannot Q-switch a dye laser. On 
tile other hand, dye lasers can be mode-locked by saturable absorbers s2) in much 
the same way as solid-state lasers, and many  investigations have shown tha t  one 
can obtain psec pulse in this way over a wide spectral region 58,54). 

While dye lasers are usually operated in liquid solutions, it was shown very 
early that  one could also use solid solutions of dyes either in plastic materials or 
a s a dopant  in crystals 55-56). Very recently a vapor  phase dye laser was operated 
for the first t ime 5~-611. This was achieved by  heating an evacuated cell contain- 
ing a small amount  of the scintillator dye POPOP to about 400 ~ giving a 
vapour  pressure of about 40 Torr and hence a concentration of dye molecules 
similar to that  generally used in nitrogen laser pumped dye lasers. When the cell 
containing the dye vapor  was pumped by  a nitrogen laser, in the same way as a 
cell containing a dye solution, dye laser emission was observed with practically 
the same efficiency as in dye solution lasers. The efficiency did not decrease 
noticeably when a buffer gas such as argon or helium was added, with pressures 
of up to 1 atm. 

The relevance of these experimental findings for the problem of direct electrical 
excitation is clear: one now can hope that  it might be possible in one way or the 
other to avoid the inefficient optical pumping with flashlamps, or even with 
other lasers, and use a direct electrical excitation of dye vapors. The concomitant 
problem of the cracking of molecules in a discharge could perhaps be circumvented 
by  employing electron beam excitation with monoenergetic electrons of optimal 
energy. 

Another problem tha t  remains to be solved is how to increase the photo- 
chemical stability of laser dyes. The most useful dyes, namely those of the xanthene 
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family, such as rhodamine 6G, were found to have a photochemical stability under 
normal operating conditions of 105 to 106 absorption and fluorescence acts per 
molecule 62,68). With increased ultraviolet content of the pumping light, the 
photochemical stability was found to decrease considerably 1). I t  was also evident 
in this case that  the photodegradation went via the triplet state of the dye mole- 
cule, since the rate decreased with an increased content of triplet quencher, like 
COT. 

The measured rate of photodegradation would be tolerable (one could make 
up for the loss of molecules by continuously adding new, concentrated solution) 
were it not for the fact that  most of the products of the photodegradation process 
have an absorption band in the spectral region of the laser emission, resulting in 
unbearable absorption losses. This was nicely demonstrated very recently with a 
coumarin dye 84). The authors demonstrated that  five photooxydation products 
resulted in normal dye laser operation and that  one of these, a carboxylic acid, had 
a relatively strong absorption band covering the whole of the fluorescence band. 
I t  was also shown that  this product was preferentially adsorbed on an alumina 
filter and that  the lifetime of the dye solution could be increased by a factor of 3 
when the filter was included in the dye solution recireulation system. Much 
further progress is needed in this direction before large-scale industrial applications 
of dye lasers (e.g., for laser-isotope separation) become possible. 

Frequency Tripling 

When a light wave with an electrical field amplitude E is incident on a dye solution 
which is non-absorbing in the spectral region of this light wave, a dipole moment 
# is induced in each dye molecule: 

,u = ~ E + y E a +  . . . ,  (39) 

with ~r being the polarizability of the molecule and 7 its third-order polarizability. 
Because of the smallness of 7, its contribution to the induced dipole moment / ,  is 
only noticed at high field strenghts as for instance in a laser beam. 

A quantum-mechanical calculation of 7 for a number of dyes has been carried 
through by several authors 65,66). The value of 7 was found to increase very fast 
with the extension of the n-electron gas. Thus long polyenes or cyanine dyes are 
especially useful for applications relying on the third-order polarizability. If the 
exciting light wave is a pure sine wave, the induced dipole moment /~ (t) is a 
distorted sine wave because of the contribution of the third order polarizability. 
Performing a Fourier analysis of /2 (t) (i. e., experimentally, putting the light 
radiated by the induced dipole moment through a spectrometer) reveals a compo- 
nent of three times the fundamental frequency. As this third harmonic light 
travels through the dye solution at a speed that  is generally different from that  of 
the exciting light wave (since the refractive index n (co0) of the solution at the 
fundamental frequency w0 is in general different from the refractive index n (3co0) 
at the third harmonic frequency), the exciting light wave and the third harmonic 
wave get out of phase after some length traveled in the medium. Finally, the third 
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harmonic waves from one part  of the solution and from the adjacent part  are 
180 ~ out of phase and cancel each other by  interference, so tha t  in the general 
case only a small remaining amount  of third harmonic light will leave the dye 
solution. For high-efficiency frequency tripling one can avoid this detrimentM 
situation by  "phase-matching",  i.e., matching the refractive index (and hence the 
speed of light) at the fundamental  and third harmonic frequencies. This can be 
done by  applying the effect of anomalous dispersion. One chooses a dye that  has 
a strong absorption band near twice the fundamental  frequency which will result 
in a negative contribution of the dye molecules to the refractive index at the 
third harmonic frequency and a positive contribution to the refractive index at 
the fundamental  frequency. B y  judicious adjustment  of the dye concentration 
these contributions which are added up to the normal dispersion curve of the 
solvent can be made just high enough to equalize the refractive index at the third 
harmonic and fundamental  frequencies. Now both light waves are always in phase 
and the frequency tripled light output  is maximized. One obvious condition is, 
of course, that  the absorption at the fundamental  and third harmonic frequencies 
should be as low as possible. 

This scheme of frequency tripling was successfully tested with fuchsin in 
hexafluorisopropanol (a solvent selected for its low index of refraction and rela- 
t ively flat dispersion curve) to frequency-triple the output  of a neodymium 
laser 67,6s). With an input power of I0 MW/cm ~ a third-harmonic output  of 0.2 
mW/cm 2 was measured. This low value was mainly due to the relatively high 
absorption of fuchsin at 355 nm. An improvement  of the efficiency by  a factor of 
80 was found with hexamethylindocarbocyanine iodide in hexafluorisopropanol 
because of the much lower absorption of this dye at 355 nm. Since the absorption 
minimum of this dye is at  383 nm, one could expect an additional efficiency 
increase by  a factor of 70 for a fundamental  laser wavelength of t.15 #m 69~. 
Other cyanine dyes have been used for frequency tripling a fundamental  wave- 
length of 1.89/ml 70L 

A further improvement  and more freedom in the choice of laser wavelengths 
can be expected with the use of dye vapors. In liquids, the phase-matching con- 
centration is set by  the requirement tha t  the anomalous dispersion of the dye 
compensates for the normal dispersion of the solvent. The latter is a new parameter  
that  can be varied at will in the gas phase by  changing the nature and partial 
pressure of the buffer gas. The broader resonances of dyes as opposed to metal  
vapors, which are sometimes used for this purpose, is an advantage for tunable 
frequency tripling of dye lasers. Another advantage results from the possibility 
of working at  much lower temperatures than with metal  vapors. 
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]Reaction of Excited Dye Molecules at Electrodes 

I. Introduc~on 

Excited molecules which are usually generated by  light absorption have a lowered 
ionisation energy and an increased electron affinity. The result is a higher reduction 
power for electron acceptors and an equally higher oxidation power for electron 
donors. This change of the redox properties in the excited state, compared to the 
ground state, is the driving force of many  photochemical reactions in solution. 
Photosensitized redox reactions are especially well known in electrolytes 1,2). 
The same reaction behaviour is found for excited dye molecules in contact with 
electrodes where the electrode takes over the function of the electron acceptor or 
donor. Electron transfer is the prominent reaction of excited molecules at elec- 
trodes ~,4). The reaction probabil i ty of such redox reactions in the excited state 
depends mainly on the lifetime of the excited state and on the coupling intensity 
with the reaction partner,  in our case the electrode surface. The lifetime can to a 
great extent be influenced by  quenching processes like energy transfer. The 
coupling efficiency depends on electronic and structural  properties of the mole- 
cities and the solid. 

The net result of a photochemical redox reaction often gives very little infor- 
mation on the quantum yield of the pr imary electron transfer reaction since this 
is in many  cases compensated by  reverse electron transfer between the pr imary 
reaction products. This is equally so in homogeneous as well as in heterogeneous 
reactions. While the reverse process in homogeneous reactions can only by  sup- 
pressed by  consecutive irreversible chemical steps, one has a chance of preventing 
the reverse reaction in heterogeneous electron transfer processes by  applying 
suitable electric fields. We shall see tha t  this can best be done with semiconductor 
or insulator electrodes and that  there it is possible to s tudy photochemical pr imary 
processes with the help of such electrochemical techniques 5, o, 7). 

The reactions which will be discussed here are basic in the application of dyes 
as sensitizer for photographic materials like silver halides, zinc oxide and others. 
Model experiments can be performed at electrodes of such materials which help 
to understand the mechanism of spectral sensitization in photography.  

In  the following we shall first discuss the theoretical basis for redox reactions 
of excited molecules at electrodes in comparison with such reactions in the ground 
state. We shall then present and discuss some typical examples for the best studied 
types of reactions in the case of semiconductor and insulator electrodes. Since the 
properties of these two materials are sufficiently different to need different techni- 
ques for the investigation and rather distinct models for the theoretical interpreta- 
tion, we shall deal with reactions in the case of semiconductors and insulators 
in separate chapters. 

II. R e d o x  Properties of Exci ted  Molecules  

1. Thermodynamics 

Dye molecules in electrolytes behave at  electrodes like other organic molecules 
and can either be reduced or oxidized. This can occur even more easily in the 
electronic excited state. Such redox reactions can produce stable or instable 

33 



H. Gerischer and F. Willig 

products and can behave reversibly or irreversibly. The te rm irreversibly has as 
usual only a relative meaning and depends on the reaction rate in comparison with 
the time scale of the measurement.  The equilibrium properties of the two com- 
ponents of a redox system with respect to electron transfer are characterized by  a 
s tandard redox potential. This can be defined even in such systems where one of 
the components is an intermediate with only a very limited lifetime. We shall at 
first discuss the redox properties of organic molecules in solution in general before 
we proceed to excited molecules. 

1.1. Redox Reactions in the Ground State 

Since we have pointed out tha t  an excited molecule D* can either be oxidized or 
reduced, we have to consider also for the unexcited dye molecule D two redox 
potentials, one,  0E(D/D+), for oxidation, the other, 0E(D/D--), for reduction. For 
a bet ter  understanding we want  to relate the redox potential  for both  reactions 
to molecular properties in the gas phase and in the electrolyte. The following 
scheme gives the cycles from which free energy correlations can be derived for 
the two reactions: 

D~olv ( ' Dsolv + e -  (1) 

and 
+ 

Dsolv , ' D solv + e- (2) 

+~va~ 
D+as < - ~ c  Dgas ' Dgas 

+/gas -- Agas 

+ - e v a  c + eTca e 

Dsolv ~ Dsolv ~ D~olv 
+ Isolv --Asolv 

(3) 

I represents the ionisation energy of Dgas or Dsolv, A the respective electron 
affinity and AGs the free energy of solvation, including the electric terms when 
charged specimen pass the surface of the solvent. 

The balance of the free energy for the reactions (1) and (2) shall be calculated 
with the reacting electrons at  the vacuum level as the s tandard state for its free 
energy, neglecting any entropy term for the electron in vacuum, and for equal 
concentration of the redox components D + and D, or D and D -  respectively, in 
the gas phase as well as in solution. The resulting free energy changes A 0Gredo x 

are for reaction (1 a), Dsolv-~ D~olv + evae 

AOG(D/D-)solv --~ -~- Asolv---- -~- Agas -~- AGS,D - -  AGS,D- (4) 

Dsolv -~ Dsolv -~- evae and for reaction (2 a), + - 

A~ = -]- Isolv = q- /gas  + A G s / D  + - A G s , D  �9 (s) 
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The absolute redox potentials for these reactions are defined by  a compensation 
of the free energy change AGre~ox by  the free energy of the reacting electrons. 
Therefore, at  equilibrium conditions, the electrons have not to be at  the vacuum 
level but  at the energy level 0Eredox 

~  = - -  d ~ . (6) 

In  the above formulation of the reaction, A 0Greclox will have the positive sign 
for all reactions of interest here. Consequently, the electron free energy in this 
absolute redox potential  scale has always negative values. 

The equilibrium situation can be achieved with the reacting electrons coming 
from the Fermi level EF of a metal  electrode in contact with the solution of the 
redox couple. The free energy change in the respective redox reaction is then zero. 

' Dsolv + e-(EF)" AG = 0 (7) Dsolv < 
if EF = 0 E D / D -  

�9 + 
Dsolv + e-(EF)" AG = 0 (8) Dsolv ~ 

if EF = 0ED+/D. 

We can define therefore the s tandard redox potentials 0Eredox as the Fermi 
energies of the redox systems 6) and obtain for the reactions (1) and (2), 

0 E D / D -  = - -  Agas + A G s , D -  - -  AGs,D (9) 

OED+/D = -- /gas -- AGs,D + + AGS,D �9 (10) 

1.2. Absolute and Conventional Redox Potential  Scale 

The practical way of measuring redox potentials is not performed with electrons 
in vacuum as the reference state. I t  is done in a galvanic cell with a standard 
reference electrode, like the hydrogen electrode or calomel electrode, as counter 
electrode. But  an electron at the Fermi level of the metal  in such a reference elec- 
trode has an exactly defined free energy difference ZlEref, relative to the energy 
of the free electron in vacuum. The absolute energy scale of the redox systems is 
therefore fully parallel to the conventional scale referred to as reference electrode 
and only shifted against the lat ter  by  the free energy difference AEreL. Let us 
denote the electrode potential  in the conventional scale with U. The relation 
between the two scales is then, 

E ~- AEror -- Ueo (11) 

where e0 is the elementary charge. 
The negative sign of U in this equation is caused by  the convention on the 

potential scale for galvanic cells while we consider in the absolute scale electron 
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energies. AEref has a negative value because electrons are strongly bound in mat te r  
with electronic conduction or in redox systems of electrolytes. I ts  value has been 
calculated by  Lohmann s) for the N-hydrogen electrode to be in the order of 

AEref ----- -- 4.5 eV (11) 

1.3. Redox Reactions in the Excited State 

The analogous cycle can be formulated for the redox reactions of the excited 
molecule D*. We have to distinguish the two reactions, 

Dso l v  ( > D s o l v + e -  (12) 

Dsolv ~ Dsolv + e - .  (13) 

The equilibrium is again obtained if the electrons are located at the respective 
Fermi energies for these redox reactions, 

0 E D * ] D -  ~ - -  A 0G(D */D-)s01v (14) 

0 E D + / D .  = - -  A OG(D+/D.;solv (15) 

The respective reaction cycle is as follows, with AE* representing the energy 
of electronic excitation in the molecule D which has always a positive sign, but  
will be somewhat different in the gas phase and in solution, 

D+s -e"v'vae * +~vvac 
_ . ~ D g a s  . ' D g a s  

+/gas AEgas --Agas--AEgaS 

+ -~ac Dsolv +evae Dsolv . ) ~ Dsolv 
+Isolv--A Bsolv Asolv A Esolv 

The results are, 

0 E D * / D -  = - -  A s o l v  - -  AEsolv = - -  A g a s  + AGs,D- - -  A G s , D *  - -  AEgas (17) 

O E D + / D *  = - -  I s o l v  -~- AEsoxv = - -  -/gas - -  AGs,D* + AGs,D + AEgas (18) 

The consequences are obvious. The redox reaction with reduction of D* has 
at equilibrium a much lower Fermi energy, tha t  means a more positive redox 
potential, the redox reaction with oxidation of D* has a much higher Fermi energy, 
tha t  is a more negative redox potential  than in the ground state. This is schematic- 
ally demonstrated in Fig. 1. 

The definition of AE* in Eqs. ( 16 ) -  (18) needs some comment.  We are dis- 
cussing here equilibrium conditions, and therefore, AE* describes the excitation 
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Electron energy related to vacuum level 
I 

-~.5 

ED/D- ED,/D§ EITYD- ED/D§ 
I I I I I , 
cathodic 0 anodic UNH E 

Redox potential against N-Hydrogen E[ectr. 

Fig. 1. Correlations between redox potentials of the excited and unexcited dye molecule, 
acting as electron acceptor or electron donor, in absolute (E) and conventional (UNaE) scale 

energy stored in an excited molecule with an equilibrium distribution of all vibra- 
tional and rotational states and at  equilibrium of the interaction with the surround- 
ing medium. The reference state is a nonexcited molecule in such an equilibrium 
ground state, zJE* is therefore not identical with the energy of spectral absorption 
and also not identical with the energy of fluorescence because these transitions 
are restricted by  the Franck-Condon conditions and contain excess energies or 
energy deficiencies from the excitation of vibrational and rotational states and 
differences in the interaction energies with the surroundings. In  vacuum, dE*  
is represented by  the 0--0-transition of the electronic spectra;  in a medium with a 
difference in the interaction energy of the ground and excited state there will be 
a slight difference from the 0--0-transition energy of the absorption spectrum but  
this is not significant for our discussion. 

One further complication has to be mentioned. Many organic molecules have 
triplet states with a long lifetime which cannot be reached by  a direct optical 
transition but  are often formed from the excited singlet state by  intersystem cross- 
ing. Due to their long lifetime such triplet states play a very important  
role in photochemical reactions, and the same has to be expected for electrode 
reactions of excited molecules. Therefore, we shall later distinguish in some 
systems between excited singlet and triplet state energies denoted by  A 1E*, A 3E*. 

We can conclude from these thermodynamic considerations tha t  it is possible 
to estimate the redox potentials of excited molecules, if we know the equilibrium 
redox potentials for the molecules in the ground state, as well for reduction as for 
oxidation, and add or subtract  from these redox potentials the excitation energy 
zIE* of the lowest singlet or triplet state. For most dye molecules the reduction 
redox potential is experimentally more easily accessible than the oxidation redox 
potential. In such cases we have found that  an estimation can be made by  assum- 
ing that  the ionisation energy of the dye molecule in crystalline state is similar 
to the ionisation energy in a polar solvent and gives an approximate  value for the 
absolute redox potential. Such estimations are especially useful for a comparison 
of molecules with similar structure. 

1.4. Rhodamine B as an Example  

We shall discuss now the redox properties of the dye molecule rhodamine B which 
is often used in photosensitization experiments. 
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The structural formula for rhodamine 13 is the following: 

(C2H5) 2 N ~ Q N  (C2H5) 2 

~ COOH 

At p H  -~ 7 rhodamine B is a cation, since the carboxy-phenyl group dissociates 
with pK = 9  2). In the following text  we will refer to this cation as the singlet 
ground state dye molecule 1D0. Due to steric conditions the carboxy-phenyl group 
remains almost perpendicular to the plane of the chromophore. The carboxy- 
phenyl group is not part  of the chromophore as can be seen from an almost 
identical absorption spectrum for pyronin G which is an analogous dye molecule 
to rhodamine B but  lacking the carboxy-phenyl group 9). The lowest excited 
singlet s tate 1D* is separated by  2.13 eV from the ground state 2I)0, and the triplet 
s tate is separated by  1.86 eV 10), tha t  means AlE * =2 .13  eV and A 3 E  * ---- 1.86 eV. 
The fluorescence yield is high about 0.97 ill ethanol and tile intersystem crossing 
correspondingly small 11). The lifetime of the excited singiet state is 3.2 ns 12). 

In  aqueous alkaline solution the ground state of rhodamine 13 takes up an 
electron from a metal  electrode at  - 0 . 7 5  V (NHE) forming the reduced dye 
2 D -  13). This corresponds to an electron affinity of about 3.75 eV in absolute 
scale 8) or ~  3.75 in our nomenclature. The reduced molecule is a 
semiquinone with p K  = 5.5 for the uptake of a proton 2). The neutral semiquinone 
has an absorption max imum at 425 nm whereas its protonated form is colourless 2). 
The oxidation potential  estimate, as pointed out before, can be obtained from the 
ionisation energy for crystalline rhodamine t3 which is 5.3 eV 14). This would 
mean 0ED/D+ ~ -- 5.3 eV or 0U ~ + 0 . 8  V (NHE). The reduction and oxidation 
potentials of the excited states of rhodamine B can be obtained by  adding or 
substracting the respective excitation energy from the values for the ground state 
yielding an estimated 0 E ~ I ) , I D - ~ -  5.88 eV for the excited singiet s tate and 
~ eV for the excited triplet state. 

The most  probable electron transfer t e rm of the excited dye as an acceptor is 
shifted by  Lreorg into positive directions as explained later (p. 41). With an estimated 
Lreorg of 0.4 eV this would give 0E1D~c ~ -- 5.48 eV and 0E3D~e~ ~ -- 5.21 eV. The 
crude estimate based on the ionisation energy of crystalline rhodamine B yields for 
~ ~ -- 3.17 eV for the excited singlet state and 0Ea D./D+ ~ - 3.44 eV for the 
excited triplet state. This value gives for the electron transfer terms of D* as a donor 
the values 0E1D~oa m -- 3.57 eV and 0E3D~o~ ~ -- 3.84 eV. Such estimates are only 
valid when in first approximation proton addition can be neglected e . g . ,  for the 
reduction of rhodamine 13 at a pH, where proton a t tachment  during the lifetime 
of the excited state is negligible. 

2. Kinetics 

The theory of electron transfer to electrodes has been worked out by  various 
authors 15-19). The basic assumption in all theories is tha t  electron transfer 
occurs like an electronic transition in spectroscopy under the restrictions of the 
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Franck-Condon principle. Tha t  means in other words tha t  the t ime for electron 
transfer from a molecule to an electrode is short compared with the t ime of atomic 
movements in vibrations or rotations. This has the consequence tha t  for electron 
transfer reactions the energy terms E of the electrons in the donors or acceptors 
are different from the thermodynamic energy levels 0E which we have discussed in 
the preceding section. 

2.1. Electron Transfer Energy Levels in Redox Species 

We discuss this with help of Fig. 2 for a cyclic electron transfer from a molecule 
in the ground state to the vacuum level, and back to the ionized molecule. After 
each electron transfer we leave enough t ime for relaxation of the solvent to reach 
the new equilibrium state of interaction in which electrostatic forces play a prom- 

D*.solv D + evar  ~ ~ 
D":sO[VD, + eva c 

oEdonor 'ED/o �9 ~Eacceptor 

D" sOtVo+ 

D. solv o ~' ' z = " ~ r  eorg. 

Fig. 2. Energy cycle for electron t ransfer  under  Franck-Condon conditions (oE) in relation to 
electron t ransfer  a t  thermal  equilibrium (0E) for redox species in solution 

inent role. Here we see clearly the difference between the Franck-Condon energy 
levels, 0Eaec and 0Edon and the thermodynamic energy levels, oR, controlling 
the redox potentials. We see further tha t  the electron transfer energy level 0Eaon 
of the molecule in its reduced state acting as an electron donor is in principal 
lower than the equivalent energy level 0Eaee of the same molecule in its oxidized 
state acting as an electron acceptor. Although it is the same electron orbital 
which takes par t  in the electron exchange the energies are different due to the 
different interaction with the surroundings in different states of oxidation. In  
electron transfer under Franck-Condon conditions, the electron leaves behind an 
oxidized molecule in a surrounding which has minimized the free energy for the 
unoxidized state. I t  has, therefore, a higher free energy than  in the equilibrium 
state minimized for this new situation. This excess energy is released after electron 
transfer by  reorganisation of the molecule itself and its surroundings. If, on the 
other hand, an electron is added to an oxidized species, it has to enter surround- 
ings which do not fit the reduced state. Therefore, less energy is gained in the 
electron transfer step, but  the difference is afterwards added during adjustment  
of the solvent to the new situation. 
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In  this discussion we have assumed that  electron transfer would only occur 
in the optimally adjusted state of interaction with the surroundings. However, 
there is in reality not only one single Franck-Condon energy level which can be 
at t r ibuted to a molecule in solution. Due to thermal fluctuations in the interaction 
with the surroundings and due to thermal excitation of vibrations and rotations, 
the Franck-Condon energy levels of a single molecule fluctuate over quite a range 
of energies which can be described b y  a Gaussian distribution around the most 
probable energy levels 0Eoou and oEaec of Fig. 2. This fluctuation of the energy 
levels for electron exchange tends in both directions from the most probable 
energy level because the initial s tate can become more or less similar to the opti- 
m u m  of interaction in the final state 19). 

The same situation is to be expected for the excited states with the only 
difference tha t  now the most  probable energy states are shifted by  the stored 
excitation energy upwards or downwards depending on whether the excited 
molecule acts as a donor or as an acceptor 20). These energy distribution functions 
for a molecule in the ground state and in the excited state are represented in 
Fig. 3. They can be described by  the following equations: 

,E 

o F: . 

W(E) 

Fig .  3. D i s t r i b u t i o n  f u n c t i o n  for  e l e c t r o n  t r a n s f e r  e n e r g y  l e v e l s  of a r e d o x  spec i e s  in  a n  e l e c t r o -  

l y t e .  A Ell~. = 3.35 �9 (k �9 T -  Lreorg) �89 �9 eV 

is 

Adon is a normalizing factor, making 

For the electron levels of a molecule acting as a donor, the distribution function 

Woon ( E )  = A d o n  " exp ( (E_4k_TLuon-- ~176 (19) 

w (E) ~ E  = 1 

( 1 ) 1 / 2  (20) 
Adon = 4 ~kT Ldo n 

Loon is the reorganization energy of the ion-solvent interaction after electron 
transfer. 
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We have in our system 3 species which can act as a donor, D, D- ,  and D*. 
For each of them we have different characteristic energies 0E and different reor- 
ganization energies L, therefore also different A values. However, the reorganiza- 
tion energies of D and D* as donor will be so similar tha t  we can use the same value 
for both, as long as we have no special reason to expect a large deviation. 

For the electron terms of the acceptor molecules we obtain an analogous distri- 
bution function, 

with 

W.cc (E) = Aaee" exp ( (E4_--k T~ ] (21) 

1 Lace) Anec = (~t ~k T (22) 

Again, we have 3 acceptor species in our system, D, D +, and D* with different 
0 E and L values. For D and D* we shall equally assume that  their reorganization 
energies are equal. 

Further  there are some other correlations between the characteristic energy 
terms oE, the equilibrium redox energy levels OE and the reorganization energies 
L which read as follows: 

0ED/D+ - -  OEDao n = LDao n (2a) 

0ED + - -  0ED/D+ = LD + ~ LDdon (24) 

0ED,ID+ -- oED~o n = LD~on ~ LDaon (25) 

0ED/D- - -  0ED- = LD- ~ LDaec (26) 

0EDaee - -  0ED/D- = LDacc (27) 

0EDIct  - -  0ED*/D- = LD~ce ~ LDaee (28) 

2.2. Rate  of Electron Transfer 

We can now t reat  electron transfer kinetics with the simplest model, based on 
the assumption that  an electron transfer can only occur between two electronic 
energy states having equal energy, one being occupied, the other vacant.  Tha t  
means we can describe the rate of electron transfer by  the following equations: 

Electron transfer from an electron donor to the electrode, equivalent to an 
anodic current, 

co 

i + -----/don = Bdon " Cdon J" ~don(E) " Waon(E) �9 Dvae(E) dE 
- - 0 0  

(29) 

41 



H. Gerischer and F. Willig 

electron transfer from the electrode to an electron accepter, equivalent to a 
cathodic current, 

o o  

i -  = lace = Bate " cace I hate(E) �9 Waec(E) " Doec(E) dE .  (30) 
- - 0 0  

In  B all factors are collected which are independent of the momenta ry  energetic 
state of the reactants, like collision numbers, geometrical and also normalizing 
factors [e.g. A from Eqs. (20, 22)] etc. The n(E) in the integrals represent the 
transition probabil i ty for electrons in case the condition of energy conserva- 
tion is fulfilled (Etniuaz = Efinal). The D(E) functions denote the densities of vacant  
or occupied electron states in the electrode. 

2.3. Metal Electrodes 

In the case of a metal  electrode we can use the approximation tha t  all electron 
quantum states above the Fermi level EF are vacant  and below the Fermi level 
are occupied, since the energy range around EF, where vacant  and occupied levels 
are simultaneously present, is uninteresting for electron transfer in the excited 
state. The current at a metal  electrode is therefore controlled by  the relative 
correlation between the Fermi level of the metal  electrons to the position of the 
vacant  and occupied energy states of the redox system in the electrolyte. Assum- 
ing tha t  we have an equal concentration of electron donors and electron acceptors 
in the electrolyte, three characteristic situations can be expected for the contact 
between a metal  electrode and a redox system which are shown in Fig. 4. They 
represent the equilibrium situation, the situation of anodic polarisation and of 
cathodic polarisation. The differences are caused by  the differences in the position 
of the Fermi level in the metal  relative to the Fermi energy of the redox system 
which depends on the voltage drop in the double layer at the electrode/electrolyte 
interface and is therefore controlled by  the applied electrode potential, given in 
Fig. 4 as overvoltage ~]. 

EF --~ - eo'qc 
E F =~ x 

EF =~ eo'qa 

~ E 

vacant LE~x'~"~)Wox, ~ / Z / Z / / / Z / Z - ~ /  / 
vacant elL(_ o= 12 ~ r e d o x  / Lre~ 

~ ' e - . c ' T ~  Wr e d ~" 

O(E) W(E) 
metal redox system 

Fig. 4. Correlations between electron t ransfer  energy levels in metal  electrode and in redox 
species. At  equilibrium (EF =~ for anodic (t /a> 0) and cathodic (t/e < 0) polarisation 
(EF = 0 E r e d o x -  e0" ~). The arrows indicate the  direction of electron t ransfer  
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2.3.1. Electron Trans[er in the Excited Staie o~ a Molecule D*. We consider 
now electron transfer in the excited state of a molecule D* which may be able 
to act as an electron donor with an energy level distribution around the character- 
istic energy level 0ED~on and an electron acceptor with energy levels around 
the energy level 0EI~tce where 0Ea33on is far below 0Ehl~e. We assume that  a 
metal electrode in contact with the solution of D is brought to a potential where D 
is neither oxidized nor reduced. This situation is represented in Fig. 5. If now light 
is absorbed by D, new electron transfer levels are generated, the states of D~on 
and of D~c of Fig. 5. With these excited states electron transfer to and from the 
metal is possible, since they are located in an energy range where the correspond- 
ing electron states in the metal are either vacant or respectively occupied. How- 
ever, the two photocurrents in tile excited state of D have opposite directions and 
will compensate each other to some extent, if not one process has a large prefer- 
ence. 

vacont 
EF////i./// 

occupied / 

_ D ( ~  
metal 

Docceptor --oEDacceptor 

~ D- ~oED- 
O~onor --oED~onor 

DO+   oo,o, --oSo ccoptor 
i ....... - -oE O ~ 

Ddonor ~ oEOdonor 
W(E) 

Fig. 5. Corre la t ions  b e t w e e n  e lec t ron  t r an s f e r  t e r m s  of dye  molecules  in all possible  ox ida t ion  
s t a t e s  a n d  in t h e  exc i ted  s t a t e  re la ted  to EF  of a m e t a l  e lectrode where  ne i the r  ox ida t ion  nor  
r educ t i on  of t h e  u n e x c i t e d  dye  is poss ible  

There is another compensating effect at a metal electrode as a consequence 
of such an electron transfer in the excited state. The species D+ and D -  which 
are generated have acceptor or donor levels below or above the Fermi level of the 
metal where a reverse electron transfer is now possible. In the steady state reached 
within the lifetime of the products D + and D -  at the electrode the photocurrents 
are compensated by the reverse electron transition from the products. Only if a 
fast consecutive reaction brings one of the products to an energy state where no 
reverse electron transfer is possible a net photocurrent can be observed at a metal 
electrode. I t  is not clear whether up to now any reaction has been found which 
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produces a photocurrent by  this mechanism. In all more thoroughly investigated 
systems the photocurrents seem to be caused by  homogeneous photochemical 
reactions, the products of which have a redox potential  different from the mother 
substances and therefore give a different contribution to the current at the 
electrode potential applied 21). 

Further  there is another very effective process which prevents a direct genera- 
tion of photocurrents by  excited molecules at a metal  electrode, this is quenching 
of the excitation by  energy transfer to the metal. According to the dipol-dipol 
interaction mechanism as postulated by  FSrster 22), the rate of energy transfer is 
given by  a rate constant:  

oo 

Ifi kq~, ,,., T~ do,,(,,) �9 _d" V4 
(34) 

where r is the distance between donor and acceptor, v the frequency and ](v) the 
oscillator strength for the particular frequencies. A metal  as energy acceptor 
is much more efficient than a single molecule since one has to integrate over the 
full volume of the metal. This has been done far a monolayer as acceptor z3) 
and for a compact  metal  ~3,~4,25). These results show tha t  the lifetime of the 
excited molecule drops with decreasing distance from the metal  surface at short 
distances by  

z--~--- ,---, ( d ~ - ) 3 ~ ,  d<do (35) 

where do contains all the individual properties of the spectra and system. The 
metal  has a continuous spectrum which fully overlaps with the fluorescence spec- 
t rum of all dye molecules, the rate constant for energy transfer from an adsorbed 
excited dye molecule to a metal  is therefore extremely high. A rough estimation 
based on these formulas gives a reduction in lifetime of an excited dye molecule 
in a few A distances from the surface by  a factor of 10 - 3 -  10 -4 due to energy 
transfer. In  reality the lifetime in the adsorbed state will even be shorter since 
energy transfer b y  other mechanisms as exchange interaction has not been taken 
into account in this calculation. A similar calculation for excited species approach- 
ing from solution by  diffusion has been made by  Hale zs). We see that  there are 
enough reasons to make the chance of finding photocurrents at metals by  direct 
electron transfer from excited molecules extremely low. 

2.4. Semiconductor and Insulator Electrodes 

The situation is ut ter ly  different for semiconductors or insulators with a wide 
enough band gap 5,6,~,~s). If  the band gap exceeds the energy range of the fluo- 
rescence spectrum of the dye, energy transfer is either prevented or at least reduced 
to a very small rate  which is controlled by  the number  of electronic energy levels 
within the band gap of the semiconductor or insulator. Such states are usually 
localized and can be caused by  impurities or structural  defects and represent 
optical transitions with a low oscillator strength. With a suitable position of the 
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band edge energies in relation to the electron transfer energy levels of the dye 
molecule, the reverse electron transfer steps can also be prevented. Therefore, one 
can often find conditions where only one type of electron transfer from the excited 
molecule to the electrode is possible. Such situations are shown in Figs. 6 and 7 
for electron transfer from the excited molecule as donor to the electrode and for 
the reverse process with the excited molecule as acceptor. The quantum efficiency 
per excited molecule can be very high in such situations, since only tile internal 
desactivation processes compete then with the electron transfer step. However, 
the overall quantum efficience calculated for the incident light is in all cases 
restricted by the limited light absorption of a monomolecular dye layer on an 
electrode which scarcely can exceed 2%. In multilayers of dyes the quenching 
probability increases and an ohmic resistance for electron transfer is formed 
which prevents fast removal of electric charge from the dye layer. Therefore, 

vacant 
Ec 

solid 

E 

~ D~onor 

A E* 

~ Odonor 

adsorbed molecule 

Fig. 6. Typ ica l  e lec t ron ene rgy  corre la t ion  for e lec t ron in jec t ion  f rom exc i ted  dye  in to  a semi-  
c o n d u c t o r  or  i n su l a t o r  

vacant 

Ec 

E 

•E• 
Dacceptor 

EV ~oc. cupied ~/ D~cceptor I / / / / "  / / / . " / X  

solid adsorbed molecule 
Fig. 7. Typ ica l  e lec t ron  ene rgy  cor re la t ion  for hole  in jec t ion  ~rom exci ted  dye  in to  a semi-  
conduc to r  or in su la to r  
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not much can be gained in absolute quantum efficiency by multiple dye films. 
In the following we shall concentrate our discussion on reactions of adsorbed dye 
molecules in the excited state being adsorbed on semiconductor or insulator 
electrodes in monolayer amount. 

III. React ions  at Semiconductors  

There is no sharp distinction between a semiconductor and an insulator. Both 
can have such a wide band gap that  the conductivity of the intrinsic materials is 
negligible. In this chapter, however, we shall discuss only such solids which by  
doping can be made conductive to such an extent  that  ohmic voltage drops in the 
bulk remain small for the size of currents which can be generated by excited 
molecules. The other extreme, where the conductivity is only caused by  the 
injected charge carriers, will be treated in the next  chapter. 

1. Measuring Device 

Semiconductor electrodes can be used in galvanic cells like metal electrodes and a 
controlled electrode potential can be applied by  means of a potentiostat, if the 
electrode can be contacted with a suitable metal without formation of a barrier 
layer (ohmic contact). Suitable techniques for ohmic contacts have been worked 
out in connection with semiconductor electronics. Surface treatment is important  
for the properties of semiconductor electrodes in all kind of charge transfer proc- 
esses and especially in the photoresponse. Mechanical polishing generates a great 
number of new electronic states underneath the surface 291 which can act as 
quenchers for excited molecules at the interface. Therefore, sufficient etching is 
imperative for studying photocurrents caused by  excited dyes. 

The cell arrangement is otherwise quite normal. The cell only has to contain 
a window in front of the electrode for illumination 80) For dye-sensitization studies 
it is most favorable if the electrode can be used in the form of thin plates with an 
ohmic contact around the side parts so that  the light can be lead through the 
electrode from the back. I t  is in this way filtered for all wave lengths which are 
absorbed by  the semiconductor and could thereby generate photocurrents at the 
electrode-electrolyte interface 317. However, this can often not be achieved. The 
photoresponse is at best separated from dark currents by  modulation techniques 
and can be detected with great sensitivity by  lock-in amplifiers. Fig. 8 gives the 
principle scheme of most arrangements for the measurement of photocurrents at 
semiconductors with direct illumination of the electrode. 

The dye should be added to the solution by  such an amount that  the electrode sur- 
face was nearly covered with an adsorbed monolayer. Though most inorganic semi- 
conductors exhibit only a low tendency for the adsorption of large organic mole- 
cules, the formation of an adsorbed layer is largely favoured by  the salting-out 
effect of concentrated electrolytic solutions. I t  is sufficient therefore to use 
solutions of 1 - 3 .10-SM in dye concentration. Such low concentrations in the 
solution are necessary to avoid larger losses in light intensity at transmission of the 
light beam between window and electrode surface. 

46 



R e a c t i o n  of E x c i t e d  Dye  Molecules a t  E lec t rodes  

I 
! 

I 
I 
I 

I 
I \ ,  

R ~ ,  Pot. 

I XY-'Rec. I 
I 

I' f Lock in 
l 

J light J 
Fig. 8. E x p e r i m e n t a l  se t -up  for t he  m e a s u r e m e n t  of pho tocur ren t s .  ~ = semiconduc to r  elec- 
t-rode, C = coun te r  electrode,  R = reference electrode,  P o t  = p o t e n t i o s t a t ,  G ~ vo l t age  
genera tor ,  Ch = choppe r  

2. E n e r g y  Correlations 

In doped semiconductors of high enough conductivity, electrode potentials in the 
electrochemical sense have the same meaning as for metal electrodes, namely 
defining the position of the Fermi level in the bulk of the semiconductor relative 
to the Fermi level of a reference electrode in contact with the same electrolyte. 
The main difference is, however, that  the electric potential drop between the 
bulk of the semiconductor and the electrolyte extends over a space charge layer 
underneath the semiconductor surface, in full correspondence with the diffuse 
part of the double layer in the electrolyte. Besides this we have a sharp potential 
jump in the Helmholtz double layer at the semiconductur/electrolyte interface 
which is in the absence of surface states (ideal semiconductor electrode) mainly 
controlled by the chemical composition of the electrolyte and only to a very small, 
often negligible part, by  the voltage applied to the electrode 20,28,32). If 
surface states are present we can have any intermediate situation between 
a metal and an ideal semiconductor electrode depending on the concentration 
of surface states. The difference in potential distribution between a metal and 
a semiconductor electrode with none or few surface states is demonstrated in 
Fig. 9. The potential drop in the Helmholtz double layer region is due to 
an unsymmetric distribution of ionic charge between the surface and the 
electrolyte caused by  ion adsorption from the electrolyte or ionic dissociation 
from the semiconductor surface 28,33). This charge distribution is little affected 
by  the applied voltage and will in the following be assumed as only being controlled 
by  the chemical composition of the electrode and the electrolyte. 

The situation where the excess electric charge in the bulk of the semiconductor 
is zero has a particular importance because this can often be obtained experimen- 
tally. This state is called "flat  band situation" and the respective electrode poten- 
tial, "fiat band potential" because in the absence of electric fields inside the 
semiconductor the position of the band edge energies runs flat from the interior 
to the surface 2o). This energy pattern at the semiconductor-electrolyte contact 
is shown in Fig. 10 for the fiat band situation, i, e. an anodic and a cathodic 
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Fig.  9. D i s t r i b u t i o n  of t h e  electr ic po t en t i a l  ~0 in  ga lvan ic  cell w i th  (a) m e t a l  a n d  (b) semi-  
c o n d u c t o r  e lectrode 
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Fig. 10. Elect r ic  po t en t i a l  in s e m i c o n d u c t o r  e lect rode a t  f iat  b a n d  s i t ua t i on  and  a t  anodic  or  
ca thod ic  po la r iza t ion  re la t ive  to t h e  f lat  b a n d  po ten t i a l  

potential. The flat band potential  can often be derived from capacity ~4,35,36,37) 
or from surface-photovoltage 38,39) measurements depending on the electrode 
potential  tha t  allows to calculate the position of the band edges in terms of the 
electrode potential  scale against a reference electrode. For this calculation one 
needs to know besides the fiat band potential  the energy distance between the 
Fermi level in the bulk of the semiconductor and the band edges which is given by  
the following 

E e - - E F =  k T l n N ~  
t0 ,, (36 )  

EF -- Ev = k T I n  Nv 
to p 

where Ne, Nv are the effective densities of states in the conduction and valence 
band and n, p are the bulk concentrations of electrons and holes. With this in- 
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formation one can construct the solid state par t  of Fig. 6 and 7 in tile electro- 
chemical energy scale and one knows also in which potential  range a positive or 
negative space charge exists in the semiconductor. 

The presence of a space charge layer with an excess of positive or negative 
electric charge is very important  for studying the electrode reactions of excited 
dye molecules.-With the right sign of the excess charge, the electric field in the 
space charge layer removes the injected ctmrge carriers from the surface to the 
bulk and prevents in this way recapturing of injected charge carriers by  the 
ionised dye molecules. This is explained in Fig. 11. If  the excited dye molecule 
acts as electron donor corresponding to a situation of Fig. 6, we need a positive 
space charge to remove the injected electrons from the interface. Such a situation 
where the electron concentration in the surface is reduced to a negligible amount  
can be obtained with n- type semiconductors if they are anodically polarised 
relative to the flat band situation and form a depletion layer. If  the excited mole- 
cule acts as an electron acceptor, as in Fig. 7, we need a negative space charge 
with negligible hole concentration in the surface as shown in Fig. 11 b what  can be 
reached with p- type semiconductors. The injected holes are then removed to the 
bulk and have no chance to be recaptured. In both cases the reverse reactions axe 
prevented and the electron transfer from or to the excited molecule can be ob- 
served with 100% yield as a photocurrent.  

Ec e ~ / e E - -  D~onor 

E F . . . .  / ~  -- Ddonor 

(a) EV ~ _ 1  x , 
n-type semiconductor etectrolyte 
depletion Ioyer 

EF 
Ev- , 

(b) 
p-type semiconductor 
depletion layer 

,E 

~Dacceptor 

D~cceptor 
h + • 

etecirol;t e 

Fig'. 11. Position of electron energies at the band edges of conduction (Ec) and valence (Ev) 
band in depletion layer of (a) n-type and (b) p-type semiconductor electrode 
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In Fig. 12 we have collected the position of the band edges for various inor- 
ganic semiconductors in contact with aqueous electrolytes as derived from flat 
band potential measurements 40-46). The pH of the electrolyte has a great in- 
fluence on the position of the band edges. The reason is that  most of these semi- 
conductors react with water to form an oxide or hydroxide monolayer at their 
surface which can exchange protons with the electrolyte. Other ions which are 
strongly adsorbed on the surface can also change the position of the band edges 
which is therefore dependent on electrolyte composition and must be controlled 
in the experiments individually. 
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Fig. 12. Position of the  band  edges of various semiconductors in absolute and conventional  
electrode potent ia l  scale a t  pH = 7  GaP (40). CdSe (41), CdS (42), ZnO (43), TiO2 (44, 45), 
SnO~ (46) and the electron t ransfer  terms of the  excited rhodamine B in solution 

3. E l e c t r o n  I n j e c t i o n  

Most of the available inorganic semiconductors with wide enough band gap to 
prevent energy transfer have n-type character. The conditions for studying elec- 
tron injection from excited dye molecules are therefore most favourable with 
these materials since a depletion layer (compare Fig. 11) can easily be formed 
by anodic polarisation. This barrier layer prevents electronic currents in the ab- 
sence of illumination (or keeps the dark current at least very small) and makes the 
system most sensitive for photocurrents. 

ZnO-electrodes (band gap 3.2 eV) have in this connection been studied in 
great detail 30,31,47,48,49). We g i v e  here a few typical examples of the experimental 
results. Fig. 13 shows the dependence of the photocurrent on electrode potential 
for the dye rhodalnine B adsorbed at a ZnO-electrode with illumination in the 
wave length range of the absorption maximum of the dye (2 =5 7 0  nm). The 
photocurrent reaches a saturation above a critical voltage which is about 0.25-- 
0.4 V positive above the flat band potential. This means that  for a barrier height 
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Fig.  13. P h o t o c u r r e n t  v e r s u s  vo l t age  curves  for n -ZnO-e lec t rode  wi th  adso rbed  r h o d a m i n e  B 
a t  p H  = 5 u n d e r  i l lumina t ion  w i t h  d i f ferent  l igh t  in tens i t i es  ()~ = 570 nm)  

of 0.25 eV in the depletion layer back-capturing of electrons by oxidized dye 
molecules is negligible. The photocurrent increases linearly with light intensity 
as is expected for a one-quantum, monomolecular process. 

The photocurrent spectrum corresponds in this case almost fully to the ab- 
sorption spectrum of the dye in solution. Tiffs is shown in Fig. 14 where we see 
the photocurrent, measured in the potential range of current saturation of Fig. 13, 
depending on the wavenumber. The current has been corrected for constant quan- 
tum flux from the light source (a Xenon lamp with monochromator). The picture 
contains also the absorption spectrum of the dye in solution in a normalized scale 
to coincide at the absorption maximum with the photocurrent maximum. One 
sees a slight shift of the photocurrent spectrum to longer wavelengths which 
must be attributed to an adsorption interaction being stronger in the excited state 
than in the ground state 4). Clearly, sensitized photocurrents can only be measured 
in spectral ranges where the basic photocurrent of the semiconductor is relatively 
small. 

The close correspondence between the absorption spectrum in solution and 
the photocurrent spectrum of the adsorbed dye is by no means found in all 
cases. The adsorbed state can be different in structure from the solution state 
which is seen in a different photocurrent spectrum. It  has been found e. g. that 
polymers axe formed in the adsorbed state. This is a well known phenomenon for 
cyanine dyes ~o,~1) where polymer bands are found in the absorption spectrum of 

�9 the adsorbed molecules. An example is given in the photocurrent spectra of Fig. 15. 
One sees that with increasing amount of adsorbed dye -- no equilibrium adsorp- 
tion was reached during this experiment -- the polymer absorption band appears 
in the photocurrent. 
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I t  is unhkely in such eases where different species exist on the surface that  the 
photocurrent spectrum coincides with the absorption spectrum, since the effi- 
ciency of charge transfer will be different for different species. Memming 52~ has 
concluded that  for a cyanine dye adsorbed on a SnO~-electrode the monomer 
seems to be more effective for charge injection than the dimer or higher aggregates. 
Hauffe and co-worker 53~ have found that  chelating dyes are especially efficient 
for sensitized electron injection into ZnO-electrodes which is seen in the variation 
of the photocurrent spectrum. 

Electron injection from excited dye molecules has been also observed with 
SnO2- ~,sz~ TiO~- 45), and CdS-electrodes 54,~5~. The position of the conduction 
band edges of these materials in a solution of pH 7 (compare Fig. 12) is below or 
around the estimated energy level of the excited rhodamine B (or cyanine-dyes) 
(see p. 50), when acting as a donor, but  the energy level for the excited molecule 
acting as an acceptor is above the valence band edges of these semiconductors. 
The energy levels 0ED~o n and 0En~c c for rhodamine B are indicated in Fig. 11. 
One sees tha t  the experiments agree well with the theoretical conditions derived 
in the first chapter. 

Dye sensitization plays an important  role in photography. The sensitization 
mechanism for ZnO-materials as used in electro-photography is obviously in 
complete correspondence with these electrochemical experiments as shown for 
single crystals under high vacuum conditions by  Heiland 56~ and for imbedded 
ZnO-particles by Hauffe ~ .  Even for silver halides where electron injection as 
sensitization mechanism has been questioned by  the energy transfer mechanism 
5s~ electrochemical experiments have shown that  the electron injection mechanism 
is at least energetically possible in contact with electrolytes 59~. Silver halides 
behave as mixed conductors with predominance of ionic conductivity at room 
temperature. These results will therefore not be discussed here in any detail 
since such electrodes are quite inconvenient for the s tudy of excited dye mole- 
cules. 

4. Hole Inj ection 

According to our energy conditions of Fig. 7, materials suitable for hole injection 
must have a relative high energy position of the valence band edge. From Fig. 12 
we learn that  this is the case for GaP, and CdSe. CdS could be a candidate 
but  it is not available as p-type material. Besides p-GaP only p-SiC (band 
gap 3 eV) 7~ has been used for the s tudy of hole injection from excited dye 
molecules. 

In Fig. 16 we show a current-voltage curve for p-type GaP in the presence of a 
dye in the dark and at illumination with light being only absorbed by  the dye. 
We see again a saturation current, now however, in cathodic direction. The photo- 
current spectrum is represented in Fig. 17. I t  corresponds fully with the absorption 
spectrum of the adsorbed dye. One sees a saturation current at a polarisation of 
more than 0.35 eV negative of the flat band potential. Some special features at 
GaP-electrodes seem to be caused by the existence of surface states with energies 
in the range of the band gap. I t  has been assumed that  these surface states can 
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act as energy acceptors and quench the sensitized photocurrent by energy transfer 
with consecutive desactivation without charge separation 6o). I t  is, however, not 
yet clear whether this interpretation is correct since the derivation from the exper- 
iments included the unlikely assumption that energy transfer occurred prior to 
vibrational relaxation of the excited state. 
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5. Relaxat ion P h e n o m e n a  and  Supersens i t izat ion 

All photocurrents described in the previous sections have been measured under 
steady state conditions. Since photo-oxidation or photo-reduction of the dye causes 
chemical change a s teady state can only be reached when the consumed dye 
molecules can be restored either by  exchange of the products with dye molecules 
from solution or b y  an inverse redox reaction with some component  of the solution. 
Both processes need some time to reach the steady state. Exchange of adsorbed 
molecules with fresh dye molecules from solution is usually a very ineffective and 
slow process. One reason is tha t  the products often do not desorb from the electrode 
surface, another that  the dye concentration in solution is usually kept  very smM1 
to avoid light absorption by  the solution. In most experimental  arrangements it is 
necessary to illuminate the electrode through the solution. Only in a few systems 
semiconductors are available in such sizes that  the t ransparency of the materials 
in the wavelength range of sensitization can be used for illumination through the 
electrode zl,4s). 

I t  has further tacitly been assumed tha t  photocurrents cart only be induced 
by  excited dye molecules in the absorbed state on the electrode surface. Although 
one would expect that  excited dye molecules in solution should be able to exchange 
electrons with the electrode by  approach from the solution 26), the lifetime of 
excited molecules is too short and the excess of adsorbed molecules over the 
amount  of dissolved ones in a layer of ]/D--~ ~ 10 -7 cm thickness is too high as to 
detect charge injection from dissolved molecules, besides tha t  from adsorbed ones. 

In  most cases the photocurrent decreases with t ime according to a consumption 
of the dye. In  the absence of any supply from the solution one can use this for a 
kind of coulometric t i tration of the amount  of adsorbed dye molecules. The 
decrease can be avoided by  addition of a redox couple which regenerates the 
oxidized or reduced dye molecules directly in its adsorbed state a l l  

The redox potential  of this regenerating couple has to be either more negative 
than the oxidative redox potential  of the dye (OED/D+) in the case of electron 
injection from D*, or more positive than the reductive redox potential  (OEIvD-) 
in the case of hole injection from D*. A simple " t e rm scheme" of such a charge 
injection with regeneration of the reaction products is given in Fig. 18. Such a 
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Fig. 18. Electron energy correlations for regeneration of dyes after electron transfer in the 
excited state by redox reactions with electron donors or aceeptors 
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behaviour may  often be mixed up with supersensitization since it grants the 
highest possible efficiency of the adsorbed dyes and a repetitive action of the 
same molecules. However, it does not really change the sensitization behaviour 
of the dye. 

The relaxation behaviour of the sensitized photocurrent at a ZnO-electrode 
during a light pulse in the absence and in the presence of a regenerative redox 
system is shown in Fig. 19. One sees tha t  the current decreases exponentially 
with time if no regeneration of the oxidized dye molecule is possible, while in 
presence of such a regenerator the current reaches a steady state after a short 
period 6z). The initial current is smaller in the presence of the regenerating redox 
system, in this case this is caused by a competitive adsorption of the hydrochinone 
used as regenerator which decreases the adsorbed amount of the dye. I t  is not a 
general effect. 

mA 

3 -  

2 -  

l -  

0 

Iphoto 

0 2 4 6 ms t 

Fig. 19. Photocurrent  during l ight  pulse (Ar-Laser, 514 nm, 1 W) at  moderately doped ZnO2 
electrode (ND m 1017 cm -3) with  rhodamine B, in absence of hydrochinon (1) , in presence of 
10 -3 M hydrochinon (2) 

There is another possible mechanism which really deserves the name super- 
sensitization because the charge injection becomes either only just possible or is 
largely increased by  the interaction between dye molecule and supersensitizer. 
This is the case if the excited dye molecule reacts at first with the supersensitizer 
and reaches in this way a state where it can inject an electric charge even in the 
ground state. The " term scheme" for this mechanism is shown in Fig. 20. The 
assumption here is that  the excited state of the molecule as a donor cannot inject 
an electron into the conduction band or can do this only very  ineffectively. I t  can, 
however, act as an electron acceptor against the supersensitizer. 

The electron energy term of the reduced dye may then be so energetic that  
direct electron injection is possible as indicated in Fig. 20a. The energy conditions 
for the inverse mechanism with hole injection by  the oxidized dye (which reacts 
in the excited state primarily with an oxidizing supersensitizer) are shown in Fig. 
20b. 

I t  is characteristic for the above mechanism that  the photocurrent spectrum 
is not changed by  the presence of the supersensitizer. A change in the spectrum is 
only to be expected if the interaction between the dye molecule and the super- 
sensitizer has already occurred in the ground state. Though this possibility has 
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Fig. 20. Energy correlations for a mechanism of supersensitization by  photoreduct ion (a) or 
photooxidation (b) of the excited dye prior to electron t ransfer  

been discussed frequently in photographic systems 6 2), an unquestionable example 
for this mechanism has not yet been found in the electrode reactions of excited dye 
molecules. 

Coming back now to the relaxation processes during dye sensitized charge 
injection we want to discuss a special case where the oxidation and regeneration 
of the dye molecules could be directly followed in the current. This is possible if 
the regeneration occurs also by an electric current of the electrode. One needs for 
this purpose a very highly doped semiconductor electrode at which the barrier 
layer of the space charge is so thin that  the reverse electron transfer after charge 
injection is possible by tunnelling. This can be reached with ZnO- and SnOu- 
electrodes 46,61,63). 

In such systems the current relaxation curves look different from those of 
Fig. 20. After the termination of the light pulse an inverse current can be observed 
as shown in Fig. 21 sl). This reverse current is caused by reduction of photo- 

rnA Iphoto 
1 . 2 - "  

, ,  2 

1.0- 

0.8- 

0.6- 

0h- 

0.2- 

0 2 4 ms F t-" 

Fig. 21. Photocurrent  during l ight  pulse as in Fig. 19 a t  highly doped ZnO electrode (ND m 1020 
cm-3) (1) no hydrochinon (2) 10 -~ M hydrochinon 

57 



H. Ger ischer  a n d  F.  Wil l ig  

oxidized dye molecules through electrons which can tunnel back from the con- 
duction band through the barrier layer. The regeneration by  a redox system in 
solution, however, is much more efficient as indicated by  the absence of the reverse 
current in presence of the regenerator. 

I t  is striking to note in Fig. 21 that  in contrast to the results shown in Fig. 19 
even the initial current is higher in the presence of the regenerator. This has been 
interpreted 61) as a competition between energy transfer and photoreduction of 
the excited dye molecule prior to electron injection. Energy transfer is possible 
from the excited dye molecule to the electrons in the conduction band which are 
close enough to the surface in such a thin space charge barrier. This reduces the 
photocurrent by  electron injection from the excited dye. On the other hand, a 
photoreduction of the excited dye can cause electron injection from the reduced 
dye molecule according to the mechanism of Fig. 19a. The net results depend on 
the particular rate constants. The different reactions which seem to occur simul- 
taneously in the system of Fig. 21 are summarized in Fig. 22. We learn from these 
experiments that  the mechanism of supersensitization can be quite complex and 
also that  relaxation experiments where they can be applied give much more 
information than steady state measurements. 
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Fig. 22. E n e r g y  s c h e m e  for r eac t ions  a t  h i gh l y  doped  s e m i c o n d u c t o r  w i th  v e r y  sma l l  dep le t ion  
barr ier .  

Reac t i ons  : 
h~ 

D > D* 

Ddo n ~ D + + e  - (injection) 

Daa c + Rdon > D -  + R + (photoreduc t ion)  

D -  > D + e -  (injection) 

D*  > D + (e-)* (quenching)  

D + + e -  ) D (reverse e lec t ron  t r ans fe r  b y  tunne l l ing)  

Summarizing the results obtained up to now with semiconductor electrodes 
and excited dye molecules one can say that  it is possible by  using different semi- 
conductors to get an approximate information on the energy position of the elec- 
tron exchange orbitals of excited molecules in solution. In future it should become 
possible to s tudy photochemical reactions with other reactants by  competition 
with the electrode reaction (quenching for instance) and to analyse in this way 
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mechanisms of more complicated photoreactions. Proceeding to non-aqueous 
solvents may be especially useful because a much greater variety of photoreactions 
will then become accessible. 

IV. Reactions at Organic Insulator Crystals 

1. Measuring Device 

Before describing dye sensitized electron transfer reactions at the surface of organic 
crystals a few remarks shall be made concerning experimental peculiarities of the 
system. 

Firstly, organic crystals are insulators with a wide band gap (> 3 eV 64) and 
narrow conduction and valence bands (a few kT  wide 65)). Correspondingly the 
current voltage curve is that for charge iniection into a dielectric medium 66). 
The injection current can saturate at higher voltages when it is limited by charge 
generation and destruction at the crystal surface. Some more details of the proc- 
ess are explained in Section 5 below. To obtain the desired direct correspondence 
between the rate of charge generation at the crystal surface and the magnitude of 
the injection current flowing through the crystal bulk a large voltage has to be 
applied far beyond the space charge limited range of the current voltage curve. 
The thickness of the crystals has to be kept ~< gO/~ in order to allow for the meas- 
urement of a current versus applied field strength curve extending up to l0 s 
V/cm (limited by electric breakdown 6~)). This way an unambiguous determi- 
nation of the contact controlled injection current is ensured, provided the other 
two conditions are met concerning the contact formation and the composition of 
the electrolytic contact. 

Charge carriers at the crystal surface undergo slow side reactions with solvent 
molecules (e.g. holes with OH-) thereby changing the chemical nature of the 
crystal surface. Mechanical polishing cannot be carried out since the next crystal 
planes adjacent to the surface can be damaged easily through such a procedure 
on such fragile crystals. Therefore, to exclude the deteriorating effect of side 
reactions prior and during the measurement of the injection current a freshly 
grown crystal surface has to be used for each experiment and a specific technique 
of contact formation has been developed Gs) which is seen in Fig. 23. Furthermore, 
the electrolytic contact has to be composed in such a way that the destruction of 
charge carriers through solute molecules can be neglected or at least its effect can 
be corrected through an independent measurement 69). 

The solution of the charge injecting species is dropped from a pipette on the 
virgin crystal surface with the opposite crystal surface already in contact with an 
electrolyte suitable for discharging the charge carriers to be iniected and connected 
through a platinum wire to the secondpole of the voltage supply. The falling droplet 
of the charge injecting solution first touches the other platinum wire connected to 
the first pole of the voltage supply before reaching the virgin crystal surface and 
thereby switches the voltage across the crystal bulk. 

The above procedure ensures a low density of injected charge carriers at the 
crystal surface and only about 8 ms elapse (due to the spreading of the solution 
over the crystal surface) before the current reading is obtained ss). When charge 

59 



H. Gerischer and F. Willig 

pipette 

charge photo multiplier crystal~ !~//solution injecting 

fl::~::::nce ~ ~platin!m 
chopper 

I 

single photon counter 
or oscilloscope 

chopper 

wires 

beam of 
incident tight 

~ light source 

oscilloscope or 
electrometer 

I 
I high voltage 

operational 
amplifier 

I 
function 
generator 

time ---~ 

Fig. 23. Experimental set-up for the measurement of dye sensitized charge injection in organic 
crystals and of dye sensitized delayed fluorescence of the crystal 

injection occurs only through light absorption corresponding precautions have to 
be taken e.g. the light is switched on only after the voltage has been applied to the 
crystal. The light intensity should be as low as possible and the measuring time 
should not exceed more than e.g. 5 minutes. 

An experimental set-up suitable for measuring dye sensitized injection cur- 
rents and dye sensitized delayed fluorescence of the crystal is shown in Fig. 23. 
To shield the photomultiplier (detection of the fluorescence) from the incident 
light beam the two light choppers in Fig. 23 are rotating with a corresponding 
phase shift. 

2. Energy Correlations 
The organic single crystals considered here for hole injection are composed of 
aromatic molecules with the following structural formulas: 

perylene anthracene chrysene phertanthreae 
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The elementary cell of the single crystals is monoclinic with 4 or 2 molecules 
per unit cell for a-perylene and chrysene or anthracene and phenanthrene re- 
spectively 70,71,72,73). Until now the sensitized hole generation has only been 
studied at the 001 plane of these crystals. The planar area of the organic molecules 
is turned away by a large angle from the 001 plane. The molecules in the crystal 
are facing the adsorbed dye molecule with their rims. Thus, no sandwich arrange- 
ment can be formed between the dye molecule and a crystal molecule at the 
ideal 001 surface of the crystal as shown later in Fig. 30. 
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Fig. 24. Energy of the  excited singlet s tate  S1 and  tr iplet  s tate  T 1 of rhodamine B lo) (S1 -- 
1D*, T1 =3D*) and of the  organic crystals (S1 =IC*,  T1 =~C*) 74-7s). The energy of the  
reduced dye-hole pair ( 2 D - . . .  2C+) is also shown as derived from the  experimental  yield curve 
(compare Figs. 31 and 32) 

The excited singlet and triplet states of these crystals 74-78) are shown to- 
gether with those of rhodamine B in Fig. 24. Obviously, the excited singlet state 
of rhodamine B can be reached without exciting the singlet state in the crystals. 
Even for very thick crystals (#m to mm) the absorption ~ d <  10 -4 of the triplet 
state in the crystal is negligible compared to the absorption of the singlet state of 
the adsorbed dye molecules even at small coverage of the crystal surface (see 
below). Therefore, the adsorbed dye molecules can be illuminated with a beam 
passing through the crystal bulk. This way there is no correction necessary for 
light absorption by dye molecules in the solution. However, the triplet state of the 
crystal can be populated by an indirect reaction path after excitation of the excited 
singlet state of rhodamine B and consecutive formation of the "reduced dye-hole 
pair" (2D- . . .  ~C +) with an energy obtained from the experiments as shown in 
Fig. 24 (see Section 7). 
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Sensitized hole generation in the organic crystals involves the ionisation 
energies at the surface of the organic crystals shown in Table 1 which have been 
derived from thermally activated electron transfer to redox ions 79). 

Table 1. Ionisation energies Ie of the  organic crystals in eV 

~-Perylene Anthracene Chrysene Phenan threne  

Crystal 5.33 5.8 5.98 6.19 

Molecule 8o) 7.00 7.47 7.60 7.86 

Going from ,r to phenanthrene the iouisation energy is increased by 
0.86 eV. We see from the ionisation energies of the organic crystals in Table 1 and 
the above estimated reduction potential 0EI~,/D_ ---- -- 5.88 eV (electron affinity) 
for the excited singlet state of rhodamine B that  for hole injection the free energy 
change A G o should go from a large negative value at perylene through zero at 
about anthracene and finally to a large positive value at phenanthrene. As will be 
seen later such an energy correlation is indeed borne out by  the experimentally 
determined quantum yield for sensitized hole generation at these different organic 
crystals. Since rhodamine B has been used in most of the investigations of sen- 
sitized charge generation at organic crystals we will also consider it as our typical 
dye molecule. The effect of different properties of other dye molecules on the reac- 
tion paths shall be mentioned in the respective place in the discussion. 

The above ionisation energies of these organic crystals together with their 
band gap > 3 eV yield positions of their conduction band <2 .3  eV 64~. Since the 
oxidation potential (ionisation energy) for the excited singlet state of rhodamine B 
is expected around 0E1D ,/I)+ = -- 3.17 eV (see above) we can neglect direct 
sensitized electron injection implying an "uphill" electron transfer with a free 
energy change A GO> 1 eV for rhodamine B at these organic crystals. A suitably 
large electron affinity, i.e. a low enough empty conduction band for sensitized 
electron injection can be attained only by introducing electron attracting atoms 
instead of hydrogen. The electron affinity of the chloranil crystal has been found 
around 4 eV sl) which is sufficiently large to allow for direct electron injection 
through the excited rhodamine B molecule with an ionisation energy estimated 
around 3.2 eV. The choranil molecule has the following structural formula: 

0 

0 

The ionisation energy of the chloranil crystal is expected to be so large that  
sensitized hole injection through excited rhodamine B can be neglected. 
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3, Survey of the Main Observations 

3.1. Hole Injection 

Hole injection in the fully occupied valence band of anthracene through excited 
rhodamine B molecules adsorbed at the crystal surface has been discovered in 1963 
by Steketee and deJonge s21. Mulder has investigated this effect for a number of 
dyes at anthracene and perylene crystals s~}. Mulder and deJonge have found that 
the excited singlet state of adsorbed dye molecules can be populated more effec- 
tively by energy transfer from mobile singlet excitons produced in a strong 
S o -  S1 transition in the surface layer of the organic crystal than by direct ab- 
sorption of the incident photons s4>. The energy transfer from the crystal to the 
dye allows for a thicker absorbing layer in the crystal than the approximately 
monomolecular layer of the adsorbed dye molecules. Thus, a larger quantum 
efficiency for sensitized hole injection is reached referring to the number of in- 
cident photons per unit time. Gerischer, Michel-Beyerle, and Rebentrost have 
pointed out the necessity to reoxidize the reduced dye molecules through redox 
ions in order to obtain a stationary current flow sh). Nickel, Staerck and Weller 
have found delayed fluorescence of the anthracene crystal stemming from excited 
rhodamine B molecules at the crystal surface 8~. This observation of dye sensitized 
delayed fluorescence of the crystal gave definite proof for yet another reaction 
path besides hole injection. Nickel showed that sensitized delayed fluorescence of 
the crystal can originate from intersystem crossing in the adsorbed dye molecule 
and consecutive energy transfer or from voltage dependent recombination of the 
injected hole with the reduced dye molecule sT). Willig and Michel-Beyerle com- 
pared the quantum yield of rhodamine B sensitized hole injection with the differ- 
ence between the ionisation energies of organic crystals and the electron affinity 
of the excited dye molecule 8s). The estimated free energy correlation between 
rhodamine B and the organic crystals has been confirmed recently through meas- 
urements at phenanthrene 89} (see also Section 7). Groff, Suna, Avakian, and 
Merrifield have observed a decrease in the rhodarnine B sensitized delayed fluores- 
cence in anthracene in the presence of a small magnetic field and have presented a 
quantitative model explaining the formation of the triplet state in the reduced 
dye-hole pair produced through the reaction of the singlet state of the excited dye 
and the singlet ground state of the organic crystal 90,91~. For this triplet formation 
from singlet states to occur, spin randomization is not required but an asymmetric 
spin Hamiltonian due to a stronger hyperfine interaction of one of the two particles 
either the hole in the organic crystal or the electron at the reduced dye as will be 
discussed below. 

Before looking at the complete reaction scheme emerging from these obser- 
vations we list the principal events leading to the stationary dye sensitized hole 
current in organic crystals. 

1) Excitation of the adsorbed dye molecule symbolized as (1Do... 1Co) with 
photons of energy hvD = AlE* e.g. yellow light in the case of rhodamine B. 

(IDo.. .ICo) +kPD , (ID*...1Co) 
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2) Generation of a defect-electron ~ which contributes to the current ilow: 

(1D. . .*IC0)  , (2D- . . .1C0)  + @ 

The occurrence of processes 1) and 2) is at once evident from the observation of 
the sensitized hole current in an organic crystal with an excitation spectrum closely 
resembling the absorption spectrum of the dye and with a linear dependence on 
the light intensity. Fig. 25 shows the identi ty (except for a slight red shift) of tile 
absorption spectrum e of tlle rhodamine B monomer with the excitation spectrum 
of the corresponding sensitized current ] of a 10-0M solution at phenanthrene. 
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Fig.  25. Compar i son  b e t w e e n  t h e  exc i t a t ion  s p e c t r u m  of t h e  r h o d a m i n e  B sens i t ized  c u r r e n t  
J M  in p h e n a n t h r e n e  (dye coverage  0 = 0.4 for 10 -6  M r h o d a m i n e  t3 in a q u e o u s  so lu t ion  
a t  pI-I = 7) w i th  t h e  abso rp t ion  coefficient emonomer of t h e  r h o d a m i n e  13 m o n o m e r  in a q u e o u s  
so lu t ion  a t  p H  = 7 

3) To observe a stationary current flow it is necessary to reoxidize the reduced 
dye molecule by  an electron acceptor Ox: 

(2D- . . .  1C0) 2 V O x  ) (1D0...1C0) -J- O x -  

Reaction (3) completes the cycle and we can start  again with reaction (1). 
Besides reactions (1), (2), and (3) side reactions also occur. The most interesting 
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example is the population of the triplet state of the organic crystal and possibly 
also of the adsorbed dye. The triplet state of the crystal can be populated e.g. 
via recombination of the reduced dye-hole pair in the triplet spin state s7,90). 
This way the excitation of the singlet state of rhodamine B with energy h vD 
renders triplet excitons in an anthracene crystal (first line in process 4). Two triplet 
excitons can form a singlet excition (second line in process 4) which finally decays 
by emitting the blue fluorescence of the anthracene crystal with energy h re> h vD 
(third line in process 4). 

4) (1D*. . . lC0) ; (ID0...3C*) 

3C*+3C* , 1 C * + 1 C  0 

1C* ~ 1Co + b y e  

The overall rate constants and yield expressions for processes 2) to 4) can be 
split up into rate constants for individual reaction steps using the reaction scheme 
shown below (Fig. 26). 

~ I dye excitatio'n ' ID , ,  ' 3Dmt (1DO " 3! 
(i D Tel al ,, (I,-,* ICI kls= /3,..,*, 1,,,~ ~ , )  

o ..... O r ,,t ~ ,., ...... 01 ~ ~ ta ....... ,..0 t .... 

3c" ~l\l / etectron transfer / . . ~ . . . ~  
~o,/ / 3D*| / / / k R c  i i  kEr / k~r / / ~  

Ox kET Cox 

TFD: ..... ?c +) ,, ~Cs~,~_ 3t~D: ..... .~c § / / 

J /  /-/- 
Red 

(2D' . . . . .  :Co) t- (~) ~'~"I~"~ kET CRe a 

hole escape [ kEs 

Q 
sensitized current 

dye regeneration 
Ox 

Y3C~ 1C~ -hvc --= leo 

sensitized 
delayed crystal. 

fluorescence 

Fig. 26. General reaction scheme for dye sensitized hole injection in organic crystals. The 
scheme shows the excitation of the adsorbed dye (1D o . . .  IC0) in the first row at  the left hand 
side. Through electron transfer the "reduced dye-hole pair" (~D-. . .2C+) is generated with its 
singlet and triplet spin state (2, row). The dissociated "reduced dye-hole pair" is shown in the 
third row, and finally the hole (~3 contributing to the injection current in the fourth row. 
The regeneration of the dye molecules can be seen on the left hand side of the third row and the 
generation of sensitized delayed crystal fluorescence in the first row on the right hand side. 
Details are explained in Section IV 4 of the tex t  
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3.2. Electron Injection 

Dye sensitized electron injection in the empty conduction band of chloranil has 
been described by Michel-Beyerle and Brickl ~2~. The principal events listed in 
points 1) to 3) for hole injection also apply in the corresponding formulation to 
sensitized electron injection. The detailed formulation of a reaction scheme, how- 
ever, is more complicated for sensitized electron injection at chloranil since protons 
also can take part in the formationof the reduced hydrochinone form of the reduced 
chloranil molecule. 

In the next 4 sections we shall give a more detailed account of the individual 
reaction paths connected with hole injection when an excited dye molecule is 
formed at the surface of an organic crystal. 

4. Reaction Scheme for Hole  Injection 

The reaction scheme in Fig. 26 gives a detailed picture of the main reactions 
initiated by the excitation of the dye molecule at the surface of an organic crystal. 
The rate constants connecting the reactants with the products are given in the 
dimensions s -1 for monomolecular reactions and in the dimensions cm a s -1 for 
biomolecular reactions. Going from left to right in the first line o ]  describes the 
excitation of an adsorbed dye molecule (1D0---1C0) to its ecited singlet state 
(1D*---1C0), e=absorp t ion  cross section for a photon, J = l i g h t  intensity. 
k ls=in tersys tem crossing to the triplet state of the dye (3D*---1C0). 
k~ D" =energy  transfer to the triplet state of the crystal (1D0...3C*). y3C*= 
bimolecular reaction of two triplet excitons yielding the excited singlet state of 
the crys ta l  1C* which finally emits a photo h vc yielding the ground state 1C0. 
Thus, all forward reactions in the first line finally yield the sensitized delayed 
fluorescence of the crystal via energy transfer from the triplet state of the dye to 
that  of tile crystal. The meaning of the reverse reactions is obvious. 

In the second line the singlet and the triplet configurations of the "reduced 
dye-hole pair" are symbolized by l (2D- . . .  2C+) and 3(2D-.. .  2C+). The range of 
the dipole interaction between the spins of the hole in the organic crystal and the 
electron at the dye has been estimated as 15 A 90) implying on average (see below) 
the hole at 5 equivalent next neighbour positions to the reduced dye in the ab 
plane of the organic crystal. From the species in the first line of Fig. 26 rate con- 
stants kE for the activation of the electron transfer reactions lead to the reduced 
dye-hole pair in the second line. Such activation involves changes in the distance 
between the reactants, changes in bond-lengths and bond-angles and also changes 
in the solvent- and ionic-environment 16-19,g3). The rate constant for activation 
of electron transfer also depends on the free energy barrier d G o of the reaction, 
i.e. the difference between the ionisation energy of the crystal and the electron 
affinity of the excited dye corrected for the interaction in the reactant and 
product state 16-19,98). The change of the spin in the electron-hole pair produced 
from the excited singiet state of the dye and the singiet ground state of the crystal 
is brought about through a spin Hazniltonian ~spln which is asymmetric in the 
hyperfine coupling of one of the particles (either electron or hole) 90,91). Thus, 

66 



Reaction of Excited Dye Molecules at Electrodes 

even though intersystem crossing is small in the individual reactants e.g. the 
rhodalnine B molecule and the anthracene crystal, the triplet state can be effec- 
tively populated in the reduced dye-hole pair. Details will be discussed in section 
8 below. 

For the discussion in Section 8 it is meaningful to formulate in the third line 
separately the dissociated reduced dye-hole pair with tile hole still remaining at 
the crystal surface but  separated from the reduced parent dye molecule 
(2D- . . .  1C0) by  more than 1 molecular diameter. The final escape of the hole is 
characterized by kEs -~- reciprocal escape time for the hole to reach a position in the 
crystal bulk where the applied field dominates over the attraction due to its coun- 
ter and image charge in the solution. Thus, tiffs rate constant k~s implies the field 
assisted Brownian motion of the hole (including the time spent in traps) leading 
out of the potential well at the crystal surface ~9~. The reduced dye molecule 

Ox (9'D-.. .  1C0) is oxidized (regeneration) with a rate Coxk~.T, Cox =concentra t ion  
of the oxidized redox ions, yielding again the adsorbed dye molecule in the ground 
state (1D0...1C0). Hole-generation through sidepaths is also indicated, mainly 
detrapping of holes in surface traps with concentration n , T  through photons and 
triplet excitions 94) and possibly electron transfer from the triplet exciton to 
the oxidized redox ion with rate constant k ~ 05~. 

5. Sensitized Hole Currents in Organic Crystals 

The generation of a hole at the surface of the organic crystal is measured as current 
flow through the bulk of the organic crystal. Electron exchange with excited dye 
molecules leads to the formation of a stationary positive space charge in the 
organic insulator crystal. When an external voltage is applied to the crystal a 
space charge limited current flows through the crystal bulk which rises steeply 
with increasing voltage (dashed curve in Fig. 27). I t  is controlled by  bulk properties 
of the organic crystal 96). When a sufficiently large voltage is apphed, the current 
is controlled by  contact properties, i.e. the generation and destruction of holes at 
the crystal surface. In the present context only the latter range of the current 
voltage curve is of interest to us. 

In spite of the Coulombic attraction between the injected hole and the reduced 
dye molecule the hole can dissociate from the electron at the dye with the rate 
constant kn in the reaction scheme (Fig. 26). Other ions in the solution then can 
take over the role of the negative counter charge for the injected hole and only 
after a number of encounters with the crystal surface (including the time spent 
in traps) the hole finally can escape over the potential barrier with rate constant 
k~.s. The form of the potential barrier is somewhat time dependent due to several 
relaxation times in the system. The hole spends an overalU time of e.g. about 
10 -s s at the surface of our perylene crystals at an external field strength of 10~ 
V]cm 79~. A competition with the escape of the hole from its counter and image charge 
in the solution arises from its recombination with the parent reduced dye molecule 

~Red (rate constants kl~ and kB) or with other electron donors with rate constant ~.T 
nRed 

ClUed. The rate constants kB and ~,T depend on the respective activation times 
for electron transfer to the hole which can be derived from the free energy plots 
for the generation reactions (see Section 7). A recombination with other reduced 
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Fig. 27. Quantum efficiency of sensitized hole injection in organic crystals (injected holes per 
incident photon) versus applied field s t rength  (ratio of voltage to crystal  thickness) Pe = 
perylene, Ar = anthracene,  Ch = chrysene, Phen = phenanthrene  

dye molecules can be prevented by  using low light intensity and a sufficiently 
Ox fast regeneration reaction k]~TCox for the reduced dye molecule. 

According to Fig. 26 tile probability Pes for the hole to escape from the crystal 
surface can be written as follows: 

P e s  = Pges kEs B~D (37) 
kEs + k~T Circa 

With Pegs = probability for the excape of the hole from its parent reduced dye 
molecule. 

Through the external field strength the depth and width of the potential well 
for the hole is decreased and thus the escape probability is enhanced. For a small 
concentration of the electron donors CRe0 and with a large external field strength 
>~ 105 V/cm the overall excape time for the hole at perylene, anthracene and chry- 
sene is sufficiently short compared to the time necessary for electron capture at 
the crystal surface to yield an escape probability Pes m 1 for every hole generated 
at the crystal surface. 

The corresponding injection currents for sensitized hole generation are almost 
independent of the applied voltage. The remaining increase in the quantum 
efficiency (holes per incident photon) with rising external field strength (Fig. 27) 
corresponds to a relative linear increase of the current with a coefficient of 10 -6 

cm also observed for saturation currents in the dark 68). Since this influence of 
V 

the external field is not observed for diffusion controlled hole injection 6s) it is ten- 
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tatively at tr ibuted to a decrease in electron hole recombination kl~ taking place 
before the hole leaves the immediate vicinity of the still activated electron accep- 
tor. Except  for this small effect the sentisized injection currents at perylene, 
anthracene and chrysene are saturation currents for sensitized hole generation. 

In contrast with phenanthrene the rhodamine B sensitized injection current 
remains smaller by  a factor of about 10 -a and rises steeply with increasing external 
field strength as shown in Fig. 27 independent of the light intensity sg~. This 
strong influence of the external field indicates a fast recombination reaction taking 
place during the encounters between the hole and the parent reduced dye molecule 
after their first dissociation. For donating the electron back to the hole the reduced 
dye molecule at phenanthrene needs a very short activation time ~ (correspond- 
ing to rate constants kB in Fig. 26) compared to the time the hole spends in the 
immediate vicinity of the reduced dye molecule 79~. As will be shown in Section 7 
such a short activation time is indeed expected at lPhenanthrene from the free 
energy plot for the reverse electron transfer reaction kB leading back to the excited 
singlet state of rhodamine B. 

The quantum efficiencies shown in Fig. 27 have been determined with the 568.2 
nm beam of a Krypton laser (compare Fig. 25) at tenuated to 3.1014 photons/ 
cm 2 s. The field dependence has been measured 4 minutes after contact formation 
between the dye solution and the virgin crystal surface when the dye adsorption 
has attained virtually its equilibrium value. The estimate for the dye coverage 
0 = 0.4 indicated at the ordinate of Fig. 27 will be explained below. We have 
added 10 -2 N Fe(CN)~- to a solution of 10 -6 M rhodamine B at pH 7 for regene- 
ration of the dye in a 1 electron step as has been formulated in Section 3 above. 

Another reactant 10 -1 M Na2S08 has also been used to regenerate the dye sT, 
00~. This species is less suitable since besides being a complicated electron acceptor 
it is at the same time an electron donor 9~1 for the injected holes which brings 
about Pes < 1 at large concentrations e.g. 10 -1 M Na~SOa in the solution. A sta- 
tionary measurement at anthracene with 3 • 1014 photons/cm 2 s and 10 -~ M 
rhodamine B but  with 10 -1 M Na2SOa instead of 10 -~ N KsFe(CN)s yields a 
steeply voltage dependent (i. e. recombination controlled) injection current with a 
30 times smaller quantum efficiency than shown in Fig. 27 at an external field 
strength of 105 V/cm 89). 

6. Interaction between Dye and Organic Crystals 

To obtain from the measured quantum efficiency the quantum yield for an indi- 
vidual excited dye molecule to inject a hole, we have to know the number of dye 
molecules excited per unit time at the crystal surface. For the number of adsorbed 
dye molecules a rough estimate can be obtained from the surface coverage 0 and 
from the area occupied by  one adsorbed rhodamine B molecule which is estimated 
at 200 A2. This yields the density of adsorbed rhodamine B molecules: 

nlDo = 0 �9 5 • 1013/cm 2 . (38) 

The interaction leading to the adsorption of rhodamine B at the surface of 
organic crystals and also the dye coverage 0 can be deduced from properties of 
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injection currents in the presence of dye molecules in the solution. The lower 
curve in Fig. 28 shows the time dependence of the rhodaznine B sensitized current 
(10 -6 M rhodamine B in the presence of l0 -2 N K~Fe(CN)~- at pH 7) at anthracene 
after the solution has been dropped on the virgin crystal surface. The contact 
formation has switched on an external field strength of 1 X 105 V/cm in the satura- 
tion range of the current voltage plot. Three minutes later the external field has 
been increased continuously yielding within 1 minute Fig. 27. The time dependence 
of the rhodamine B sensitized current after contact formation stems from the ad- 
sorption of the dye molecules at the crystal surface. I t  is the same with the different 
organic crystals. When a saturation current for hole injection of the same solution is 
measured at perylene in the dark the upper curve in Fig. 28is obtained. At perylene 
hole injection through 10 -2 N K3Fe(CN)6 in the dark corresponds to a rate 
constant of 3 • 105 cm/s whereas it is already negligible in the case of anthracene 
and chrysene 9s). The adsorbed rhodamine B molecules prevent the access of the 
redox ions Fe(CN)~- to the crystal surface. Thus the decrease in the upper curve 
of Fig. 28 indicates the increasing area of the crystal surface which is covered by  
dye molecules. The lower curve is proportional to the dye coverage 0 and is nor- 
malized according to the upper curve. The equilibrium coverage for the 10 -6 M 
rhodamine B solution according to Fig. 28 is 0=0 .4 .  The complete adsoiption 
curve i.e. dye coverage 0 versus dye concentration in the solution has been ob- 
tained through such measurements ss). With peryleue the rhodamine B sensitized 
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Fig. 28. Time dependence  of t he  rhodamine  B sensi t ized inject ion cur ren t  ind ica t ing  the  dye  
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r h o d a m i n e  ]3 a t  p i t  = 7 
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current reaches about half of its max imum value with 10 -6 M rhodamine B in the 
solution and levels off at higher dye concentrations. Thus, the absorption constant 
for rhodamine B at organic crystals is K~d = 106 M -1 implying with about  1 M 
concentration at the crystal surface an about 10 s times larger rate constant for 
adsorption than desorption. For comparison, the association constant for the for- 
mation of rhodamine B dimers in aqueous solution is Kas = 13 • 108 M -x 99). 
The adsorption at the surface of organic crystals therefore is l0 s times stronger 
than dimer formation in the solution. In  aqueous solution rhodamine B adsorbed 
at the surface of organic crystals does not form dimers or even polymer islands. 

Indeed, the excitation spectrum of the sensitized current i in Fig. 29 resembles 
the absorption spectrum of the dye monomer even when 70% of the dye molecules 
form dimers in a 10 -3 M solution of rhodamine B for which the very different 
absorption coefficient ~ is shown also in Fig. 29. The red-shift and broadening of 
the 7" curve in Fig. 29 as compared to the absorption e of the dye nomomer in Fig. 
25 is due to the influence of the environment, mainly neighbouring dye molecules. 
Fig. 29 refers to phenanthrene but  holds good also for the other crystals 88). 
Fig. 29 also shows the absorption spectrum (A) obtained after the 10 -8 M rhoda- 
mine B solution has been dried up at  the crystal surface through contact with a 
paper cloth. The remaining rhodamine B molecules form dimers and even a poly- 
mer as can be seen from the narrow absorption peak appearing at the long wave- 
length side of the spectrum 99). Since there is no decrease but  even a slight increase 
in the sensitized current at perylene up to 10 -3 M rhodamine B the excitation 
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Fig. 29. Comparison between the excitation spectrum of the sensitized current J and of the ab- 
sorption coefficient of a 10 -3 M rhodamine B solution containing also 10 -2 Fe(CN)~- at  pH = 7. 
The absorption .4 is tha t  of the dye molecules when the same solution is dried up at  the crystal 
s u r f a c e  
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spectrum of the current indeed indicates the dye species adsorbed at  the crystal 
surface. Through a suitable procedure one can obtain the excitation spectrum of 
the sensitized current corresponding to a dye polymer on the same crystal  ssL 

Since dlmerisation of Xauthene dyes does not occur in organic solvents and 
shows an increase in aqueous solution with the number  and size of the alcyhc sub- 
stituents at  the dye molecule, Drexhage recently has a t t r ibuted dimerisation to 
hydrophobic interaction of the dye molecules 9). I t  is at hand to at t r ibute the even 
stronger adsorption of rhodaxnine B molecules at  the surface of organic crystals 
also to hydrophobic interaction. The adsorption is thus brought about  by  an en- 
tropic gain due to a decrease in the number  of hydrogen bonds in the water 
environment otherwise ordered in the presence of the alcylic groups of the dye lo0). 
Simple electrostatic arguments would predict even a repulsion of the cationic 
dye at the boundary of a medium with a smaller dielectric constant. Thus, we 
expect tha t  the hydrophobic diaethyl-amino groups of rhodamine B are closely 
at tached to the surface molecules of the organic crystal. One of the possible ar- 
rangements of the rhodamine B molecule at the 001 surface of anthracene is shown 
in Fig. 30. Nikel has found at  the same crystal surface different orientations for 
the dyes erythrosin and pyronin G which have different alcylic substituents 101). 

Fig. 30. One of the possible adsorption sites for rhodamine B (molecule at the top) at the 001 
surface of anthracene. The projection of the a and c vectors of the unit cell are shown as dashed 
lines 
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To obtain a bet ter  control over the number of dye molecules at the crystal 
surface, sensitized current measurements have been carried out with dye mole- 
cules incorporated into a fa t ty  acid layer deposited at tile surface of an organic 
crystal and in contact with an eletrolytic solution at the other side 10zl. However, 
the experimental technique which alUows for the reproduction of known experi- 
mental results for fa t ty  acid layers deposited on glass slides and on aluminium- 
oxide 103,1o4~ does not yield a satisfactory preparation of such layers at the 
hydrophobie surface of organic crystals 1051. 

Absorption measurements, however, on such fa t ty  acid layers mixed with dye 
molecules which are deposited on glass slides can be used for estimating light 
absorption in the layer of dye molecules at the crystal surface. A monomolecular 
layer of dye molecules with an absorption coefficient of 10 5 M -1 cm -1 as for 

rhodamine B yields the percentage of absorbed photons Js 7 = nip0 " a = 0.02 

implying for an individual dye molecule the cross section for photon absorption 
a-----3 • 10 -16 cm z. According to this estimate the quantum efficiency Y obtained 
with perylene and anthracene with a rhodamine B coverage of 0 = 0.4 (Fig. 28) 
corresponds to a quantum yield close to 1 indicating that  about every excited 
rhodamine B molecule at the crystal surface injects a hole. For this to occur the 
electronic interaction between the chromophore of the dye and the organic 
crystal can be weak and electron exchange can need thermal activation. A weak 
electronic interaction is suggested by  tile excitation spectrum of the sensitized 
current which resembles closely the absorption spectrum of the dye monomer 
in solution independent of the ionisation energy of the organic crystal (compare 
Fig. 25). 

7. Free Energy of the Reduced Dye-Hole Pair 

We can now discuss the quantum yield W for sensitized hole generation. With 
Ox sufficient regeneration of the dye Cox kET > aJW we can write for the sensitized 

current: 
1' = eo J anlDo W Pes .  (39) 

W-----probability of an individual excited dye molecule for generating a hole, 
i.e. the quantum yield of sensitized hole generation. When Pes is known W can 
be determined from the sensitized current f using the above estimate (38) for the 
number of photons absorbed per unit time in the adsorbed dye layer. 

When the regeneration of the dye is insufficient the stationary sensitized 
current depends on quantities characterizing the oxidation of the reduced dye 
and becomes simply the diffusion controlled current of the oxidizing redox ion at 
a very high light intensity. 

A rather lengthy expression for W can be obtained in terms of the individual 
rate constants in the reaction scheme (Fig. 26). The conditions for W = 1 are at 
once obvious. The effective lifetime of the excited dye 1D* shoud be ldetermined 
by the electron transfer reaction k~, 1D* and the effective lifetime of the reduced 
dye hole pair in the second line should be controlled by the dissociation reactions 
k~) and k~. We have shown already that  Pes = 1 can be realized for some of the 
systems in the actual experiment. 
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In Fig. 31 the yield W=i/eo J nlD0 is shown for constant coverage 0 =0.4 
of rhodamine B at various organic crystals relative to the yield at perylene (com- 
pare Fig. 27). The yield remains constant when the ionisation energy (lower 
abcissa in Fig. 31) is increased by 0.6 eV from perylene to chrysene. The drop by 
less than a factor 2 at chrysene will not be considered here. As already seen in Fig. 
27 the yield drops considerably at phenanthrene for a further increase in the ionisa- 
lion energy by only 0.21 eV (Table 1). Since the sensitized current at phenanthrene 
is recombination controlled (compare Fig. 27) we have to consider the highest 
efficiency obtained at an external field strength of 6.7 • 105 V/cm as a lower 
boundary for the quantum yield of hole generation at this crystal relative to pery- 
lene or anthracene. The possible range of the yield for hole generation at phenan- 
threne is indicated by a wiggled line with an attached arrow, leading upward 
from the point indicating in Fig. 31 the maximum measured efficiency at phenan- 
threne (-Pes <(1). The range of the wiggled line has been estimated by comparing 
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Fig. 31. Quan tum yield (filled circles) of rhodamine I3 sensitized hole generation a t  the  surface 
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the current versus field strength curve with known recombination controlled 
currents which have been followed up to the saturation range 79~. We can draw 
now the yield curve W / W v e  according to this estimate as shown in Fig. 31. From 
this yield curve we derive the free energy plot z~(AG 0) for the electron transfer 
reaction of the excited singlet rhodamine B molecule. We assume tha t  the differ- 
ence in yield at crystals with different ionisation energies I c  (compare Table 1) 
is determined . . . .  t . �9 by  different actlvatlon times for electron transfer rE (*. e. the t ime 
to reach the act ivated state for electron transfer)�9 Thus, we can write for the yield 
curve with ri~ the lifetime of all the other desactivation channels: 

W = Wma,: rL (40) 

The free energy plot of the electron transfer reaction can be obtained from the 
measured yield curve b y  making an assumption about the dependence of r t on the 
free energy change AG o and also about  the lifetime zi~. From the preceding dis- 
cussion we can obtain some idea about  the electron transfer activation t ime v~. 
Firstly, the excitation spectrum for hole injection is that  of the So--S1 transition 
in the dye molecule (Fig. 25), and it remains unchanged when the electron donat- 
ing valence band in the organic crystal is shifted from a position in perylene 
above the electron accepting level of the excited dye molecule to a position in 
phenanthrene well below tha t  level (p. 62). Secondly, the apparent  strong adsorp- 
tion of rhodamine B at  the crystal surface appears to be caused by  an entropy 
gain (hydrophobic interaction) and not by  the formation of a bond. These two 
points lead us to the assumption that  in this system electron transfer requires in 
general also the reorganisation of solvent molecules and of bonds in the reactants 
and tha t  electronic overlap necessary for electron transfer is switched on and off 
with a characteristic frequency for which a reasonable guess appears to be 
v0=1012s -1. For the activation process we use formula (21) with A G O = I c  - 

I~  Ew and we set Lreorg = 0.4 eV. Ew is the difference in interaction 
energy between reactants and products 9a). 

t I [Lreo~ ( AGOg2] 
z~ = - -  exp 1 + (41) 

V0 [ 4 h T  ~ Lreorg / J 

and setting in formula (40) Zl~ =*FI  = 3.2 ns (ZF1 fluorescence lifetime of rhodamine 
13) we obtain the plot of the activation t ime for electron transfer in dependence 
on the free energy change of the reaction AG o as shown in Fig. 31. For comparison 
in Fig. 31 is also drawn the straight line of a simple Boltzmann curve for activa- 
tion. 

According to our yield curve the electron transfer reaction of the excited 
singlet s tate of rhodamine B corresponds to a zero free energy change AG o = 0  
at  an organic crystal with the effective ionisation energy of I e -~5 .9  eV at the 
crystal surface. Since at AG o ----0 the free energy of the reactants with equilibrium 
positions of their slow components is the same as tha t  for the products of the 
electron transfer reaction, i.e. the reduced dye molecule with the hole in the organic 
crystal we know tha t  at AG o : 0  the excitation energy of the excited singlet state 
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of rhodamine B (2.13 eV) is s tored in the reduced dye-hole pair  at  the crystal  
surface. Thus,  f rom Fig. 31 we obtain the free energies of the reduced dye-hole 
pairs at  the surface of the different organic crystals relative to  the energies of the 
electronic transit ions in the individual reactants  as shown in Fig. 24. 

The same relationship is plot ted in Fig. 32 in a way  which is more cus tomary  
than  Fig. 24 for a discussion of reactions at  electrodes. The reduct ion potential  
of the excited singlet state of rhodamine  B OE1D,/2 D- has been fixed according 
to Fig. 31 relative to the valence bands (ionisation energies) at  the surface of the 
organic crystals. The distr ibution curve for the e m p t y  and occupied excited 
singlet s tate  of rhodamine B is also drawn according to Fig. 31. A comparison with 
the above est imated value of 

I~ = 5.88 eV 

yields excellent aggreement.  At  least the precision of this result appears fortui tous 
since it implies an exact  value for 0ED/D- and a cancellation of the correction 
terms contr ibut ing to Ew. 
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Fig. 32. The relationship between the reduction potential 0•ID*/D-- Of the excited singlet 
state of rhodamine B and the ionisation energies Ic at the surface of the organic crystals as 
derived from the yield for hole generation at the different crystals (Fig. 3 I). As an example at 
anthracene the potential curve (valence band) is shown for the hole moving into the crystal 
bulk at two different external field strengths 3 • 105 V/cm (solid curve) and 1 • l05 V/cm 
(dashed curve) 
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For anthracene the bending of the valence band is shown for the hole moving 
away from the crystal surface at two different external field strengths. This 
bending of the valence band has been explained in Section 5 and should not be 
confused with the effect of a space charge. I t  is due to the attraction of the hole 
through its counter charge (e.g. the electron at the reduced dye molecule) and its 
image charge in the solution 79). 

In Figs. 31 and 32 it should be noticed that  even when the electron transfer 
reaction requires thermal activation at anthracene and chrysene, it can still 
occur with almost certainty within the lifetime of the excited rhodamine B mole- 
cule. Thus thermal activation does not necessarily bring about a decrease in the 
quantum yield for sensitized charge generation as compared to the near activation 
less electron transfer reaction taking place at perylenea}. However, a drop in the 
yield of sensitized charge generation occurs at phenanthrene when the time 
necessary for thermal activation of the electron transfer reaction is longer than the 
fluorescence lifetime of the rhodamine B molecule. Obviously, the gauge for AG o 
derived from the drop in the yield curve in Fig. 31 does not depend critically on 
the assumption Lreorg ~-0 .4  eV but would decrease by about 0.1 eV when the 
lifetime of the excited rhodamine B molecule at the crystal surface in the absence 
of electron transfer is shorter by  one order of magnitude than has been assumed. 
We have used the fluorescence lifetime zFl =3 .2  �9 10 -9 s as an estimate at smaller 
dye concentrations in the solution ~ 10 -6 M. At large dye concentrations (>t 10 -5 
M) energy transfer quenching and possibly enhanced intersystem crossing due to 
neighbouring dye molecules can lead to a decrease in the effective lifetime ~L. 
According to Figs. 31 and 32 a corresponding decrease in the yield is expected 
to occur with higher dye concentrations for anthracene, chrysene and phenanthrene 
but  not for perylene with a much shorter activation time for electron transfer. 
Such a difference in the yield at high dye concentration has indeed been observed 
for perylene and anthracene ss} or phenanthrene 89~. 

8. Spin Orientation and Recombinat ion in the Reduced Dye-Hole Pair 

For the excited singlet state of rhodamine B as product state the free energy plot 
of the reverse electron transfer from the reduced dye to the hole (dashed curve 

13 �9 v~ in Fig. 31) is a mirror image to the free energy plot of the forward reaction 
relative to AG o = 0 .  We immediately see from Figs. 31 and 32 that  this reverse 
reaction is very fast at phenanthrene and slower at chrysene. I t  is still slower 
at anthracene and extremely slow at perylene. At phenanthrene this reverse reac- 
tion can compete with the dissociation of the hole from the reduced dye as is borne 
out by  the recombination controlled current in this system (Fig. 27). 

When in addition the singlet spin state is not preserved even though the re- 
duced dye-hole pair is formed from the two singlet states tD* and 1C0 we have 
to consider similar free energy plots for the reverse electron transfer reactions lead- 

s) We like to remind the  reader tha t  a hole needs activation for moving "downhill" in the 
customary energy scheme (Fig. 32) which refers to the transfer of the electron. 
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ing to excited triplets as product states. Such plots yield a very fast reverse electron 
transfer at anthracene for the formation of the triplet state of the crystal and also 
of the dye rhodamine B. The formation of the triplet dye should also be a fast 
reaction at chrysene. At perylene all the possible reverse electron transfer reactions 
should be slow. Processes leading to a triplet spin in the electron hole pair have 
been studied at anthracene. Before discussing this very interesting point we like 
to mention again that  the large quantum yield W ~ 1 observed at anthracene and 
at chrysene for the complete injection of the hole suggests that  the dissociation 
reaction (kid and k~D) determines predominantly the lifetime of the reduced dye- 
hole pair at these crystals. 

The population of the triplet state of anthracene through the recombination of 
tlle defect electron with the reduced rhodamine B molecule has been shown by 
Nickel through a 50% decrease of the sensitized delayed fluorescence with increas- 
ing applied voltage 87). From the above discussion of the escape probability Pes 
it is evident that  such an observation indicates Pes < 1 and the expected steep 
rise of the sensitized current with increasing voltage has indeed been observed 
simultaneously 87). A similar result has been confirmed recently z06). If e.g. 

through spin lattice relaxation the spin orientation of the electron hole pair is 
randomized the recombination reaction should yield 3 triplet states for 1 singlet 
state. Thus, randomization of the spin orientation in the reduced dye-hole pair 
would render a qualitative explanation for this observation. 

However, in the same system consisting of rhodamine B and anthracene in the 
presence of 10 -1 M Na2SO8 Groff et al. have observed a decrease in the sensitized 
delayed fluorescence by  about 50% when a small external magnetic field (200 
Gaul3) was applied (Fig. 33 9o)). Tiffs observation has been explained by  the 
authors in a quantitative model. Electron transfer between the singlet excited 
rhodamine B I D *  and the singlet ground state of the crystal iCo leads to an elec- 

u~ 
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8 0.9 
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0.8 

~ 0.7 

u 
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Fig. 33. Dependence of the rhodamine t3 sensitized delayed fluorescence in anthracene on the 
magnetic field oriented parallel to the 001 surface of anthracene. (2 • 10 -7 M rhodamine B 
and l0 -1 NaHSOa in aqueous solution) 90) 
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tron-hole pair i.e. the electron at the reduced dye and the hole in the organic 
crystal. The motion of the total spin of this electron hole pair is governed by a 
spin Hamfltonian Wspin (Fig. 26) which is asymmetric with respect to an ex- 
change of the spins between electron and hole due to a different hyperfine inter- 
action with their nuclear spin environment. To account for this asymmetric 
hyperfine interaction in a simple model the authors have introduced the hyper- 
fine interaction only for the hole with just one additional nuclear spin. The impor- 
tant  feature of this asymmetric spin Hamiltonian is themixing of singlet and triplet 
configurations of the electron-hole pair through the hyperfine interaction. Such 
triplet configurations now allow for a reverse electron transfer reaction with the 
triplet of the crystal or the dye as product state. Since the Zeemann effect renders 
a symmetric part  in the spin Hamiltonian 3~'spin which is larger than the asym- 
metric hyperfine interaction at e.g. 200 Gaul3 it yields virtually pure triplet con- 
figurations for the m = 4- 1, triplet levels of the electron-hole pair which therefore 
cannot be populated any more via the electron transfer reaction of the two singlet 
states 1D* and 1C0 in the presence of this magnetic field. This way the total number 
of triplet configurations as regards tile electron-hole pair is reduced through the 
magnetic field and a decrease in sensitized delayed fluorescence of the anthracene 
crystal is observed (compare process 4 in Sections 3 and 4). A suitable branching 
ratio between the overall rate constant for destruction of the electron-hole pair 
and the hyperfine interaction yields the modulation curve obtained in the ex- 
periment. The success of this model in explaining the experimental observation 
also proves that  sensitized electron transfer at anthracene occurs predominantly 
from the excited singlet state of the rhodamine B molecule. Apparently the model 
proposed by Groff et al. does not require the dissociation of the electron-hole pair 
for the formation of the triplet state (these authors therefore call the reduced 
dye-hole pair a charge transfer complex 9o~). If this holds good the formation of 
the triplet state in the originally generated electron-hole pair should depend very 
little on the external electric field. 

However, the effect of the small magnetic field on the sensitized delayed 
fluorescence should even occur when in addition the hole moves about in the 
vicinity of the reduced parent dye molecule with its spin orientation remaining the 
same, when returning to the reduced dye. The probability for a return of the hole 
from a larger distance to its reduced parent dye now should decrease with increas- 
ing external electric field as long as an escape probability 1 is not reached. Thus in 
the latter case the decrease in the sensitized delayed fluorescence with increasing 
electric field should remain together with the same relative decrease occurring in 
the presence of the magnetic field. The above assumption of the hole moving about 
in the vicinity of the reduced parent dye is perhaps suggested by the observation 
of a 50% decrease in the sensitized delayed fluorescence due to an external mag- 
netic field 9o~ under similar experimental conditions for which also a 50% decrease 
has been observed due to an external electric field sty. We like to stress that  the 
effect of the magnetic field would not occur for a recombination reaction with 
randomized spin orientation in the electron-hole pair where always 3 out of 4 
recombination reactions should yield a triplet state. In this case the sensitized 
delayed fluorescence should not depend on the magnetic field but  can still depend 
on the electric field. 
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I t  has been suggested that  for erythrosine with a large intersystem crossing 
from 1D* to ~D* the delayed sensitized fluorescence of the crystal is mainly pro- 
duced by energy transfer from the triplet of the dye to the triplet of the crystal ST). 
The observed dependence of the sensitized delayed fluorescence on tile light inten- 
sity agrees in all cases with the assumption of a source for triplet excitons at the 
crystal surface 107,10s). Even for erythrosine the quantum yield of sensitized hole 
injection can still be high when the lifetime of the triplet state 3D* is mainly 
determined by  the electron transfer reaction k~ D*. 

Summing up we can state that  by now considerable insight has been gained 
into the reactions of excited dye molecules at the surface of organic crystals. The 
models emerging from these systems should be useful in the discussion of related 
reactions e.g. also in biological systems. Since the relevant energy levels (Figs. 24 
and 32) can be varied systematically over a wide range further investigations con- 
cerning their influence on the dominant reaction paths in different systems appear 
worthwhile. By a combined variation of the electric and magnetic field in each 
system more details should emerge concerning the influence of various reaction 
paths on the sensitized delayed fluorescence and on the sensitized hole injection. 

I t  is a pleasure to acknowledge helpful discussions with Dr. K.-P. Chard  on spin coupling in the  
reduced dye-hole pair  a t  the  surface of the  organic crystal. 

V. List of Symbols 

A 
C 
C* 
2C+ 
C 

D 
D +, D-  
D* 
D(E) 
E 
OED/D+ 

OEDID- 
EF 
AE* 

A Ere t  

0Edon, 0Eaee 

A Gs 
A G~do~ 
.~Psptn 
I 

i 

electron affinity 
surface molecule of the organic crystal in the ground state 
surface molecule of the organic crystal in the excited state 
hole in the organic crystal (doublet state) 
concentration of reactants 
dye molecule in the ground state 
oxidized and reduced dye molecule 
dye molecule in the excited state 
density of electron quantum states in the electrode per unit volume 
electron free energy in absolute scale 
standard redox potential for oxidation in absolute scale 
standard redox potential for reduction in absolute scale 
Fermi energy in electrode (metal or semiconductor) 
energy of electronic excitation in the molecule D* 
free energy difference between the Fermi energy of the electrons in 
the reference electrode and at the vacuum level 
electron energy terms of redox species with highest probability 
oscillator strength 
free energy of solvation 

+ 
free energy of redox reaction, Redsolv = OXsolv + evae 
Spin Hamiltonian of the reduced dye-hole pair 
ionisation energy 
current 
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exchange current 
anodic or cathodic partial currents 
light intensity 
rate constant for oxidizing the reduced dye 
rate constant and activation time for electron transfer from the 
organic crystal to the reduced dye 
rate constant and activation time for electron transfer from the re- 
duced dye to the hole at the surface of the organic crystal 
reciprocal escape time of a hole from the crystal surface 
reorganisation energy 
effective density of states in conduction band 
effective density of states in valence band 
electron concentration in conduction band 
number of dye molecules adsorbed per unit area at the crystal surface 
oxidized redox ion 
overall excape probability for a generated hole 
escape probability for a hole from geminate recombination with the 
reduced parent dye molecule 
hole concentration in valence band 
electrode or redox potential in conventional scale against Normal 
Hydrogen Electrode (NHE) as reference 
distribution function (normalized) 
quantum yield of sensitized hole generation referring to one excited 
dye molecule 
quantum efficiency of sensitized hole injection referring to incident 
photons 
absorption coefficient 
overvoltage 
dye coverage 
transition probability factor for electrons between energy levels 
with equal E 
wavelength of light 
frequency of light 
absorption cross section 
lifetime 
lifetime of an excited dye molecule due to all activation channels 
at the crystal surface except electron transfer 
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Application of the Semiconductor Properties of Dyes Possibilities and Problems 

I. Introduction 

The electronic conductivity of organic dyes was established for the first time 
and has been investigated mainly in experiments aimed at elucidating the mech- 
anism of spectral sensitization 1-6). These experiments, which began in the early 
1950% can be considered as the starting point of the development of a new class 
of semiconductors covering the large field of organic compounds. 

The significance of the semiconductivity of organic dyes and other classes of 
organic solids, such as charge-transfer complexes, which behave in some ways 
like 'metals 7) or polymers s,9), is to day beyond doubt. The possible industrial 
applications of this new class of semiconductors are, however, still in the discussion 
stage. 

The present position as regards the industrial application of the dark- and 

photoconductor properties of organic dyes is outlined in this paper. 

II. Mechanism of Dark- and Photoconductivity 

1. General Remarks 

The dark- and photoconductivity of organic compounds has long been regarded 
as a sort of side-effect arising from impurities, ionic carriers, or traces of adsorbed 
water. 

It is now known that dark- and photoconductivity is connected with the 
structure of organic compounds lO). The conductivity of organic dyes and other 
organic compounds, like that of inorganic semiconductors, is attributable to elec- 
tronic charge carriers, i.e. electrons and positive holes. The dark conductivity 
an can generally be described by 

a~ = e(n`u~ + p t,p) (1) 

and the photoconductivity aphot by 

apbot = e (An #,, + Ap  `up) (2) 

where n, p are the concentrations of electrons and holes, respectively, in the un- 
illuminated solid; `un, ,up are the mobilities of electrons and holes, and An, Ap 
steady-state electron and hole concentrations on illumination. 

It must be stressed that the conductivity of organic systems is the combined 
result of several processes, i.e. the generation, transport, and recombination of 
charge carriers 11,12). 

2. Elementary Processes of Conductivity 

A. Generation Process 

Electrons and holes can be generated by several different processes. For dyes 
with a difference of less than 2 eV between the ground state and the first excited 
singlet state, it is often possible to assume an intrinsic excitation process, as in the 
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case of inorganic intrinsic semiconductors. In this process charge carriers are 
formed by thermal or optical transfer of an electron from the ground state to the 
excited state. This can be derived from the agreement of 

(a) the thermal activation energy AE, obtained from measurements of the 
temperature dependence of the dark conductivity [Eq. (7)] and the optical excita- 
tion energy, 

(b) the photoconduction and absorption spectra, and 
(c) the thermal activation energy AE and the optical activation energy AEopt 

deduced from the long-wave limit of photoconductivity. 
Examples: for Cu-phthalocyanine AE = 1.7 eV and AEopt = 1.63 eV; for pina- 

cyanol AE = 1.8 eV and AEopt = 1.77 eV. Further examples are given in 8,10,13-15). 
In addition, particularly in compounds with a gap of more than 2 eV between 

the ground state and the excited state, charge carriers may be generated in the 
unilluminated dye by thermal excitation of defects (impurities such as adsorbed 
gases, disturbed counterions in ionic dyes, etc.) or by injection from electrodes. 
Excitation with high light intensities can produce a detectable concentration of 
electrons or holes by ionization of excitons 16,17). In special cases, e.g. in simple 
polymer systems, at irradiation wavelengths in the ultraviolet region a photo- 
emission from the electrode can also contribute to photoconductivity IS). 

B. Transport of Charge Carriers 

Several mechanisms are proposed to explain the transport through the organic 
solid of electronic carriers produced in primary or secondary processes 10,11). 

a) Tunneling Mechanism. This mechanism postulates that migration of elec- 
trons results from the fact that an excited electron (e.g. in the singlet state) can 
reach a vacant term of the neighboring molecules by tunneling through the poten- 
tial barrier with a probability (kT ~ 1011--1014 sec -1) greater than the probability 
of its returning to the ground state (ko ~ 108--109 sec-1). This mechanism seems 
to be in agreement with such observations as the anisotropy of the conductivity 
or the compensation rule 19). However, the observation that mobility decreases 
with increasing temperature does not support this mechanism 20,21). 

b) Hot,ping Mechanism. In solids with broad intermolecular barriers (>10 A) 
that cannot be crossed by tunneling, electrons can migrate by a "hopping" 
mechanism from a molecule to its neighboring molecules. There seems no doubt 
that this kind of carrier transport, characterized by low mobility (/~< 0.1 [cm2/V 
sec]) and increasing with decreasing temperature, does occur in various organic 
compounds, e.g. polymers or solid radicals 22). However, low mobility increasing 
with temperature can also be observed in the case of band conduction due to 
multiple trapping. Such cases can be distinguished by their different frequency 
dependence on the conductivity 23). In the case of band conduction, cr decreases 
with increasing frequency; with the hopping mechanism, a increases with increas- 
hag frequency. 

In discussing low temperature-dependent mobility, we should mention charge 
transport by polarons, an hatermolecular phonon-assisted hopping process 24,25). 
Polarons (charge carriers trapped in their polarization field) arise from a strong 
electron-phonon interaction where there is a weak overlap of wave functions of 
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molecular states; on the other hand, formation of localized states in the forbidden 
gap may also produce phonon-assisted hopping in noncrystalline materiaas with 
disturbed long-range order. 

c) Band Model. As intermolecular distances decrease, the hopping mechanism 
is replaced by  a carrier transport described by  the band model. This model 9.6) 
postulates that  narrow energy bands allow quasifree transport of the electrons 
and holes generated by  the discrete energy levels of the molecules due to electronic 
interaction. A number of theoretical and experimental results confirm the existence 
of this mechanism in many organic solids. Full details are given in z0,11), so here 
we mention only that  (1) quantum-mechanical calculations give band widths 
of the order of kT  16~, as are characteristic of the narrow-band type, mobilities of 
0.1 to 10 [cm2/Vs], and free paths corresponding to the various lattice constants 
(e.g. 18--80 ~ for metal-free phthalocyanine 27)); (2) there is experimental con- 
firmation of electron and hole mobilities ranging from 0.1 to more than 100 
[cm2/Vs] for photocurrent transients 2z,2s,29), thermoelectric effects 3o) or the 
Hall effect 81-3a), a decrease in mobility with increasing temperature, as is typical 
of lattice scattering in a band ~0,21,ah,a6), and other observations sT,3s). Because 
of this behavior, which is analogous to that  of inorganic semiconductors and 
insulators in an organic solid, a valence band (energy Ev) and a conduction band 
(energy Ec) separated by  a forbidden gap can generally be defined 2e). When 
there is predominantly migration of electrons in the conduction band, n-type 
conduction is produced; where holes in the valence band predominate, we have 
p-type conduction. If the electrons and holes are equal in concentration and mobil- 
ity, we call it intrinsic conductivity. 

Fermi statistics can be used to calculate the distribution of charge carriers 
between the different states of organic solids. For example, it is possible to de- 
scribe the distribution of electrons between the conduction band and traps, i.e. 
locahzed states where electrons (holes) will be thermally reexcited into the conduc- 
tion (valence) band with a higher probability then that  they will be captured by 
a hole (electron) of the valence (conduction) band as). Hence, we can also postulate 
Fermi energies EF in organic solids as the limit of the energy levels up to which 
a filling with electrons occurs. Again as in inorganic semiconductors, the steady- 
state Fermi energy of n-type dyes has been observed to lie close to the conduction 
band and that  of p-type dyes close to the valence band 89,4o~. 

C. Recombination of Charge Carriers 

The recombination of electrons and holes is a rather complicated process. We have 
to distinguish between (a) the direct recombination of electrons and holes, occur- 
ring in particular at high concentrations of charge carriers; (b) recombination via 
defect states which depends, among other factors, on the densities and capture 
cross-sections of the defects (recombination centers) located in the bulk of the 
solid or on its surface. 

Process (b) is characterized by two steps: (1) electrons or holes are captured at 
the corresponding recombination centers; (2) the captured electrons or holes 
recombine with holes of the valence band or with electrons of the conduction band 
before their thermal reexcitation. The parameters of the recombination centers 

89 



H .  M e i e r  

responsible for these reactions are determined by  structural effects and chemical 
purity.  For instance, the densities of these centers may  range from 10 lz to 1019 
cm -s,  and the capture cross-sections from 10 - l z  to 10 -21 cm 2 41). 

The significance of the interplay of the elementary processes (generation, 
transport,  and recombination) for dark- and photoconductivity is discussed 
below. 

3. Dark Conductivity 

Most monomeric organic dyes have a conductivity of the order of 10 -10 to 10 -14 
o h m - l c m  -1 because the relatively broad forbidden gap between tile valence and 
conduction bands limits the generation rate z to low values: 

z = ~ exp ( - -AE/kT)  . (s) 

If  we think of dyes as intrinsic semiconductors, each excitation gives an elec- 
t ron-hole pair (n = p) so tha t  in the case of a bimolecular recombination process 

r = kr n p (4) 

(kr =recombina t ion  coefficient) at equilibrium we have 

exp ( - A E / k T )  = kr n p 

o r  

n ( = p )  = ]/~-----exp ( - A E / 2  k T ) .  
V Rr 

(s) 

(6) 

Then, with a ----e n/ , ,  we obtain for intrinsic-dye semiconductors as we do for 
organic semiconductors 

a = ao exp ( - A E / 2  kT) (7) 

where a0 = e (/*n +/*p) V~[Yr 
or by  application of Fermi statistics 

ao = e (t*n + #p) V ~ e N v  �9 (8) 

Ne, N v  are the effective density of states in the conduction band and valence 
band, respectively. 

In  the case of extrinsic conduction, AE m a y  be replaced by  AED and A E , ,  
the values of donors and aceeptors 10). 

As mentioned above, with broad forbidden gaps a carrier injection from the 
electrodes m a y  contribute to the dark current. Because the energetic conditions 
a r e  

for hole injection q~+~ = Ev -- #~t (9) 

and for electron injection �9 ~r ----- ~1~ -- E e ,  (10) 
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where r is the metal work function and ~H the barrier height [eV], it is possible 
to observe A E  values smaller than the forbidden gap. Moreover, using Eqs. (9) 
and (10), we see that  with low ~bH values the electrodes are injecting or Ohmic 
contacts which inject holes (#~t ~Ev)  or electrons (~M mEe) into the solid. 
With high values of r or #~r, blocking contacts are formed and no charge carriers 
are injected into the solid. 

As soon as the concentration of free carriers (hi) injected from Ohmic contacts 
exceeds the concentration of carriers (n 0) produced by intrinsic or extrinsic excita- 
tion, space-charge-limited currents (SCLC) appear. In this case the Ohmic current 

/Ohm = n e l~ U / L  (11) 

passes over in a space-charge-limited current 

I s c L  ~' e to U2/L 8 (12) 

where e0 is the permittivity of free space, e the dielectric constant, U the 
voltage, and L the length of the specimen. I t  is important to note that  the theory 
of space-charge-limited currents may help to explain the I - - U  interdependence 
in organic materials and the influence of traps. For example, in the presence that  
of trapping levels a proportion of the injected carriers is going into the traps so 
a higher voltage is necessary to obtain the SCLC condition n~ > no. Therefore, the 
ratio of free to trapped carriers can be derived from the Ohmic/SCLC transition 
voltage; see e.g. 10,14,16,41-44) 

The existence of Ohmic and blocking contacts have a great influence on the 
properties of a photoconductor 41,4s,46). 

4. P h o t o c o n d u c t i v i t y  

A. General Relationships 

If the generation process is characterized by the primary quantum efficiency ~/, 
the transport properties by the mobility #, and the recombination by the free- 
carrier liefetime 3, the steady-state photoelectric current can in the case of mobile 
electrons and immobile holes generally be described by Eq. (13) 14): 

Iphot = e ~ I A  V ~ �9 E l L  (13) 

where e is the magnitude of the electronic charge, IA the quanta absorbed per cm 3 
and per sec, V the volume of the sample, E the field strength, and L the distance 
between the electrodes. Now, the photocurrent is strongly dependent on the 
carrier lifetime T and the mobility #, yet these parameters are relatively small in 
organic materials. Thus, photocurrents can often be detected in these materials 
only at very small electrode spacings (L<0.1 mm). Moreover, in discussing 
photoconduction it must be remembered that  the generation rate g 

g = ~ IA (14) 
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(number of excitations per cm 3 and sec) or, to be precise, the quantum efficiency 
of carrier generation, depends upon the applied electric field because only higher 
fields can separate generated carriers before mutual Coulomb interaction causes 
geminate recombination 44,47-49). 

With the steady-state density of photogenerated electrons 

/In = g z (15) 

and the transit time T that  a carrier requires to travel from one electrode to the 
other 

T = L/f~ E ,  (16) 

we obtain from Eq. (13) 

Iphot ~ - - -  e An V I~ E/L  (17) 

Iphot = e ~in V / T .  (18) 

For a photoconductor with mobile electrons and holes generated at the gener- 
ation rate g per unit volume, the photocurrent density is given by 

7"phot = e (/In ~. + / i p / ~ )  E (19) 

and the photoconductivity by 

aphot = e (~n ~. + / i p  ~ )  (20) 

where/*n,/z~ = mobility of electrons and holes, respectively, and A~ the steady- 
state density of holes. 

B. Photoconductivity Gain 

The photoconductive gain G, defined as the number of charge carriers passing 
through the sample per absorbed photon, can be derived from Eq. (13): 

G - -  Ip~ot/e _ ~ # z E / L .  (21) 
IAV 

If ,1 = 1, substitution of the transit time T [Eq. (16)] gives 

T 
G -  (22) 

T"  

For a comparison of different photoconductors, a knowledge of their photo- 
electric gains is very important. However, it should not be forgotten that  G de- 
pends, among other factors, on the mean lifetime z. Since the parameters re- 
sponsible for the mean carrier lifetime depend considerably on structural effects 
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and on chemical purity,  G can vary  within wide limits (up to a factor of 10 lo) in 
different samples of one and the same compound. 

a) Influence o/Blocking Contacts. When photoconductors such as dyes are insula- 
ted with blocking contacts at  both  electrodes, an increase of the field can only give 
a max imum gain G = 1. The current-voltage curve becomes saturated for these 
"pr imary"  photocurrents at high voltages if all photogenerated carriers character- 
ized by  a Schubweg w = # r E  reach the electrodes (i.e. w = L  and z = T) and are 
extracted. In  the case of mobile electrons and holes, the photoconductive gain is 
then given by  

E (23) G = (/~,~ ~,  + ~ ~ )  Z 

The photoconductive gain G as measured from saturated current-vol tage 
curves is of the order of unity in several dyes 3,50,51) e.g. in malachite green 
G = 0 . 2 ,  pinacyanol G =0 ,37  and merocyanine A 10 1 G =0 .6 .  

~ Sxc= CH-CH = C - -  S 
N/ I I 
I OCN/CS 
C2Hs 

I 
%Hs 

1 

Moreover, in agreement with the given relationships, the photoconductive 
gain G increases considerably with decreasing electrode spacing at  constant 
field strength and layer thickness (cf. Table 1 5o)). 

Table 1. Relation between G and L for 
crystal violet (4 = 5870 A; E = 7000 V/cm; 
layer thickness 3 • 10 -e cm) 

L [cm] a 

0.08 0.0009 
0.042 0.0012 
0.02 0.0026 
0.01 0.0052 
0.003 0.014 

b) Influence o[ Ohmic Contacts. In  photoconductors with Ohmic contacts G 
values m a y  exceed uni ty because the primarily excited carriers after extraction 
from the sample by  the electric field can be replenished by  a carrier supply from 
an injecting contact. Moreover, because of the formation of space charges, these 
"secondary" photocurrents generally saturate  at high fields so that  max imum gain 
is obtained. For example, in the voltage-induced transition from Ohmic conduction 
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to space-charge limited conduction [i. e., the voltages in Eqs. (11) and (12) become 
equal: UscL] the photoconductive gain is determined by the fact that the transit 
time becomes equal to the dielectric relaxation time 3tel [ = e e 0 / a =  10-1~e/4~a 
(sec)]: 

L 2 $$o 
or T = T r e l .  (25) 

# USCT. ne/~ 

Without traps the response times 3o of photoconductors are equal to the mean 
lifetime T; therefore we obtain for the maximum gain instead of Eq. (22) 

G = 30 . ( 26 )  
rrel 

This relation also holds in the presence of shallow traps since the ratio of trapped 
(nt) to free carriers (n) (nt >> n) influences both the response time (30) 

and the transit time 
1 

T -  Zrel; (28) 
(nt/n) 

We obtain Eq. (26) by introducing 3 and T from Eqs. (27) and (28) into Eq. (22). 
From these relationships it can be seen that, e.g. in low-resistivity photo- 

conductors with equal response times, or by introduction of deep traps that in- 
crease the transition voltage UscL, photoconductive gains greater than unity 
may be obtained. For example, in merocyanine dyes doped with electron-aeceptor 
compounds a quantum yield G =2.3  has been measured 14,53). 

The situation is more complicated in photoconductors with Ohmic and block- 
ing contacts and different types of carriers. However, with the aid of the con- 
cepts discussed above, the photoconductive behavior of such systems may also be 
understood. 

5. Photovoltaic E f f e c t s  

As in inorganic photoconductors, with organic dyes and other organic compounds, 
too, photocurrents and photovoltages may be observed without the application 
of auxiliary voltages. The following effects may be mentioned. 

A. Dember Effect 

This effect is characterized by light-induced formation of a photo-emf in boundary 
layer-free systems 8,10). It is necessary for the generation of the Dember emf to 
have (a) the formation of a concentration gradient of charge carriers resulting 
from non-uniform illumination, and (b), electrons and holes of different mobilities: 

Ephor = --~ [ ~ ]  ln--aa (29) 
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where ~1, a~ represent the conductivity of specimen in illuminated and dark 
parts, respectively. The photo-emf is generally of the order of 0.01--0.1 mV. 

B. Barrier Layer Photopotentials 

The formation of space-charge layers at contacts or at the surface of a semicon- 
ductor may lead to the generation of photovoltages. This type of photo-emf results 
from the separation of electron-hole pairs under the influence of the electric field 
in the contact or surface space-charge region. 

Note that  a surface charge compensated by  a space charge below the surface 
may be formed. 

(a) as a result of differences in the work functions of metal and photoconductor;  
(b) due to the presence of localized states for majori ty carriers on the surface of 

the semiconductor. 
Where there is depletion of majority carriers, we have in both cases a depletion 

layer, that  is characterized in the band diagram by a bending of the bands, as 
shown in Fig. 1. 

Metal 

+ 

I Ec. 
I i I I L l I i I l * i I i I i I i I I I i  ~F 

t 

' I  

e, 

n-type 

Fig. 1. Scheme of the  band  diagram for the contact  metal /n- type semiconductor 

The diffusion voltage VD and the barrier width W depend on the influence of 

diffusionandrecombination(i .e,  t h e D e b y e l e n g t h L n = V D . v r e l ,  D=(h~Te) # --_ 

diffusion coefficient) and are therefore given by  

] / 2 ~ o V D  (30) 
W = V 7-:" ~-~. 

(ND = donors per unit volume). Thus, we obtain for the electric field strength at 
the interface between metal (or surface states) and photoconductor 

Eo ---- -- 2 V I ) /W.  (31) 
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The photovoltage across the barrier can be expressed 53) as 

I1 (32) 

where 11 is the induced current under illumination and Io exp (--AE[2kT) 
the current flow in the dark. With large I1 we have 

Ephor = ~ e  + I n -  _~ - -  (33) 
Io 2e 

as condition for the maximum photovoltage. For small I1 the photo-emf is 

= (34) 

In the early 1950's it first became possible to determine the photoelectric 
sensitivity of dyes of different classes (phthalocyanines, cyanines, etc.) by  meas- 
uring barrier-layer photopotentials in cases where barriers were strongly affected 
by carriers trapped in the surface states of adsorbed gases 54-50. In agreement 
with the theory of inorganic surface-barrier rectifiers, asymmetric current-voltage 
curves were also observed. 

Therefore, we can assume that  at surfaces or contacts of organic solids in the 
equilibrium state diffusion currents (=eDdn/dx) and field currents (=enl~E) 
may cancel each other out, i.e. 

j = n e # E  +eDdn/dx=O. (35) 

Moreover, it is probable that,  as with the space-charge layers of inorganic 
semiconductors, the following relationships can be considered for organic systems: 

(a) When a voltage which adds to the diffusion potential of a contact is applied, 
the barrier width W increases and a weak field current exceeds the diffusion 
current because the concentration gradient is slight; 

(b) When, the reverse voltage is applied, the width W decreases, the concen- 
tration gradient becomes steeper and a high diffusion current outweighs the field 
current 57). 

The photopotentials of dye-gas-metal  systems have reached an order of 0.1 
mV 55) and those of alkali metal-aromatic junctions 0.2 to 1.0 V 5~. Whereas the 
photo-emf of noble metal-aromatic junctions were of the order 1--15 mV 53), 
thin tetracene films sandwiched between two different evaporated metal electrodes 
(Au, A1) showed photovoltaic effects with an open-circuit photovoltage up to 
0.6 V 53). This high photovoltage may be attr ibuted either to a built-in vo l t age  
resulting from the difference in work functions of the two electrodes or to cooper- 
ation of two space-charge layers at the contacts. 
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C. P--N Junction Photovoltaic Devices 

In p - n  junctions a space-charge layer is formed in the transition region between 
an n-type and a p-type region by an exchange of charge carriers. This is a con- 
sequence of the overall tendency for the Fermi levels to become equal in height 
throughout the system (Fig. 2). 

E ~ . . . . . . . .  

Eo  - -  

E F . . . . . . . . . . . .  
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B e f o r e  c o n t a c t  
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I . . . . .  l . . . . . - . ~ . .  
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. . . . . .  - I . . .T . .  ~ . . . . . . . . . . .  E F 
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t i v  E~ 
I I 1 

-4 ' 
p-- -  

p n 

C o n t a c t  b e t w e e n  d y e  

a n d  s e m i c o n d u c t o r  

Fig. 2. Format ion  of diffusion voltage VD in p--n junctions.  Note:  VM = macropotential  which 
results from macroscopic space charges, double layers etc. Any shifting of VM caused by  any 
kind of charge (positive charge in the n region and negative charge in the p region of p--n 
junctions) displaces the other  energy levels in  an analogous manlier;  see 61,62) for details 

As with metal-semiconductor contacts, the electric field in the space charge, 
which is given by the diffusion voltage VD and the width of the space-charge 
region W ,  separates optically generated electron-hole pairs. W is given by 41): 

(36) 

where NA,  ND = concentration of acceptors on the p side and of donors on the 
n side. In systems in whichNx >> ND (p+--n junction) or ND >> NA (p--n- junction), 
W is small as in space-charge layers at contacts [see Eq. (30)]. Therefore, the photo- 
current will be carried mainly by minority carriers, which are generated in field- 
free regions and diffuse into the space-charge region 15,59-61). 

For an understanding of photocurrent density and photovoltage (Fig. 3) it is 
necessary to take into account that  in the dark there is diffusion of electrons from 
the n side to the p side and that  this depends among other things on an external 
voltage V, 

in(a) e .n~,. Ln [exp (eV/kT)  -- 1], (37) 
T ~  
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Fig. 3. S c h e m e  for a n  e x p l a n a t i o n  of t he  pho tovo l t a i c  effect in p - -~  j u n c t i o n  devices  (see text)  

whereas during illumination electrons photogenerated as minority carriers in the 
p region diffuse in the opposite direction to the barrier layer and are injected under 
the influence of the internal field into the n region: 

in(l) = e �9 g �9 L n  (38) 

where L n  is the diffusion length of electrons, np the concentration of electrons in 
the p-zone, g the number of excitations per cm 3 and sec. Therefore, the whole 
electron current density during illumination is 

j,, = e �9 g .  L ,  e. ,,~. L,, [exp ( e V / k T )  -- 1]. (39) "r 

A similar expression can be written for holes, which diffuse in the dark from 
the p to the n region and during illumination act as minority carriers from the 
n side to the space-charge region and move from there under the influence of the 
field into the p region; 

j~ = e �9 g �9 L~ e- p . .  L~ [exp ( e V / k T )  - 1] (40) 
T~o 

where Lp is the diffusion length of holes, and Pn the concentration of holes in the 
n zone. 

In the n zone and the p zone outside the ib--n space-charge layer the currents 
flow as field currents, i.e. in = e t~nnnE  (if nn >> 1~n) and ~'~ = e l ~ n ~ E  (if p~ ~ n~). 
By  addition of Eqs. (39) and (40) we obtain for the photocurrent density 

np . L n Pn " L~ jphot ~- 6 " g (L n -~ Lp) -- e --[- [ e x p  ( e V / k T )  -- 1]. 
\ zn v~ / 

(41) 
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In the case of a short circuit (V =0) ,  the photocurrent density can be given as 

]'p~ot = e �9 g (L~ + Lp) (42) 

or, taking into consideration the broad width of the space-charge region W and 
the area F of the p--n system, 

Ivhot = e F ,j Ix  (L, + L~, + W) (43) 

[g=fllA from Eq. (14)]. This means there is a linear relationship between short- 
circuit photocurrent and light intensity. 

By  inserting ~'phot = 0  in Eq. (41) we can derive the photovoltage Ephor (---- V) 

Elmer= kT ]n [ g(Ln + Lp) ] 
np Ln]r n + Pn L2a/r~ + 1 (44) 

or  

Ephor -~ k__T_T In (z ~/IA + 1). (4S) 
e 

Hence, a logarithmic relation exists between the open-circuit photovoltage 
and light intensity (Fig. 4). 
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Fig. 4. Scheme of the p--n photoe~ect (according to 59)) explaining the generation of photo- 
emf. Note:  Ue = contact  voltage between metal  and photoconductor ;  VD = diffusion voltage 
in the p--n  junct ion;  Vph = reve r se  internal  photovol tage (in relat ion to VD) 
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In discussing the relations for the photocurrent and the photovoltage of p--n 
junctions it should not be forgotten that  the sensitivity of these devices depends 
among other things (e.g. the primary quantum yield ~) on the diffusion length L, 
i.e. on the mean distance a charge carrier travels before it recombines, This is 
given by 

L = 1/D �9 (46) 
with 

k T  
h = - - / z .  (47) 

e 

Therefore, the values for the mobility and lifetime of electrons and holes are 
important  for efficient p--n photovoltaic devices. 

6. Conc lus ion  

In conclusion it must be stressed that,  for applications of the semiconductor 
properties of organic dyes and other compounds, the important factors besides 
the energy gap AE and the primary quantum efficiency ,/ of the generation of 
electron-hole pairs are the characteristic parameters mobility # and lifetime 
of electrons and holes. 

If polymeric dyes are also taken into consideration, the energy gap AE can 
range from tenths of an eV to several eV. While the primary quantum efficiency ~/ 
may reach values of the order of unity, we can also have weak field-dependent 
values. 

Unlike inorganic semiconductors whose mobility ranges from a few cm~'/Vsec 
up to #n =77,000 cm2/Vsec (in InSb), organic dyes because of the influence of 
the high density of traps and narrow energy bands have mobility values that  lie 
between very low values ( <  10 -4 cm2]Vsec) and values of 1--50 cm2]Vsec. 

As with inorganic photoconductors, e.g. CdS 68), the lifetime T of free carriers, 
which can be considered as a measure of photosensitivity, depends on the pre- 
paration of the compound. This is because of the great influence of defect states 
(impurities, lattice defects) in the forbidden zone. I t  is probable tha t  the values of 
T can range from 10 -2 to 10 -Io sec. When testing organic materials, it should be 
borne in mind that  T is not constant for a given compound. Therefore in the search 
for the optimum photoconductivity of a compound systematic variation of the 
conditions of preparation is essential. Lifetimes longer than 10 -4 sec may be con- 
sidered as a criterion for sensitive photoconductors. I t  would be useful to have 
systematic measurements o f ,  and the diffusion coefficient D, which are important  
in discussing the efficiency of photovoltalc devices. Some values are given in Table 
2; see also lO,10). 

T a b l e  2.  E l e c t r o n i c  p a r a m e t e r s  o f  s o m e  d y e s  ( f r o m  R e f .  15)) 

D y e  ~ D ~ D 

P i n a c y a n o l  1.1 • l 0  - 4  s 1.3 • l 0  - l i  c m  2 1.2 • 10 - 7  c m 2 / s  
T r y p a f l a v i n  2 X 10 - 4  s 6.1 x 10 - l i  c m  u 3 • 10 - 7  cmU/s  
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Attempts have recently been made to produce organic semiconductor compo- 
nents for industrial use without taking account of the characteristic parameters 
of senliconductivity of organic compounds. Nowadays, we know the need for a 
systematic study of these parameters because they can show us both the limits 
of application and the conditions which must be fulfilled for maximum use of 
the electrical and photoelectrical properties of dyes and other organic compounds. 

III. In f luence  of the Structure of Organ i c  C o m p o u n d s  on  T h e i r  
Elec t r ica l  Behavior  

The most important difference between organic and inorganic semiconductors 
arises from the fact that  the molecules in the crystalline state are held together 
by small forces and are fixed at relatively long distances from each other (of the 
order of >3.4 A). In many organic solids this restricts the intermolecular transport 
of charges, as discussed above. For applications of the semiconducting properties 
of organic solids it is necessary to have materials with low resistivities and photo- 
conductivities characterized by light-enhanced conductivity of several orders of 
magnitude. There are several possible ways of influencing conduction behavior 
through variations of the organic structure. However, much work is still necessary 
in this special field; see details in 10). 

1. Dark Conductivity 

As mentioned above, organic dyes generally have dark conductivity only below 
10 -lo ohm-lcm -1. However, higher conductivity can be achieved in dyes - 
and as in other organic solids - by the three methods described below. 

1. The number of delocalizable ~z electrons can be increased. This is possible 
because the activation energy of the dark conduction, like the intramolecular 
excitation energy of the electrons, decreases with increasing number N of delo- 
calizable electrons in agreement with the electron gas theory. Hence, if the rela- 
tionship between dE  and N for the open [Eq. (48)] and cyclic [Eq. (49)] ~z electron 
systems is represented graphically, the AE values obtained from conductivity 
measurements will generally lie between the two curves; see e.g. 18,64). 

AE = 19.2 N +____~1 (48) 
N2 

AE = 38 --~ (49) 

For instance, the value of AE = 1.7 eV measured for single crystals of phthalo- 
cyanine, leads us to conclude that  the 18-a-electron system is responsible for both 
light absorption and conduction. 
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On the other hand, the conductivity within a given class of organic semicon- 
ductors increases with decreasing activation energy according to Eq. (50) lO,05): 

A E ,  = - c'  log a n  + log X0 (50) 

where c' and X0 are specific constants for a special class. 
The correctness of these relationships can be seen from the values in Table 3, 

obtained for monomeric polymethine dyes. 

Tab le  3. Re l a t i on  be t ween  t h e  n u m b e r  of  rr e lec t rons  N,  t h e r m a l  a c t i va t i on  ene rgy  .4E, arid 
d a r k  c o n d u c t i v i t y  aD of p o l y m e t h i n e  dyes  (af ter  60,67)) 

D y e  S t r u c t u r e  N 2max LIE ~D 
Into] [eV] [obm-lcm-q 

T r i m e t h i n e c y a n i n e  2 8 605 1.8 2 • 10 -13 

P e n t a m e t h i n e c y a n i n e  3 10 710 1.3 10-11 

H e p t a m e t h i n e c y a n i n e  4 12 817 0.69 1.3 • 10 - s  

~C-(CH=CH)~-CH=~N ~ 
I I 

CH3 CH3 

2 n=l 3 n=2 4 n=3 

. . . I  o 

Polymeric dyes, such as the polymeric phthalocyanines, become more conduct- 
ing as the degree of polymerization increases. This is demonstrated in Fig. 5 for 
polymeric Fe- and Co-polyphthalocyanines 65). 

1.5 - 

1.0 �9 

0.5 O ~'~ 

0 0 '4 1~., 2 1~., ~ lO -s 1 "  10 -4 
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Fig.  5. Re l a t i onsh i p  b e t w c e n  t h e r m a l  ac t i va t i on  ene rgy  a n d  d a r k  c o n d u c t i v i t y :  A E n  = ]  
(log a D ) .  Fe-polyphthalocyanine; . . . . . . . .  Co-polyphthalocyanine 
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However, Fig. 5 also indicates that  where there is disturbance of the delocaliza- 
tion of z~ electrons the AE~ values and the corresponding ~ values [resulting 
from Eq. (50)] tend toward a limit. Thus, as in other organic semiconductors, 
we have to distinguish between rubiconjugated compounds (characterized by  a 
disturbed delocalization as in Fe-polyphthalocyanines) and ekaconjugated com- 
pounds (characterized by an undisturbed delocalization of ~ electrons as in Cu- 
polyphthalocyanines). 

I t  should be stressed here that  the conductivities of e.g. polymers with phthalo- 
cyanine-type structure vary  between 6.3 • 10 -3 and 2.1 • 10 - lo  ohm- lcm - I  
with activation energies down to 0.04 eV s,ss,sg). The best conducting dye poly- 
mers showed a maximum of ~ i )=0 .3  ohm- lcm -1 7o). 

2. Another way of increasing conductivity is to use special doping agents 
such as o-chloranil, tetracyanoethylene, or tetracyanoquinodimethane. This 
effect, first observed by  Hoegl et al. 71,72) during photoconductivity experiments 
on electrophotographically interesting polymers and later on dyes s2, 73), is charac- 
terized by a rapid increase of dark conductivity with concentration of doping 
agent according to Eq. (51) 74): 

~ D  = a C a (51) 

where C is concentration of the doping agent and a is a constant. For example, a/~- 
value of 5.3 is found on doping phthalocyanines with o-chloranil, as shown in Fig. 6. 

�9 �9 (I,) 

~o 10 1~ 

t"-I 

10 ~2 

10 "s 

10: 10 "1 
Molar ratio 

Fig. 6. Relation between dark conductivity and concentration of doping compounds : log ~D = / 
(log naccepCor[ndye), (I) phthalocyanine + o-chloranil; (2) poIy-N-vinylcarbazole +o-chloranil 
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In discussing doping of organic compounds allowance must be made for the 
fact that  activation energy decreases with concentration of doping compound 
(see Table 4). 

Table  4. AE va l ue s  of p h t h a l o c y a n i n e  
doped  w i t h  o-chlorani l  74) 

Molrat io  A E 
[ch lo ran i l /ph tha locyan ine ]  leVI 

No dop ing  1.82 

1.26 • 10 -2  0.87 

1.84 • 10 -2  0.81 

2.47 • 10 -2  0.78 

3.12 X 10 -2  0.71 

This observation may result from an usual acceptor effect according to which 
A E  can be identified with the energetic position of acceptors in the forbidden 
gap. I t  should be mentioned here that,  according to Lyons 75), A E  is connected 
by  Eqs. (52) and (53) with the electrostatic polarization energy P.  

A E  = I e - - A e = I g - - A g - 2 P  (52) 

E -~ le - 2 P  (53) 

where Ie and Ac are the ionization energy and electron affinity in the solid state 
and Ig and A g the ionization energy and electron affinity in the gaseous state. 

Because P depends on the molecular polarizability ~, the activation energy 
may change under the influence of the introduced charge-transfer dipoles between 
dye and acceptor. 

Hence there exists a relationship between A E  and the dielectric constant 
which is correlated with ~ by  the Clausius-Mosotti equation: 

A E  = I g  - ~'  ~ - 1 + 2 (54) 

where ~' is a term describing doping effectiveness (e.g. ~7 '=  10.2), and Ig ~-7.90 
eV in phthalocyanines doped with iodine 76). 

The important  thing is that  this decrease of AE obtained by  doping may be 
accompanied by  an enhancement of dark conductivity of several orders of magni- 
tude. 

3. In phthalocyanines, changing the central atom may cause the conductivity 
to differ between 10 -16 and 10 -2 ohm- lcm -1 1o). The highest conductivity of 
4 • 10 -2 ohm- lcm -1 has been reported for Nd phthalocyanine 7~). 
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2. Photoconductivity 

Traps and recombination centers which depend on purity, crystal defects and 
preparation, can exert an influence, and electrode contacts, carrier injections, and 
other factors can interfere with measurements. Yet there is no doubt that  the 
photoconductive gain (quantum yield) G can be reproduced by  different methods. 
As in the case of dark conductivity, the photoconductivity properties are related 
to the electronic and structural behavior of pure and doped organic compounds, 
also those in the polycrystalline state. 

A. Relation between Molecular Structure and Photoconductivity 

The chances of synthesizing good dye photoconductors for use in photoconductive 
devices can be deduced from certain structural relationships (details are discussed 
in 10). 

1. In triphenylmethane dyes the degree of methylation of the amino groups 
is proportional to the photoconductivity and there is a decrease in sensitivity on 
replacement of a methyl group by other substituents; thus we have the order 

CH3 >> C2H5,-~ H ~C6H5 

2. In eyanines and merocyanines there is an increase in the photoconductivity 
with the number of methine groups, i.e. with the lengthening of the conjugated 
chain 61,78). 

3. In pyrazines based on aceanthraquinoxaline 5 

N' 

t 
! 

5 

obtained by  condensation of aceanthraquinone with 1,2-aromatic diamines, the 
photoconductive response depends on variation of the structure of part B of 5 
according to the order 79): 

(a) (b) (c) (d) (e) 

5 a-e 

Table 5 illustrates this structural dependence by giving some values for 
Iphot/Ioark.  

105 



H. Meier 

Table 5. S t ructurM dependence  of acean-  
thraquir toxal ine der ivates  (after Ref. 79)) 

Moie ty  B of 5 Iphotlldark 

(a) 7 x 105 
{b) 7.2 • 104 
(c) 2.6 • 104 
(d) 4 • 102 

The fundamental influence of substituent groups on the photoconductivity 
within aceanthraquinoxaline derivatives is shown in Fig. 7 for two pyrazines that  
differ by  a methyl group. 

t 
B 

21 3 / /7 
_/  Y --%J 

/ 

0 J 0 . . . .  D a r ~ c u r r e n ,  -t", t ', t- 
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Fig.  7. Dependence  of pho toconduc t i v i t y  on s t ruc tu re  for acean thraqu inoxa l ine  5 Iphot = 
] (Voltage) 

From these results it can be concluded that  photoconductivity is closely 
connected with the number and degree of delocalization of the zl-electrons. An 
increase in the number of aromatic rings or methyl substitution increases the 
photoelectric sensitivity. Conversely, the incorporation of electron-accepting 
groups or the reduction of the n-electron density in the ring system by replacing 
C-atoms by  N-atoms causes photoconductivity to decrease. 

In addition to this influence of the molecular structure, which correlates with 
the number and the delocalization of n-electrons, steric effects resulting from the 
internal molecular geometry and the nature of the substituents may  play an im- 
portant  role in intermolectflar charge transfer because of the packing of adjacent 
molecules in the solid 80). For instance, the observation that  the introduction 
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of a second benzene ring in the 2--3 position of 5 leads to Iphot/Idark =7 .2  • 10 4 
whereas if it is in the 3--4 position Ivhot[Idark is 3.8 • 10 8 may be explained as 
due to a packing effect. 

4. In 2-arylidene-l,3-indandiones 6, which can be considered as ethylene 
derivatives with two end-carbon atoms attached to 1,3-indandione and to elec- 
tron-acceptor and electron-donor groups (R), respectively, photoconductivity 
depends on the substituents of the arylidene group Sl). 

O 

R..-C 6 

O 

This dependence is clear from some Ip~ot/Idark values given in Table 6. 

Table 6. Dependence of the photoconductivity of arylidene- 
1,3-indandiones on structure (after l~ef. St)) 

Group IZ IDhot/[dark 2max 
[nm] 

4-Nitrophenyl 3.8 
3,4,5-Trimethoxyphenyl 26 
4-Diethylaminophenyl 1 • 10a 546 
4-Dimethylaminophenyl 1.2 x l0 s 582 
1-Naphthyl 99 
3-Pyrenyl 2.5 • 103 570 
3-N-ethylcarbazolyl 9.3 • 10 s 506 

The maximum photoconductivity of the 4-dimethylaminoderivative is in good 
agreement with the high degree of delocalization of the so-electrons of this com- 
pound. Similarly, in other compounds with the same molecular framework there 
is good correlation between photoconductivity and delocalization of ~-electrons; 
this correlation is enhanced by  increasing the electron-donating power of the group 
R. For  instance, in the 3-N-ethylcarbazolyl derivative we can assume intramole- 
cular migration of the lone-pair electrons on the nitrogen, leading to a polar 
form of the excited state. When intramolecular electron transfer is inhibited, 
as in the anthracene derivative, the photoconductivity is weak. 

5. In derivatives of 9-dicyanomethylene-2-nitrofluorene 7 the ratios of 
photocurrent to dark current range between 100 and 20.000 depending on the 
position of the introduced nitro groups 82). 

R2 R1 

R 4 R 3 ~ N 0 2  

CN CN 
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The highest ratio is obtained in the 2,7-dinitro derivative. It is probable that 
the planafity of the nitro derivatives and the way the molecules are packed in 
the bulk play an important role in the photoelectric behavior. A self-complex 
type of structure may be formed, which favors charge transfer in the solid. 

B. Doping 

The addition of doping agents can increase the photoconductivity of dyes by 
several orders of magnitude 52,74). Some examples are given in Table 7. 

Table 7. E n h a n c e m e n t  of photoconduct iv i ty  on doping 

Dye Doping compound  Iphot(doped) Ref. 

Iphot(undoped) 

Merocyanine A 10 7 o-Chloranil 60 52) 
Iodine 1.7 • 103 

Merocyanine F X  79 8 p-Chloranil  6 52) 
o-Chloranil 150 

Phtha locyanine  Tet racyanoethylene  400 73, ~4) 
o-Chloranil 10 4 7 3, 7 4) 

0~ 
C=CH-CH=C S 

~.. )~.N/ I / 
I OC C S  
C2Hs "~l 

/ 

8 C2Hs 

Like dark conductivity, photoconductivity increases rapidly with the concen- 
tration of the doping compound [see Eq. (51)]. Suitable doping agents can give 
photoconductive gains G > 1 52). 

In some compounds the doping effect may be the result of charge-carrier 
generation brought about by an intermolecular charge-transfer transition 72,8a) 

h~c (55) D . . . A  ~ ~ D + . . . A -  ~ D . . . A  ~ ~ D + . . . A - .  

In systems in which the charge-transfer excitation band differs from the 
action spectrum of photoconductivity, the doping effect may be due to a change 
of recombination path that results in an enhancement of carrier liefetime (e.g. 
holes in merocyanines and phthalocyanines). (Details on the mechanism are given 
in 10,11,74).) 

3. P- and N-Type Conductivity 

A. Dark Conductivity 

Like other organic compounds, dyes can be divided into n- and p-type conductors. 
This may be confirmed by measuring the influence of oxygen or hydrogen 3,14,84), 
the Hall effect 31,3a,85) or the thermoelectric effect 66,86). Moreover, in agreement 
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with the rules for extrinsic semiconductors, the Fermi levels are close to the energy 
bands. 

For instance, the Fermi level of monomeric p-type phthalocyanine is close 
to the Valence band and can be shifted nearer to this band by doping, as shown in 
Fig. 8. 
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Fig. 8. Position of the Fermi level EF in phthalocyanine doped with te t racyanoethylene 
(TCNE) 

There seems no doubt that  this effect results from an increase in the concentra- 
tion of holes in the valence band, described by  

EF = Ev -- k T  In (p/Nv) (s6) 

where Nv is the effective density of states in the valence band and p <  Nv. 
The fact that  the thermoeleetric-emf O falls within polymeric homologs and 

is lowered by  a transition from monomers to polymers (see Table 8 65)) also con- 
firms these results, because we have the relation between 12 and p: 

In conclusion it can be stated that  the p- and n-type dark conductivity of 
doped dyes and a number of undoped dyes is the result of differences in the 
densities of holes and electrons. Thus, in p-type dyes we have p >> n, and in n -  
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Table 8. Relation between thermoelectric-emf and struc- 
ture ~5) 

Phthalocyanine Q Type 
b,v/oc] 

Monomeric Fe Pc 1406 p 

Polymeric Fe Pc 643 p 

Monomeric Co 2c 1165 p 

Polymeric Co Pc 555 p 

type dyes n >~ p. However, it should not be overlooked that  in the case of intrinsic 
dark conduction p ~ n. In such compounds the type of conduction may be deter- 
mined by  differences in the mobility of holes and electrons; the thermo-emf is 
therefore given by  sT) 

Q h (b--1) [ AE ] 

(b = ~' , , /gv) .  

B. Photoconductivi ty 

I t  has been shown in a series of experiments 8) that  illuminated dyes can be classi- 
fied into n- and p-type photoconductors. This classification correlates in many 
cases with the structure of the dyes. 

1. Tfiphenylmethane derivatives, rhodamines, and nitro derivatives of 9- 
dicyanomethylene fluorene are characterized by  n-type photoconductivity. 

2. Merocyanines, phthalocyanines, pyrazines based on aceanthraquinoxalines, 
and several aryhdine-l,3-indandiones exhibit p-type photoconductivity. 

3. Small changes in the molecular structure - e.g. the replacement of a brid- 
ging carbon atom by a nitrogen atom -- can change a p-type dye into an n-type dye. 
This effect is connected with changes in optical absorption and photographic beha- 
vior lO,40). 

Whereas in good-conducting doped or polymeric dyes p-or n-type conductivity 
can be explained without difficulty by  analogy with inorganic semiconductors, 
the p- and n-type photoconductivity in insulating (intrinsic) dye films cannot 
be explained in this manner. I t  is necessary to take into consideration the existence 
of defect states (lattice defects, dislocations, impurities etc.) distributed at different 
depths in the forbidden zone between valence and conduction band; these defect 
states are able to trap electrons and holes, respectively, with different probabil- 
i ty  10,11,ss). 

In this connection it should be remembered that  we can distinguish between 
recombination centers and traps. On the one hand, electron or hole traps can be 
considered as states from which trapped electrons or holes will with relatively 
high probability be reexcited thermally into the conduction or valence band. 
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On the other hand, electrons or holes trapped in recombination centers have a 
higher probability of capturing a free hole or electron in the valence or con- 
duction band than of being reexcited. The distinction may in many cases be some- 
what arbitrary 41). However, there seems no doubt that,  as in inorganic semicon- 
ductors and insulators in organic photoconductors, a high density of recombina- 
tion centers and traps with densities ranging from 1012 cm -3 to 1019 cm -8 can be 
assumed in the forbidden gap. Moreover, in polycrystalline and particularly in 
amorphous samples these defect states are distributed at different energy levels 
throughout this zone. 

Therefore, we are able to discuss the existence of defect states (recombination 
centers and traps) in the forbidden gap of solid organic dyes characterized by  
different trapping probabilities (ranging from 10 -13 cm ~ to 10 -20 cm 2) for elec- 
trons and holes. Hence, asymmetric trapping of electrons and holes leading to 
n- and p-photoconductivity is very probable. 

(a) With a large number of trapping centers for holes (e.g. traps filled with 
electrons from donating centers or from injecting contacts by  an applied electric 
field) the holes of excited electron-hole pairs would be rapidly trapped and there- 
fore to a great extent immobilized. The electrons, however, are distributed between 
the conduction band and high-lying shallow traps so that  the solid is characterized 
by n-type photoconductivity. 

(b) On the other hand, if only low-lying trapping states are filled, a large 
number of empty defect states will be ready to trap electrons. Such a dye film 
would be characterized by p-type photoconductivity. 

According to this concept of asymmetric trapping -- which is also discussed 
for inorganic photoconductors by Rose ~3,s9) _ the chemical potential of electrons 
(i.e. the Fermi potential) should be situated close to the conduction band (in 
n-type photoconductors) and valence band (in p-type photoconductors), respect- 
ively, as illustrated in Fig. 9. 
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Fig. 9. Dependence of n-type or p- type  organic photoconductors  on trapping.  (a) Symmetr ic  
t rapping;  (b) Asymmetric  t rapping : n- type;  (c) Asymmetr ic  t rapping : p- type;  Pr, nr = empty  
and filled centers, respectively; E• = Fermi energy 

These differences in the location of the Fermi energies of p- and n-type dyes 
have been experimentally confirmed 11,40). I t  was also shown by  experiment 
that,  in accordance with the model given, the Fermi energy of illuminated dyes 
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EF is situated above the Fermi energy of nonilluminated dyes EF because of the 
excitation of electrons into the conduction band 9o). Therefore we have 

,k 

EE - EF ---- k T  In (nlJnD) (s9) 

(nL, nD ~- density of free electrons in the light and dark, respectively). 
Quantitatively, it should be possible to describe the p- and n-type conductivity 

of dye films with known densities of empty and filled centers (Pr, nr) by capture 
cross-sections of these centers for free electrons and free holes (sn, s~), because 
the free-carrier lifetime (zn, z~) of electrons and holes is given by 

1 1 
,~ ,~ (60) 

Pr sn Vth nr  Sp Vth 

(vth=thermal velocity). The steady-state density of electrons (An) and holes 
(Ap) is given according to Eq. (15) by 

An = g vn Ap = g ~ (61) 

(g =number  of excitation/cm a sec). I t  therefore follows from Eqs. (60) and (61) 
that  

An n, s~ (62) 
Ap Pr sn 

The photoconductivity can be described by 

~phot = e (An ~n + Ap ~ )  (20) 

so that  from Eq. (62) the conditions for n- or p-type conductivity can be derived 
as follows (if/~n '-" ~u~) : 

n-type (An > Ap) nr sp > Pr sn (63) 

p-type (Ap > An) Pr sn > nr Sp. (64) 

In systems with s~ ~ sn these conditions are 

n-type nr > Pr (6S) 

p-type Pr > nr ,  (66) 

in accordance with the scheme illustrated in Fig. 9. With this hypothesis we can 
explain the classification of dyes into n- and p-type photoconductors. For example, 
n-type photoconductivity of cationic triphenylmethane dyes may be the result 
of the influence of anions operating as defects according to Eq. (63), whereas the 
p-type photoconductivity of anionic dyes such as fluoresceins may result from 
cationic defect states [Eq. (64)]. Moreover, intramolecular electron accepting or 
donating sites, impurities, or dislocations could operate in a similar way. 
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IV. Connections between the Electrical Properties of Dyes and  
Industrial Processes 

1. Lightfastness 

In discussing the use of photoconduction measurements for testing the photo- 
bleaching process, it is important to recognize that the photoconduction of dyes 
is due to the formation and migration of electronic charge carriers and not to 
impurities of photochemical decomposition. However, the following facts should 
not be overlooked 91~. 

(a) The start of the photochemical decomposition of the dye may be recorded, 
since it is associated with a decrease in conductivity. For example, it was found 
that the conductivity of the triphenylmethane dyes used as standards in the ISO 
lightfastness test 91~ decreases with the photochemicaaly induced transition of 
dyes into the leuco form 9~). 

(b) The negative photoelectric effects (details are given in 93,10)) of colored 
fibers, may well be correlated with their lightfastness 94,9~. However, more 
measurements should be made. 

(c) A relation has been found between lightfastness and thermaa activation 
energy of photoconductivity (AEphot) as determined from Eq. (67): 

~phot = ~o exp ( -AEphot /kT)  �9 (67) 

AEphot increases with lightfastness 92) as shown for the standard dyes CI Acid 
Blue 104 9, 109 and 83; see Table 9. 

Table 9. Relation between zlEphot and t ime tB to the 
beginning of bleaching (after Ref. 92)) 

Dye tB A Ephot 
[min] [eV] 

CI acid blue 104 9 9 0.39 
CI acid blue 109 25 0.48 
CI acid blue 83 60 0.58 

HsC: C H3 C2Hs 

SO3 Na ~ SOft 

N / \  
H~Cz C~H~ 

9 

The relationship between tB and AEphot holds only for dyes of similar chemical 
structure, so that e.g. there is no connection between dEphot and tn of copper- 
phthalocyanine. 
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However, small changes in structure, i.e. an increase in the electrophilic 
nature of the susbtituents in the side-chain, resulting in a stronger localization 
of the positive charge on the central carbon atom or on the nitrogen atom of tri- 
phenylmethane, influence both photoconductivity and lightfastness. Tile explana- 
tion is probably that  electrons and holes generated by the absorption of light are 
trapped with different efficiency. Because of the very efficient trapping of holes 
and the low mobility of these positive charge carriers in triphenylmethane dyes, 
the quantum efficiency of photoconduction and the value of AEphot will depend 
on the mobility and concentration of electrons, i.e. on the trapping of electrons 
by single dye molecules etc., and therefore on the localization of the positive 
charge in the molecule. The trapping influence increases with increasing localiza- 
tion, as may be seen from the tfigh activation energies zlEphot and the low values 
of quantum efficiency. On the other hand, this trapping of electrons causes uni- 
radicals to form and these, owing to the disproportion between short-lived 
uniradicals, produce a biradical and a molecule of the leuco dye. The probability 
that  this reaction will occur in the solid state depends on the probability of the 
formation of such species close to one another, and this probability increases with 
increasing diffusion (mobility) of the electrons through the layer. 

Further experiments are necessary to confirm this hypothesis 91)However, 
it seems possible that  further work may establish relationships such as that  
between JEphot and fading grades, from which perhaps methods for grading 
fastness ratings can be derived. 

2. Spectral Sensitization 

In the process of spectral sensitization, the energy absorbed by a dye in contact 
with a sohd is transferred to the solid, causing it to show photoelectric or chemical 
effects. Not only is this of overwhelming importance in silver halide photography, 
it is also an important phenomenon in electrophotography, because of the need 
to extend the spectral response of various inorganic semiconductors of electro- 
photographic interest through the visible spectrum. For instance, as in silver 
halide photography, dye sensitization is a prerequisite for the practical applica- 
tion of the zinc oxide Electrofax system. 

Surveys of these problems and of the mechanism are given in a,40,ss,90,96-gs). 
Therefore only a few facts are mentioned here. Measurements of electronic 
conductivity can be used on the one hand for the determination of data  and 
properties of dye layers (e.g. the absolute position of energy levels) that  are im- 
portant for an understanding of spectral sensitization, and on the other hand 
they could explain the electron-transfer mechanism of spectral sensitization, 
especially the "driving force" that  transfers the charge from dye layers to inor- 
ganic photoconductors. According to this p-n or n-n' mechanism of spectral sensi- 
tization 40,99-i05), two effects may act together: (1) in the dark, the build-up 
of an electrostatic field is brought about by electron exchange between dye and 
photoconductor as a consequence of the overall tendency for the electrochemical 
potential of electrons (i. e. Fermi energies) to be equal on both sides of each 
boundary; (2) during illumination, the separation of optically formed electron- 
hole pairs is effected by the internal electrical field. 
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The photovoltaic effects found in model arrangements of sensitized systems 
support this mechanism 40,90,101,106). Moreover, measurements of the Dember 
effect 103-105) _ an increase of zinc oxide resistance by  low coverages 102) _ 
and other observations to7) confirm this mechanism. Therefore, we can assume 
a correlation between the semiconductivity and sensitizing behavior of dyes, 
according to which the sensitizing behavior of dyes depends upon 

(a) the photoelectric sensitivity of the dye, i.e. the photoelectric parameters 
~, r and #; 

(b) the n- or p-type conductivity and the electrochemical (or Fermi) potential 
of the dye, respectively; 

(c) the relative position of the conduction or valence band between the in- 
organic semiconductor and the dye after the equalizing of the Fermi levels. 

The possibilities of utilizing these findings for the production of particularly 
effective sensitizing dyes should be looked into. 

3.  C a t a l y t i c  E f f e c t s  

I t  can be concluded from various experiments that  a correlation exists between 
electrical and catalytic data for organic solids, provided the catalytically active 
substances compared are very similar in their specific chemical and structural 
properties ~o,108,1o9). The following relationships should be mentioned: 

(a) Between the catalytic activity Ka and the thermal activation energy of 
the dark conductivity AEtherm [obtained from Eq. (7)] tllere is the relation: 

1 Z( s ) 
log Ka "~ d Ether-~ 

Example:  the oxidation of acetaldehyde ethylene acetal to ethylene glycol 
monoacetate with Fe--M-polyphthalocyanines (M: V, Cr, Cu, etc.) as catalysts 110). 

(b) The catalytic activity of phthalocyanine samples for the decomposition of 
H202 increases with increasing conductivity (and decreasing activation energy) 
as shown in Table 10 for different Co-phthalocyanine samples. 

Table 10. Relation between catalytic activity of H20~ 
decomposition (given in time tso [min] necessary for a 
decomposition of 50% H~O2) and dark conductivity of 
Co-polyphthalocyanines (from Ref. 65)) 

Co-Polyphthalo- HaO~-Decomposi- Conductivity 6" D 
cyanine tion [ohm-lcm -1] 
[samplo No] is0 [mini 

17 > 3 0 . 0  2.8 • 10 -8  
1 30.0 2.7 • 10-8 
6 11.4 1.2 • 10 -7  
2 10.2 5.3 • 10 -7  
4 10.2 1.9 • 10 -6  

13 6.5 4.1 • 10 - 5  
9 4.5 1.2 • 10 - 4  
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Similar results have been obtained with Cu-phthalocyanine samples 111~ 
and Fe-polyphthalocyanines 657. 

(c) Catalytic activity increases on transition from the monomer to the polymer, 
which may be the results of the increase in conductivity connected with this 
transition. Example: the increase of the oxidation of cumene in the presence 
of Cu-phthalocyanine on transition from the monomer to the polymer 112). 

(d) Catalytic activity may depend on tile type of dark conductivity. For ex- 
ample, tile decomposition of formic acid is catalyzed more strongly by n-conduct- 
ing Cu-polyphthalocyanine than by p-conducting Cu-phthalocyanine 1137. 

(e) Moreover, the photocatalytic activity of dyes is also connected with their 
electronic conductivity. For example, in testing tile photocatalytic activity of a 
series of triphenylmethaue dyes in the oxidation of propanol (2), it was found that 
only fluorescing dyes of the p-type are active catalysts 1147. Moreover, dye photo- 
conductors of the p-type (eosin, fluorescein, acridine, etc.) catalyze the photo- 
oxidation of isopropyl alcohol with 02 to acetone, while dyes of the n-type (crystal 
violet, rhodamine, etc.) are either inactive or cause pinacol formation 115~. Thus, 
we have 

CH3 CO CHa 

(CH 3)2 CHOH 

(CH a)2C(OH)C (OH) (CH3) 2 

From this reaction it can be seen that  high selectivity is an important char- 
acteristic of organic catalysts. 

4. Electrocatalytic Effects in Fuel  Cells 

The relations between structure, conductivity, and catalytic activity are of 
particular interest in connection wittl the use of organic dyes for the reduction of 
oxygen in fuel cells. Since Jasinsky's discovery 116~ that  Co-phthalocyanine can 
be used instead of platinum for the reduction of oxygen in fuel-cell cathodes, 
several investigations have been concerned with this question 117-119). There 
no longer seems any doubt that  the electrocatalysis of oxygenreduction is activated 
on the largest scale by those polymers of the Fe- or Co-phthalocyanine type that  
are characterized by the highest conductivity. This can be seeI1 from the examples 
given in Table 11. 

Moreover, the conductivity, and hence the catalytic decomposition of hydrogen 
peroxide, has been observed to influence the stability of the oxygen electrode. 
The stability of phthalocyanine catalysts is a decisive factor for the practical 
applicability of organic catalysts in fuel cells operating in an acid medium. This 
is therefore a very important observation. The observed disturbance of the deloca- 
lization of the z electrons (rubiconjugation) in Fe-polyphthalocyanines, in ad- 
dition to the correlation between conductivity on the one hand, and electrocataly- 
sis and catalytic decomposition of hydrogen peroxide on the other, leads to a 
special model of the electroreduction of oxygen on phthalocyanines. The model 

116 



Application of the Semiconductor Properties-of Dyes Possibilities and Problems 

Table 1 I. Relation between eleetrocatalytic activity (given 
in the potentiM ~v20 measured at  a current density of 
20 mA/cm 2) and conductivity in Fe-polyphthalocyanine 
samples (from Ref. ~s)) 

Fe-polyphthalo- ElectrocatMytic Dark conductivity 
cyanine activity aD [ohm- lcm -1] 
[sample No] ~02o [mY] 

43 530 8 • I0 -1~ 
33 645 1.5 • 10 -11 
57 640 6.5 • I0 -Io 
51 700 3.6 • 10 - lo  
40 720 1 X 10 -9 
58 705 4.7 • 10 -9 
25 795 2.4 x 10 -9 

shows that high electrocatalytic activity and stability in electrocatalysts are 
associated with a combination of 

(I) donor states for oxygen reduction 

Oz+e-  ~ 0~" 

(2) acceptor states for the decomposition of hydrogen peroxide, because 

P c O  + - O O H  ~ <Pc . . . .  OOH> 

(Pc  . . . .  OOH) + H202 > H20 + 02 + OH-  + P c .  

The high electrocatalytic activity of Fe-polyphthalocyanines is explained by 
this model; see Gs,lgo) for details. It should be mentioned that these results, ob- 
tained in a systematic study of a large number of different polymeric phthalo- 
cyanines, allow an optimistic prediction regarding the possibility of using fuel cells 
with high-conducting dye catalysts, e.g. in heart pacemakers 121) and perhaps also 
in metal-air high-energy batteries leg)a). 

V. Potential Applications of the Electrical Properties of Dyes 

In the course of experiments on the dark- and photoconductivity of dyes a 
series of industrially interesting effects have been noted. Some examples are given 
below; for further details, see lo,12,ss); for the fundamentals of the different 
effects, see Section II. 

a) W e  are grateful to the Bundesministerium der Yerteidigung, Bonn, for financial support  
of this par t  of our work. 
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1. Dark Conductivity 

A. Rectifiers 

As discussed in Section 111.3, some dyes can be considered as p- or n-semiconduc- 
tors in the unilluminated state, particularly in the doped form. The use of organic 
dyes for the production of rectifiers therefore seems attractive. 

There are two possibilities: 

(1) The formation of p--n rectifiers by contact between n- and p-conducting 
systems. Example: layers of p-conducting Cu-phthalocyanine and n-conducting 
Cl--In-chlorophthalocyanine that are pressed together 123). 

(2) The formation of barrier layers at point contacts of organic crystals. Ex- 
ample: arrays of sflver/phthalocyanine mixed crystal]A1 point contacts with a 
forward/backward current ratio of 3000:1 can rectify alternating currents up to 
104 Hz 124); see Fig. 10. 

4 -  

~.3-  

.2- 

I -  

-5 "1 t -5 U[Vl 

Fig. 10. Rectifier effect in the system Ag/phthalocyanine mixed cryst~l/A1 (after Ref. 124)) 

Inorganic rectifiers are, of course, still superior to organic systems. However 
the experiments show that p--n junctions and space-charge layers at contacts can 
be obtained with the help of organic solids. Further experiments should be made, 
especially with doped systems. 

B. Microwave Generation 

It is interesting to note that, with organic compounds, diodes with negative re- 
sistance characteristics were obtained lO). These systems could become important 
in microwave generation. Example: r-carotene single crystals showed low-fre- 
quency current oscillations 1~5,126) having a certain analogy to Gunn oscillations. 
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C. Thermoelectric Devices 

The discovery of thermovoltages that  are high relative to inorganic semiconductors 
and can reach an order of 3 mV/~ for organic semiconductors ~4) also suggests 
a possible application. In this context it should be recalled tha t  under the influence 
of a temperature  gradient charge carriers diffuse from the warm region into the 
cold one (Seebeck effect) ; on passage of a current cooling may  be expected at one 
electrode and warming at  the other (Peltier effect). The practical possibility of 
using the Seebeck effect for thermoelectric energy production or the Peltier effect 
in refrigeration is favored by  

(1) the high value of the differential thermo-emf Q LuV/deg] 

(2) high conductivity [ohm- lcm -1] 

(3) low thermal conductivity n [W/cm deg]. 

Table 12 shows the quality factors or thermoelectric effectivities GT 

GT - -  o .  Q~ [deg_l] (69) 

of some systems. 

Table 12. Thermoelectric effectivities GT of various systems 

System a Q ~ GT Ref. 
[ohm-lcm -1] [ /zV/deg] [W/cm. deg] [deg -1] 

Refrigeration 

Bi2 Tea 1000 200 1.6 • 10 -3 

Pyromellitonitrile --150 5 • 10 -3 

Phthalocyanine 
(doped) 10 -7 1000 5 • 10 -a 

Cu-polyphthalo- 0.3 3100 5 • 10 -3 
cyauine 

6 • 10 -3 127) 

2 • 10 -a 137) 

10-12 • 10-a 12a) 

10- i0  129) 

5 • 10 -4 130) 

I t  can be seen from Table 12 that ,  in spite of a thermo-emf of up to I mV/ 
degree, the GT factor of pure phthalocyanines is very low because of their low 
conductivity. However, the conductivity of some compounds can be increased 
by  polymerization 130) or doping 74,131) without an excessive fall in thermo-emf. 
For example, as can be seen from figure 11, although conductivity increases by  
several orders of magnitude, thermo-emfs of up to 1 mV/degree are still obtained 
in doped systems. 

Yet  it will be necessary to look for systems having higher conductivities, since 
a Peltier refrigerator, for example, would become competit ive in its power 
consumption only above an effectivity of GT = 6 • 10 -3 deg-A I t  is probable that  
this aim will be reached. Table 12 shows a Cu-polyphthalocyanine sample with 
a remarkably  favorable GT value of about S • 10 -4 deg -1. 
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D. Gas Detectors 

Not only oxygen and hydrogen 3,84,132) but  also a number  of gases 13~-I~5)  

have characteristic reversible effects on dark (and photo-) conductivity. The use 
of dyes as gas detectors has therefore been discussed. I t  is interesting to note 
tha t  organic semiconductors are as sensitive to adsorbed gases as inorganic ones, 
e.g. ZnO 13G). As can be seen from Table 13, the conductivity changes in certain 
systems, e.g. fl-carotene 134,137,13S), range over six orders of magnitude. The 
response can also be highly specific, as is the case with metal-free phthalocyanine 
135). 

Tab le  13. D e p e n d e n c e  of t he  da rk  con-  
d u c t i v i t y  of f l -carotene on  t he  n a t u r e  of 
t he  adso rbed  gas  (af ter  Ref.  134)) 

Gas  f f g a s / O ' v a c u u m  

NO 2 

B u t a n o l  7 

M e t h y l a c e t a t e  10 
O x y g e n  102 

SOs 103 
Ace t one  10 a 
E t h a n o l  105 

N H 3  105 
M e t hano l  106 

NO 2 106 

I f  we consider the influence of gases on conductivity, we can understand how 
Rosenberg 139~ succeeded in separating of odorous substances by  means of a 
device containing r-carotene. The detection contaminating gases in the at- 
mosphere by  organic semiconductors is also a possibility. 
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E. Electrets 

The electronic charge carriers injected into organic solids from ohmic contacts 
can build up a stable space charge by trapping in deep traps; thus some dyes 
assume the properties of electrets on application of an electric field in the dark. 
According to Euler et al. 140), this effect can be utilized for the storage of electrical 
energy. 

Example: with nigrosine paste and silver electrodes, a storage of 1.5 mAh/cm 3 
and, at a mean voltage of 0.9 V with a discharge time of about 11 rain, a volumetric 
storage capacity of 1.3 mWh/cm 3 were measured. The corresponding capacity of 
a lead starter bat tery  is 11 mAh/cm 3 or 15 mWh/cm 3. 

F. Pressure Indicators 

The dark conductivity of a number of organic solids increases reversibly 
with increasing pressure ; details are given in lO). Because these changes range over 
several orders of magnitude, the possibility of using them to measure pressure 
should be tested. For the pressure effect in Cu-phthalocyanine and polymeric 
phthalocyanines, see 8,141,142). 

G. Organic Superconductors 

As a final example, let us mention that Little 14a,144) has discussed the possibility 
of obtaining organic superconductors that  operate at high temperature. The first 
superconductive model compound to be proposed was a polymethine chain 
connected with highly "polarizable" sensitizing cyanine dyes (see e.g. Table 3). 
The first report on superconducting fluctuations in tetrathiafulvalene-tetra- 
cyanochinodimethane crystals appeared recently 145). 

2. Photoconductivi ty 

A. Photoresistors 

In principle, it is possible to use organic dyes in photoresistance cells designed 
either as surface cells (electric field normal to the direction of the light) or sand- 
wich cells (electric field parallel to the direction of the light). This possibility is 
supported in particular by the fact that  the characteristic dependence of photo- 
currents on light intensity, voltage, etc. largely agrees with that  of the photo- 
currents of inorganic photoconductors. Moreover, the high photoelectric gains 
found for doped dyes (G > 1) and the high values of the photocurrent]dark current 
ratio (see Section III.  2) also suggest that  a systematic testing of this possibility 
would be worthwhile. 

With merocyanine dyes it proved possible to make photoresistance cells 
that  gave photocurrents of up to 10 -4 A with an external voltage of 100 V and a 
light intensity of 1 mW/cm 2 3). 

As discussed in Section II.4, it is necessary to use photoelectric devices with 
small electrode spacings 

(a) to obtain high photocurrents despite low mobilities [cf. Eq. (13)]; 
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(b) to reduce the influence of traps on the response time ro of rise and decay 
of photocurrents because, according to Eq. (27), ro depends on the population 
(nt) of traps 3,1o). 

The enhancement of the photoconductive gain G (Eq. [(22)] with decreasing 
layer thickness, as shown in Table 14 5o,90), should also be mentioned here. 

Tab le  14. Ef fec t  of dye  th i ckness  on pho tocon-  
d u c t i v e  ga in  G 

Dye  L a y e r  t h i cknes s  G 
[A] 

P i n a c y a n o l  7500 0.03 
1800 0.13 

750 0.3 

Crys t a l  v io l e t  1000 0.06 
700 0.13 
300 0.33 

Because G, as given by Eq. (22), is 

z (22) G T 

the enhancement is explained by 
(a) a decrease in the transit time T given by T =L2/#V according to Eq. (16) ; 
(b) a reduction in the number Nr of recombination and trapping centers which, 

because of the relationship 

1 
z -- , (70) 

N r �9 $ �9 Vth 

leads to an increase in the free-carrier lifetime r. 
Hence, the highest photoelectric sensitivity of dyes can be obtained in (sand- 

wich-type) photoresistor cells in which very thin dye layers (L < 1 ram) are sand- 
wiched between semitransparent electrodes. 

B. Photovoltaic Devices 

The photoelectric sensitivity of dyes in conjunction with their n- and p-conduction 
makes it possible to apply dyes in photovoltaic devices that give photocurrents 
and photovoltages without the use of auxiliary voltages. There seems no doubt 
that the photoelectric behavior of organic p--n photovoltaic devices can be 
explained by the theory given in Section II.5.C. The properties: order of photo- 
voltaic effect, additional efficiency as photodiodes, dependence of photocurrents 
and photovoltages on light intensity, and the polarity of photovoltages and the 
direction of the photocurrents, respectively, are all in good agreement with the 
barrier-layer or p--n junction theory 14,40,00). Therefore, the photovoltaic effect 
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is due to a p--n junction between the contacted compounds, and the devices 
described below should not be overlooked in seeking to develop efficient solar 
cells: 

1. heterojunctions consisting of two organic photoconductors of n- and p- 
type. Examples of these photovoltaic systems, as first described in 146,147), are 
combinations of n-conducting dyes, such as malachite green or Rhodamine B, 
and p-conducting dyes, such as a phthalocyanine or a merocyanine dye. The de- 
pendence of short-circuit photocurrents on light intensity can be seen from Fig. 12. 

5 �84 

~ 4 -  

O 
~ . 3 -  

0 
0 2'0 4'0 6'0 8'0 100 

B [%1 

Fig. 12. Relation between the short-circuit photocurrent in the system malachite green 
(n) + merocyanine FX 79 (p) 8 and light intensity: INaot =/(B).  Note: 2 = 6200 ]k. B = 100% 
corresponds to 3.7. 1015 quanta/cm z see; Cell dimensions: L ~  10 -4 cm; illuminated area 
1 cm 2 

2. heterojunctions consisting of an organic and an inorganic photoconductor. 
An important  example of these p--n photovoltaic devices, first described in 148, 
149), is the combination of n-type CdS and a p-type dye (e.g. phthalocyanine, 
merocyanine). Fig. 13 shows the dependence of the effect on hght intensity, which 
is in good agreement with Eqs. (43) and (45). 

Table 15 gives the outputs obtained so far for some organic p--n photocells of 
both classes (organic-organic; organic-inorganic). 

The technologically developed inorganic photodiodes and photovoltaic ceils 
are, of course, superior to devices with organic photoconductors, but  the design 
of heterojunction devices has not yet reached its optimum. Moreover, tile photo- 
current and photovoltages can be enhanced by  doping 4o,15a) because the hfe- 
time, i.e. the diffusion length of the carriers [see Eqs. (41) and (44)], is prolonged 
and the diffusion voltage VD increased. Furthermore, one can envisage that  the 
formation of p--n junctions in homogeneous solids could further enhance the 
photovoltaic effect 155). Further  experiments should be undertaken, aimed at 
improving the outputs Nmax of organic, and especially organic-inorganic photo- 
voltaic cells. 
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Fig. 13. Dependence of the p--n  photovoltaic effect of dye/inorganic photoconductor  systems 
on l ight  intensity.  (a) Short-circuit  photocurrent  of the  system CdS/merocyanine A 10 1; 
;t = 5580 dk; 1 H K  (Hefner unit) = 94.7 # \u  (b) Photovoltages of the  systems 1. CdS[ 
merocyanine A 10 1; ~,=5580 /~ 2. AgI / rhodamine B; ;t = 6 0 0 0  /k 

Table 15. Outputs  Nmax of organic p--n photoelectric cells (I 0 = short-circuit  current ;  Uoo = 
photovoltage) 

System Uoo Io Nmax Ref. 
,,-Type p-Type [mV] [A] [W] 

Malachite green Phthalocyanine  100 10 -8 10-9 14) 

CdS Phthalocyanine  300 10 -8 3 • 10 -9 148) 

CdS Cu-phthalocyanine 2001) 3 • 10 -6 2) 6 • 10 -7 150) 

Tr iphenylmethane  Phthaleins  
dyes I00 0.8 • 10 -9 6 • 10 - l ~  15D 

Ion exchange Thioniu/ascorbic 
membrane  acid 15 1.6 • 10 -6 2 X 10 - s  152) 

Tetramethyl-p-  Mg-Phthalocyanine 
phenylenediamine 200 3 • 10 -12 15a) 

1)  Under  i l lumination of 104 l x .  

2) Integral  sensit ivi ty in the photodiode region: 2 mA/lm. 

C. Vidicon Television Pickup Tubes 

Because of their photoelectric sensitivity and frequently high Iphot/ldark ratio, 
organic dyes of various classes (mercocyanines, phthalocyanines, etc.) can be 
used as targets in vidicon television pickup tubes for image reproduction 156-159). 

In principle, the dye is arranged in these camera tubes as in a sandwich-type 
cell (see Fig. 14). In the vidicon, however, one electrode is replaced by a scanning 
electron beam which brings the dye layer to the potential of the cathode. Since 
the transparent electrode supporting the thin dye layer (L< 1 #m) is positively 
biased, a photocurrent is produced on illumination of the dye. 
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- I i 
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Fig. 14. Scheme of the vidicon tube. (1) Scanning beam (cathode potential V = 0  volt); 
(2) gauze; (3) dye film; (4) transparent supporting electrode (potential Vm + 3 0  volt); (5) 
amplifier; (6) galvanometer 

The photocurrent can be measured with a galvanometer or recorded on the tele- 
vision screen. 

Some characteristics of organic vidicons are given below. 

(a) Their photoelectric sensitivity is about 10--100 /~A]lm (or 100 nA/lx), 
which extends to the order of magnitude of inorganic vidicons. 

(b) The photocurrent depends on voltage, light intensity, and scanning elec- 
tron beam, as observed in vidicons with inorganic targets. This agreement is shown 
in Fig. 15 for the case of the intensity dependence of the vidicon photocurrents 
measured with phthalocyanine and Sb2S3 as targets. 
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Fig. 15. Dependence of photocurrents (measured in the vidicon arrangement) on light inten- 
sity:log Ii~hot = ] (B). (1) Sb2S8; (2) phthalocyanine (~ = 5500 /k) 

125 



H. Meier 

(c) There is a fundamental possibility that  several colors could be reproduced 
with a single target containing photoconductor points that  absorb in different 
wavelength regions. 

(d) Layers characterized by a high density of deep traps have appreciable 
storage capacity. 

(e) The action spectra of photoconductive polymers (e.g. poly-N-vinylcarba- 
zole) can be sensitized by different dyes and by the addition of dye/acceptor 
admixtures 160,161). 

The results obtained hitherto are of interest e.g. for color television, for medi- 
cally important IR vidicons 3), and for the construction of storage vidicons. 
Further systematic studies should test as many dyes as possible for possible use 
in television image reproduction b). 

D. Spectrally Sensitive Detectors 

The photoelectric currents of dye-metal  contacts, which reach an order of only 
10 -10 A/cm 2, in some cases show a dependence of direction on wavelength. Ex- 
amples are systems consisting of Orthochrom T 14,56) and r-carotene 162), which 
change the sign of photocurrents and photovoltages on transition from short to 
long wavelengths. The approximate wavelength of the exciting light may there- 
fore be registered from the direction of the photoelectric current. I t  would be of 
practical use if the sensitivity of the spectrally sensitive effect could be increased. 

For the mechanism of this effect, we refer to Refs. 60,1631. 

E. Possible Use in the Activation of Electro-Optic Effects in Liquid Crystals 

Besides the direct electrical induction of electro-optical effects in liquid crystals, 
their activation by illumination of photoconductors could be of great technical 
interest. This method might well permit the electro-optical properties of nematic 
liquid crystals to be used on a larger scale, because photoconductor activation may  
eventually be applied to light amplification, optical data  processing, and projec- 
tion display systems, or used for recording phase-type holograms. 

I t  has recently been shown that  organic photoconductor-liquid crystal sand- 
wich cells can in theory act as dynamic scattering devices 164) and the technical 
possibilities ought to be tested. In this context, it should be noted that  dyes can 
be used in two-layer photocondensers (consisting e.g. of phthalocyanine and a 
ferroelectric ceramic), which are very sensitive to light and have a response time 
of 10 -4 to 10 -3 sec 165). 

F. Use in Reprography 

I t  is certain that  organic photoconductors will be used on an industrial scale in 
the near future in methods of reproduction based on photoelectric and electro- 
static processes (reviews are given in 10,166)). 

b) We are indebted to AEG-Telefunken, Ulm. and particularly to Dr. A. Bogenschtitz, for 
valuable technical support. 
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The photoconductivity of organic dyes, especially phthalocyanine pigments, 
could be utilized to provide reusable or non-reusable electrophotographic plates 
having sensitivities that  extend over the entire visible spectrum and produce 
high-contrast images 167,168). Microcrystalline dispersions of metal-free phthalo- 
cyanine in suitable binders have a white-light sensitivity equal to that  of selenium 
169) and can be incorporated into coated papers and drums. 

2hotoconducting polymers having a phthalocyanine structure are easily 
applied to a substrate and have been proved to be usable in electrophotographic 
processes 1~0). The feasibility of using photoconducting leuco bases of triaryl- 
methane dyes as components of transparent electrophotographic recording ma- 
terials, which would allow e.g. the electrophotographic production of microfilms, 
has also been described 171). 

There seems no doubt that  organic photoconductor systems will permit 
the development of new reproduction processes based on the electrophotographic 
principle 10). Dyes play an important  role in this development: on the one hand 
they act as spectral sensitizers of the organic photoconductors (e.g. poly-N-vinyl- 
carbazole 261) and on the other hand, the photoelectric effects of dyes are important 
for 

( a )  use of the memory effect (persistent photoconductivity 17~-174~) which 
allows several copies of equal quality to be obtained from one original after 
exposure to light without a corona discharge; 

(b) use of the photoelectric sensitivity of dyes in a polychromatic photo- 
electrophoretic image-reproduction process 275-176). 

VI. Conclusion 

In summary, we see that  there are many cases where industrial applications of the 
dark- and photoconductivity of organic dyes can be envisaged. Of course, inorganic 
materials which are technologically well understood are still superior in most 
fields. However, we should not forget tha t  organic semiconductors are in the deve- 
lopment stage and that  we are only beginning to understand the mechanism of 
dark- and photoconductivity in organic solids and to recognize the fundamental 
correlations between electronic conductivity and the structure of the organic 
compounds. Much remains to be done, but  tile potential due to the variety of 
organic compounds available and their observed effects is clear. The search for 
practical applications of the dark- and photoconductive properties of dyes and 
other organic compounds looks very promising. 
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Organic Dyestuffs as Catalysts for Fuel Cells 

Electrocatalysis in fuel ceils requires as well substances capable of catalyzing the 
anodic oxidation of fuels as catalysts for the cathodic reduction of oxygen. 
Several dyestuffs that  catalyze oxygen reduction are known, but  up to now only 
one has been described as active in anodic reactions. All these dyestuffs are Na- 
chelates. 

Comparative studies have shown that  chelates with other types of coordi- 
nation, in particular N202-, 04-, N2S2- and Sa-chelates, are able to catalyze the 
reduction of oxygen, though they are considerably less active than the N4- 
compounds. With a given type of coordination, the nature of the central atom has 
a decisive influence on the catalytic activity of the dyestuff, whereas substitution 
on the organic skeleton has only a slight effect. Thermal pretreatment of the N4- 
chelates can considerably increase their stability in electrolytes containing sul- 
furic acid. 

All the experimental results point to the conclusion that,  with electrocatalysts, 
as wffh natural oxygen carriers, the interaction essential for catalysis takes place 
between the oxygen and the central metal ion. Various assumptions may be made 
as to the nature of the rate-determining step. The cathodic reduction of oxygen 
can be regarded as redox catalysis, or it can be considered from the standpoint 
of molecular orbital theory. The models hitherto suggested for the mechanism of 
oxygen reduction are tested against tile experimental results and a modified 
model based on MO theory is put  forward. 

1. Introduction 

There are many organic dyestuffs but only one class, tha t  of the metal chelates, 
has been found to be active in electrocatalysis. The first compounds described were 
the phthalocyanines l-a), which are similar in structure to the heme in the blood 
pigment, hemoglobin; in both, the metal atom is surrounded by  four nitrogen 
ligands. 

The ability of phthalocyanines to transport  oxygen and to accelerate oxidation 
reactions in the same way as heine was discovered soon after their molecular 
structure had been established 5,6}. The property of catalyzing chemical reactions 
seemed to offer promising practical applications 7). 

The structural similarity with heme was likewise the starting point for more 
recent work on the electrocatalytic properties of phthalocyanines 3,4), which 
showed the influence of the nature of the central atom and of the substituents 
on the electrocatalytic activity for the reduction of oxygen. Shortly after this 
further N4-metal chelates were found to be active for the same reaction s,o). 

With a single exception, all the compounds described catalyze only cathodic 
reactions. CoTAA is the only chelate capable of catalyzing the anodic oxidation of 
several fuels as well. 
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2. E l e c t r o c h e m i c a l  A s p e c t s  

2.1. Fuel  Cells and Electrocatalysis  

2.1.1. Electrochemistry of Fuel Cells 

The chief potential for the application of dyestuffs with electrocatalytic action 
lies in fuel cells. A fuel cell is an electrochemical device inwhich the chemical energy 
of the fuels is converted directly into electrical energy, i.e. without first being 
transformed into heat energy. To this end, the oxydizing agent, in practically 
every case oxygen, is led to an electrode. By virtue of the reaction 

02 + 4e- + 4H+ , 2HeO (1) 

taking place there, the electrode functions as a cathode. The construction of a 
fuel cell is shown schematically in Fig. 1. If a gaseous fuel (usually hydrogen or 
carbon monoxide) is used in the cell, it is led to the anode in the same way as oxy- 

- + 

Io2 
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I 
._-_- = =  . . . .  -=  =_-_- . . . . . . . .  _-=~-__- 

. Y//~ ;7-/Z. ~ 
~d~2Z 

__ E lec t ro l y te_  ~ 7772 
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Oxygen electrode (cathode) 

Fig. 1. Schematic diagram of a fuel cell for fuel soluble in electrolyte 

gen to the cathode. A simpler construction of the anode may be achieved by  using 
a liquid fuel miscible with the electrolyte, e.g. methanol, hydrazine, or formic 
acid. Such an anode is shown schematically on the left of Fig. 1. The methanol 
dissolved in the electrolyte is oxidized: 

CH3OH + H20 > CO2 + 6e- + 6H+. (2) 
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The overall reaction 

CH3OH -F 11/2 On ~ COs + 2 H20 (3) 

that  takes place in this fuel cell corresponds exactly to the reaction of direct 
combustion of methanol. In the fuel cell, in contrast to energy transformation in 
a heat engine, the available free enthalpy can, in principle, be completely trans- 
formed into electrical energy. 

The electrons liberated in the reaction at the anode flow through the external 
metallic conductor to the cathode and can in doing so perform work in an electrical 
load. 

The electrolyte wifi0in the cell can be acid or alkaline. When carbonaceous 
fuels are used, continuous operation of the cell requires acid electrolytes because 
alkaline electrolytes form carbonates with the carbon dioxide produced by the 
cell reaction. The necessity of working with acid electrolytes, however, brings 
considerable disadvantages, as many materials are less stable in an acid than in 
an alkaline medium; they corrode or decompose. 

The cell voltages for a fuel cell, as calculated from thermodynamic data, lie 
a little above one volt. In practice, they are considerably lower and fall still lower 
as the cell load increases. Figure 2 shows the relationship between cell voltage and 
current  density, and the influences that  reduce the cell voltage. 

o o 
o 
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Fig, 2. Schematic current/voltage characteristic of a fuel cell 

a) Polarization occurs at both electrodes as the electrode reactions are inhibited 
particularly at high current densities. Inhibition can be caused either by  obstruc- 
tion of electron transfer between the electrode and the reacting molecule (transfer 
polarization), or by a marked drop in the concentration of the reactants at the 
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electrode surface, or by  an increase in the concentration of the reaction products 
(concentration polarization). 

b) An additional voltage drop can occur at electrodes of certain types, even on 
open circuit, and always at the oxygen electrode. This happens because electro- 
chemical splitting of the 08 molecule is strongly impeded by the high stability of 
the 0 = 0  double bond, so that  Hg.O~. is formed as an intermediate product (Berl's 
reaction). 

c) The electrical resistance of the electrolyte produces a voltage drop pro- 
portional to the cell current. 

To obtain a useful fuel cell, polarization must therefore be kept as slight as 
possible. This can be done by  choosing an electrolyte of good conductivity and 
above all by accelerating the electrode reactions. In low-temperature cells, that  
operate with aqueous electrolytes the reactions at both cathode and anode can 
be considerably accelerated by  the addition of very active catalysts. These 
materials are incorporated in the appropriate electrode, so that  the electrode not 
only conducts the current but  in addition catalyzes the reaction. The rest of this 
paper is devoted exclusively to cells of this type. 

2.1.2. Catalysts for Low-Temperature Fuel Cells 

Which is the best catalyst for accelerating the reaction depends on the nature of 
the working materials. For the reaction of hydrogen or oxygen in potassium hy- 
droxide solution, nickel or silver is suitable; for carbonaceous fuels as well as for 
the reaction of oxygen in acid electrolytes platinum metals were up to the middle 
'60s, the only known catalysts. Precious metals are ruled out by  price for wide 
application in fuel cells, and the search for cheaper catalysts has been actively 
pursued in many research laboratories. Many classes of inorganic substances 
(carbides, nitrides, oxides, sulfides, phosphides, etc.) have been investigated and, 
in particular, several chelates. 

The first chelate found to be electrocatalytic was cobalt phthalocyanine 1), 
which functions as an oxygen catalyst in alkaline electrolytes. Soon afterwards 
we were able to show 3,4,1o,11) that  several phthalocyanines are also active in 
commercially important,  sulfuric acid containing media. A comparison of various 
central atoms showed that  activity increased in the order Cu ~ Ni < Co<Fe .  The 
influence of substituents, on activity was also demonstrated in several examples. 
In the electrocatalysis of the reduction of oxygen on iron phthalocyanine, the 
nature of the carbon substrate plays a very important  part:  FePc is more active 
on a carbon substrate with basic surface groups than on one with acid surface 
groups 3). This property is however specific to phthalocyanines (Pc). 

At the beginning of the '70s Beck and co-workers discovered the electrocata- 
lytic activity of dlhydro-dibenzo-tetra-aza-annulene 8,12), and Binder, Sandstede 
and co-workers that  of tetraphenylporphyrine and its te t ramethoxy derivative 
9,13-15). 

Parallel to this work, catalysts for the anodic oxidation of several fuels were 
established 10). Up to now, however, only one chelate is known to catalyze anodic 
reactions: the cobalt complex of dihydro-dibenzo-tetra-aza-annulene. 
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Under operating conditions, however, all chelates have only a limited working 
life, the length of which varies with the compound in question; their working 
life can be increased by  previous heat treatment,  as discussed in Section 4. The 
activity of the catalyst is not impaired by this treatment ; in some cases it is even 
considerably enhanced. 

2.2. Methods for Testing EIectrocatalysts 

The values obtained in different laboratories for the activity of various electro- 
catalysts are not directly comparable. The reduction of oxygen - for which 
data have been published by various groups -- proceeds at the three-phase boun- 
dary where gas, liquid, and solid meet. This boundary is affected by such macro- 
scopic properties of the catalyst as particle size, density, surface tension, and 
porosity. 

All chelates discussed here are bad conductors of electricity. In order to s tudy 
their electrocatalytic properties, it is therefore essential to maintain a very low 
ohmic resistance between the reaction site and the circuit connection. This is 
generally done by  mixing the catalyst with an inert conductor such as powdered 
charcoal or powdered gold. Differences in the quanti ty and nature of the substance 
mixed with the catalyst further complicate comparison of the activity values 
obtained in different laboratories. The various groups have hitherto used different 
processes for testing chelates. 

2.2.1. Testing in Compact Electrodes 

The test substance is mixed with a conducting substance and usually with a binder 
(polyethylene or PTFE)  and a pore producing compound, pressed and, if necessary, 
sintered. Compact electrodes are obtained, many with a large content of the test 
material, which can be used without much modification in operating cells. The 
measure of the activity is the current density in mA/cm z. Despite the close 
simulation of operating conditions, this test method is unsuitable for the com- 
parison of different substances. A relatively large quanti ty of catalyst is required, 
and the soft, hydrophobic binder can enclose the catalyst particles. 

2.2.2. Testing in Electrodes without Binder 

2.2.2.1. Supported electrodes. The mixture of catalyst and charcoal is poured 
into the space between two mechanically rigid walls, with asbestos paper as sup- 
port and a graphite felt or metal sheet as current collector. No binder is 
necessary. With such electrodes, both liquid and gaseous working materials can 
be studied. For the experiments with dissolved fuels described in Section 4.2, 
we used modified electrodes of this type:  6 mg chelate was mixed with 6 mg soot 
and poured between two graphite felt discs. 

2.2.2.2. Painted-on electrodes likewise need no binder. This is the type best 
suited for comparing various catalysts when working with gaseous reactants. 
The thin layer of the material and the direct contact between the catalyst particle 
and the gas phase at the hydrophobic covering layer ensures maximum utilization 

139 



H. Jahnke, M. Sch6nborn, and G. Zimmermann 

of the catalyst. The electrodes are prepared by mixing equal quantities of the 
catalyst and charcoal, making the mixture into a paste with methanol, and 
painting this on to a sheet of porous PTFE.  I t  is particularly advantageous to use 
acetylene black in place of powdered charcoal because of the low intrinsic activity 
of this material. The surface density of the chelate is about2.5 mg]cm 2. The coat- 
ed P T F E  sheet, of 2 cm 2 area, is built in to a Perspex holder, as shown in Fig. 3. 
The catalyst layer is covered with a sheet of graphite felt and with a perforated 
metal sheet, to improve the electrical conductivity. Gas is passed through the 
arrangement from behind, i.e. from the P T F E  side. 

Working Reference 
electrode electrode 

PTI~E Acti~,e Grhphite Metal 
layer felt contact 

02 

Fig. 3. Measuring system (measurements with felt holder and PTFE) 

We used painted-on electrodes for all experiments with gaseous working ma- 
terials. 

2.2.2.3. Testing in suspension. The electrode structure is completely aban- 
doned and the catalyst is suspended in the electrolyte is,iT). Figure 4 is a diagram- 
matic view of an electrochemical measuring cell for catalyst suspensions. By 
vigorous stirring, the catalyst particles are thrown against the inert current- 
collecting electrode at which charge transfer occurs. Gaseous working materials 
are blown into the electrolyte as fine bubbles; liquid fuels are mixed with the elec- 
trolyte. 

This method has revealed the activity of many metal chelates, but  it is less 
suitable for the quantitat ive comparison of different dyestuffs because only ma- 
terials of the same density and particle size are directly comparable I8). 

In all measurements, the reference electrode was the autogenous hydrogen 
electrode. Most of the experiments were carried out in H2S04 electrolyte, but  in 
some cases KOH or carbonate/bicarbonate buffer electrolyte (pH 9.3) was used. 
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counter  
electrode 

grass frit 

connection to 
reference etectrode stirrer 

/ + 

~ / t  WOr In . . . . .  ~ k" g 

Fig. 4. Diagrammatic view of the electrochemical measuring cell for catalyst suspensions ~=) 

3, Dyes tu f f s  w i th  Electrocatalytic Properties 

3.1. Principles of Selection 

In accordance with the model concepts discussed in more detail in Section 5, 
dyestuffs selected for trial of their electrocatalytic properties had a central atom 
(metal ion) forming a plane square complex with an organic ligand. The central 
metal atom must possess unoccupied d levels for further at tachment of the 
reactants. We tested only chelates with N4-, N202-, N2S2-, 04- and S4-coordi- 
nation, investigating some representatives of each type with various central atoms, 
mostly Fe, Co, Ni and Cu. In addition, we studied the effect on the electrocatalytic 
activity of the complex of altering tile external organic skeleton: substituents, 
introduction of hetero-atoms, enlargement of the ~-electron system, e.g. by poly- 
merization. 

Many complexes are unstable in 4.5 N H2S04, which is used as electrolyte in 
the fuel cell, even at room temperature. Where tiffs was the case, measurements 
were carried out in potassium carbonate/potassium bicarbonate buffer solution 
(pH 9.3). We were thus able to determine tile reactivity of a wide range of sub- 
stances, in particular for the catalytic reduction of oxygen. 

3.2. Test Substances 

All chelates tested for electrocatalytic activity are listed in Table 1. 
For ease of reference, the substances are arranged in groups and numbered 

serially, as follows: 
Nos. 1--12 = N4-complexes 
Nos. 13--16 -~ N202-complexes 
Nos. 17--18 = N2Sz-complexes 
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Nos. 19--22 ~ O4-complexes 

Nos. 23--24 ~ S4-complexes 

In  addi t ion to the s t ruc ture  and the  sys temat ic  name of each compound,  

some of the more f requent ly  occurr ing complexes are g iven special names.  The 

table  also contains  informat ion  as to the na ture  of the  centra l  a tom and l i tera ture  

references. 

Table 1. Substances studied 

No. Structure and name Abbre- Me 
viation 

Cu 

0 0 

0 0 

o ~ N..((. :N o 

,) 
o )=o 

Anlhrachinocyanine 20) ACC Fe 

3. 

Tetrapyridino- TPAP Fe 
tetraazaporphyrin 11,19) Co 

Ni 
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Table 1 (continued) 

No. Stnlcture and name Abbre- Me 
viation 

N ~)7-N~ ; 7 ~r ~N- Tetradithiacyelohexeno- TDAP Fe 
tetraazaporphyrin 11,19) Co 

=N'" ~ Ni 
S , ~ - - ~  

5. 

Tetraphenylporphyrin 21,22) TPP Fe 
Co 

6, H3C0 OCH3 

H3CO OCH3 

Tetramethoxyphenyl- TMPP Co 
porphyrine 21,22) 

7. 
Dihydrodibenzo tetraaza- TAA Co 
annulene 8,23,24) Hi 

Cu 

8. 

Metal complex of Schiff's base 
made from o-aminobenzaldehyde 
and o-phenylenediamine 

Co 
Cu 
Ni 

9. ~ H 

C--N / " , N . ~ . C  
H ~__J H 

Metal complex oI Schiff's base 
made from o-aminobenzaldehyde 
and etkylenediamine 

Co 
Cu 
Ni 
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Table 1 (continued) 

No. Structure and name Abbre- hie 
viation 

10. 

~ , ~  Metal complex of Schiff's base Co 
~ N  ~ N ~  made from pyrolaldehyde and Cu 

/ o-phenylenediamine Ni 

11. 

�89 
Metal complex of Schiff's base 
made from salicylaldehyde and 
o-phenylenediamine 

Co 
Cu 
Ni 

12. H H~t 
~ , ~ - -  " ~ - -  o-Phenylenediamine complex Co 
~,.~..~.., ,, ~ ,  ,,\_NA,%. ~ Ni 

Hz H 

13. Pfeiffer complex made from Co 
salicylaldehyde and Ni 
diaminoethane Cu 

Mn 

14. 
0~ i O - - ~  Pfeiffer complex made crom Co 

salicylaldehyde and Ni 
diaminopropane Cu 

Mn 

15. 
Fe 

Pfeiffer complex made from Co 
salicylaldehyde and Ni 
o-phenylenediamine Cu 

16. 

  N' o'N%j % 
o / " o ~  

Pfciffer complex made from 
2-hydroxy-l-naphthaldehyde 
and o-phenylenediamine 

Co 
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Table 1 (continued) 

No. Structure and name Abbre- Me 
viation 

17. H2 

~ M ~ ~  ~S~ complex ~l~d~ ~rom Co 
o-aminothiophenol 

I-I 2 

18. 
~ ~ ~ Metal complex of Schiff's base 

,~N'--( / \~'--~ ~ - ~ -  ~ _  !3 made from pyridine- 
~/" ~ k ~ /  " ~ "  ~'NF 2-mercapto-aldehyde 

~ e ~ S  S - - ~ e - - a n d  benzidine 

Ve 
Co 
Cu 
Ni 

19. ~H~  O- "o=~H 04 complex made from 
salicylaldehyde 

Co 
Ni 
Cu 

20. 

L~ 04 complex made from 
2-hydroxy-l-naphthaldehyde 

Co 
Ni 
Cu 

21. O 

O O 

0/'  -'b 

0 

O4 complex made from 
4-hydroxyanthrachinone 

Co 
Ni 
Cu 

22. 
~M "~ 

q 11 
..-Me' \ 

04 complex made from 
2.5-dihydroxybenzochinone 

Co 
Ni 
Cu 
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Table 1 (continued) 

No. Structure and name Abbre- Me 
viation 

23. 
C6Hs-,C,,S~. 2S,x21Cd-Is 

II M ~  II 
C6Hs'C',S / s<CXc6Hs 

Ve 
Co 
Ni 

24. 
Fe 

Cu 

4. E x p e r i m e n t a l  Resul t s  

4.1. Invest igat ion of Cathodic 02 Reduct ion  on Metal Chelates 

4.1.1. Previous Work 

This section presents a short survey of the results published by  various groups 
working on organic electrocatalysts for the cathodic reduction of oxygen. Widely 
differing experimental techniques have been used. The difficulty of quant i ta t ive 
comparison of the activities of different catalysts has been mentioned (Section 
2.2). 

4.1.1.1. Cobalt phthalocyanine as catalyst in alkaline electrolyte. Jasinski 1,2) 

was the first to show tha t  CoPc in alkaline solution showed a pronounced activi ty 
for the cathodic reduction of oxygen. The compound was mixed with powdered 
nickel in a ratio of 1 : 10 w]w and pressed into a stainless steel tube (geometrical 
surface of the electrode 0.5 cm2). The tube served for both current conduction 
and gas supply. 

The results of half-cell measurements on such electrodes in 25% K O H  at room 
temperature  are summarized in Table 2. For comparison, the values obtained on 

Table 2. Cathodic half-cell voltage for a cobalt 
phthalocyanine electrode i-2) 

Current density 
(mA/cm 2) 

Half-cell voltage (vs. H zlH +) 
Ni powder blank CoPc 
(mV) (mV) 

0 +870 +870 

19.3 +720 +740 

38.7 +540 +640 

99.0 +440 +570 

116.2 +290 +500 
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pure nickel powder are also shown. The increase effected in the load capacity of 
the nickel electrode by  the CoPc catalyst  can clearly be seen, even though in this 
series of experiments, as was later established, conditions were far from optimal. 

The impregnation of porous nickel discs with CoPe was difficult because of the 
limited solubility of the chelate in the usual solvents. CoPe cathodes with carbon 
as substrate were therefore prepared for use in H2/02 fuel cells. A mixture of 
72 mg CoPc and 48 mg acetylene black, with P T F E  as binder, was pressed into a 
nickel mesh of area 5 cm ~. Electrodes of this type were tested in an H2[02 fuel 
cell with 35% K O H  electrolyte in an asbestos matr ix  at 80 ~ C. Figure 5 compares 
the current/voltage characteristics of CoPe cathodes (14 mg/cm 2) with those of 
other catalysts, including plat inum (9 mg/cm~), silver (40 mg/cm2), and pure 
acetylene black (20 mg]cmg). An hydrogen electrode (9 mg Pt ]em u) was used 
as the anode in all tests. To facilitate comparison of the act ivi ty of different 
cathodes, the pure ohmic internal resistance of the cells (of the order of 0.02 ohm) 
was eliminated. 

V 
1.1 

I 1.c 

o~ 

O.8 

o.? 

0.6 

o.5 I I I I I I I 
0 20 40 60 60  100 120 1/,0 160 

m A l c m  2 

Fig. 5. H2/O 2 fuel cells operating at 80 ~ with 35% KOH, and a platinum black anode. 
The cathodes are: platinum ([-1); silver (A); CoPe (6); and acetylene black (0) 2) 

4.1.1.2. Transition-metal phthalocyanines as catalysts in acid medium. To 
prevent carbonate formation by  the carbon dioxide in the air or that  produced 
by  oxidation of carbonaceous fuels, an acid electrolyte is necessary; hence it is 
important  to find electrocatalysts for an acid medium. Independent ly of Jasinski, 
we were soon able to show a,4) that  under certain conditions the reduction of oxy- 
gen in dilute sulfuric acid proceeded bet ter  with phthalocyanines on suitable 
substrates than  with plat inum metal. The purified phthalocyanines were dissolved 
in concentrated sulfuric acid and precipitated on to the carbon substrate by  
addition of water. This coated powder was made into porous electrodes bound with 
polyethylene and having a geometrical surface of 5 cm ~ (cf. Section 2.2.2.1.). 
The results obtained with compact electrodes of this type are shown in Fig. 6. 
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They comprise a comparison of the activities of polymeric phthalocyanines with 
various central atoms. The monomers always showed lower activity than the cor- 
responding polymers. The nature of the substrate has a decisive influence on the 
catalytic properties of the chelate. Electrodes with gold substrate showed only 
very slight activity. 

1000 

rnV 
Fe 

500 Co 

u 

o 2b 3'o 
Fig.  6. A c t i v i t y  of po lymer ic  p h t h a l o c y a n i n e s  wi th  va r ious  cent ra l  a t o m s  4) 

Table 3 shows the suitability of various types of carbon as substrate materials. 
The specific surface and the electrical conductivity play only a minor part. I t  is 
the nature of the oxygen-containing groups on the carbon surface that  counts: 
alkaline surface groups must be present if the phthalocyanine is to have a catalytic 
effect a). 

Table  3. P h y s i c a l  p rope r t i e s  a n d  ca t a ly t i c  a c t i v i t y  of va r i ous  ca rbon  s u p p o r t s  4) 

Subs t ances  C u r r e n t  d e n s i t y  Specific Specific N a t u r e  of 
[ m A  cm -2] res i s tance  su r face  su r face  
a t  700 m V  [~Q cm] urea  g r o u p s  
w i t h  P e P c  [m e g - l ]  

Ace ty l ene  b lack  51 0.069 57.5 Bas ic  

Nor i t  B R X  31 0.116 1740 Bas ic  

V u l k a n  3H  24 0.063 89.9 Bas ic  

Corax  6 21 0.066 105 Bas ic  

Corax  A 21 0.053 44.7 Bas ic  

T h e r m a x  - -  0.26 8.1 Basi,  

C K  3 - -  0.905 76.2 Acic 

D u r e x  O - -  0.040 19.0 Acid  

Eo  (graphite)  - -  0.012 4.3 Acid  

S+E (graphite)  - -  0.013 17.5 Acid  

a) Th i s  is s u s t a i n e d  b y  more  r ecen t ly  m e a s u r e m e n t s  ss) of M6ssbaue r  spec t r a  wh ich  showed  
t h e  i n t i m a t e  i n t e r ac t i on  be t ween  F e P c  a n d  t he  alcaline sur face  groups .  A s imi la r  b e h a v i o u r  
for  t h e  ca ta lys i s  u n d e r  n o n  e lec t rochemical  condi t ions  h a s  been  repor t ed  recent ly ,  too  59). 
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I t  is further important  to note that  all the current/voltage characteristics 
depicted in Fig. 6 are unchanged by the presence of fiquid fuels such as methanol, 
formaldehyde, formic acid, or hydrazine. The phthalocyanine electrode remains 
completely inert toward such substances. For this reason, no mixed potential can 
be formed at a phthalocyanine electrode, as for example can occur at a platinum 
electrode, when it is used as cathode in a methanol cell containing sulfuric acid. 
This is shown by a comparison (see Fig. 7) of the stationary characteristics of the 
platinum alloy we found to be the most active in the presence of methanol, namely 
a Raney ruthenium-rhodium electrode, with an iron phthalocyanine electrode, 
both measured in 4.5 N H2SOa + 2 M  CHaOH. 

lODe - 

80C 

60[ 
Raney-Ru-Rh 

i i 

o 20 3b s'o 
mA/cm 2 

Fig. 7. Activity of phthalocyanine- and platinum metal electrodes for the cathodic reduction 
of oxygen in 4.5 N H2SO4 + 3 M CHaOH at 25 ~ 4) 

Investigations by Savy and co-workers as) on monomeric and polymeric 
phthalocyanines gave qualitatively the same results as were obtained in our 
work, despite considerable differences in the experimental method. Monomeric 
phthalocyanines were deposited in a very thin film on gold substrates by  vacuum 
evaporation. This process could not be used with the polymeric compounds. These 
were therefore first deposited on an acetylene-black carrier and small quantities 
of this phthalocyanine-black catalyst were then electrophoretically deposited on 
an inert graphite electrode. The quasi-stationary potentiodynamic current/voltage 
characteristics reproduced in Fig. 8 were obtained in 0.2M HAP04 (pH 1.3) 
at room temperature with a potential change of 0.16 mV/sec. The rest potentials 
with various metal atoms are marked by strokes on the abscissa (potential in mV 
against a saturated calomel electrode). The strong influence of the central atom on 
the activity of the chelate is clearly visible. The rapid decline in activity in the 
sequence Fe, Co, Ni, Cu agrees exactly with our results. 

In a more recent publication a3) Savy and co-workers have studied the in- 
fluence on oxygen activity of the conditions of preparation of iron phthalocyanine 
in the presence of carbon. They have also discussed a possible mechanism of 
reaction. 

4.1.7.3. Substituted cobalt porphyrins as catalysts in sul/uric acid. Further  
very active chelates for the reduction of oxygen in acids discovered in the early 
'70s were CoTPP by Sandstede and co-workers 9,1a-15) and CoTAA and FeACC 
by Beck and co-workers s,l~). Sandstede et al. determined the activities of their 
chelate catalysts by  the suspension method briefly explained in Section 2.2.2.3. 
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Fig. 8. Activi ty of polymeric phthalocyanines 85) 

Figure 9 shows the results obtained by Sandstede 15) with tetra-(p-methoxy- 
phenyl)porphyrins on activated carbon in suspension. The activity decreases in 
the order Co > Fe > Ni ~ Cu. The same sequence of central atoms is observed with 
tetra-aza-annulene. 

800 

mV 

600 

400 
Fe ~ 

without chelate 

" " ~  Co~ T 

0 50 100 mA 150 

Fig. 9. Potent iodymanic  current /vol tage curves for oxygen reduction a t  metal  porphyrine 
catalysts  in 3 N H2SOr at  30 ~ Sweep rate  40 mV/min  15) 

Particularly important  for the activity of CoTPP is the substituent in the 
p-position of the phenyl group (cf. Fig. 10). The donor groups --OCH3 or --C6H5 
increase the activity of the CoTPP roughly fivefold. Although the --SCH3 group 
has the strongest donor property, its influence on the activity is slight. This is 
probably due to oxidation of the sulfur, so that  --SOCH3 or --S02CH8 groups 
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mV 

600 ~ ~  X=OCH3 

I X=H X-SCH 3 
(5 mg) ( 2.5rn9 I) 

0 50 I00 150 mA 
Fig. 10. Potent iodynamic current]voltage curves for oxygen reduction in 8 N H2SO 4 a t  30 ~C 
a t  Co(II)( tetraaryl)porphyrins;  effect of the  ligand (X) in p-position. Sweep ra te  40 mVJmin 15) 

are present. These groups tend rather to function as electron acceptors, so that  
practically no substituent effect can be observed. The activity of CoTMPP itself 
can be considerably enhanced by thermal pretreatment (Fig. 11). 

800 
mV 

60C - - ~  " , 

3?0oC;2hjA r 

No pretreotment 
40O 50 100 mA 150 

Fig. 11. Potent iodynamic current /vol tage curves for oxygen reduction in 3 N H2SO4 a t  30 ~ 
effect of p re t rea tment  on the  act ivi ty  of the  chelate catalyst.  Sweep rate  40 mV/min  15) 

Long-term tests on CoTMPP carbon electrodes with polyethylene as binder 
showed a drop in potential of about 5 mV per day, even after several hundred 
hours' operation. 

4.1.1.4. Oxygen reduclion on TAA catalysts. Beck and co-workers 23) also per- 
formed investigations on organic electrocatalysts, likewise using a suspension 
arrangement. To supplement this work, he plotted the polarographic current] 
voltage characteristics for pigments dissolved in cone. sulfuric acid, using the 
mercury dropping electrode or the rotating-platinum-disc electrode. The present 
summary is concerned only with the results of the suspension measurements. 
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]000mV ' t 
~ - O  

900 ~ i~ 

700 i~ ~ 
+0.5 0 -I -2 -3 rnA -h 

Fig. 12. Current/voltage curves for the cathodic reduction of oxygen a t  a suspension electrode 
in 4.5 N H2SO4 38) - -  CoTAA 

O - - O  polymeric FePc 
R - R  monomeric FePc / deposited on acetylene black 
A - - A  monomeric CoPe 
• --  • monomeric CuPc 

To prepare the standardized dispersion electrode, a mixture of 100 mg soot, 
100 g 97% sulfuric acid and 100 mg pigment was stirred direct into the dilute 
sulfuric acid of the measuring vessel, so tha t  the concentration of sulfuric acid in 
the electrolyte after stirring in was about  4.5 N. The current collector electrode 
was a gold-plat inum mesh (90/10) of about 4.5 cm 2 area. The current/voltage 
characteristics shown in Fig. 12 make it possible to compare CoTAA with various 
phthalocyanines. 

In contrast to the phthalocyanines, whose curves are relatively steep as they 
pass through the rest potential, the curve for CoTAA shows a very flat slope in 
this region. This result was confirmed by  us (cf. Section 4.1.2.1.1.). Table 4 sum- 
marizes the most important  results. Both the rest potential  and the current at  

Table 4. Rest  potent ia l  and current /vol tage values for the  cathodic reduction 
of oxygen on pigment-catalyst  dispersions a t  25 ~ in 4.5 N H2SO4 ~ z8) 

Chelate Rest  potent ia l  Cathodic current  [mA] 
~ [mV] a t  U~ = 600 mV 

Monomeric FePc 920 2.4 
Polymeric FePc 955 3.9 
Monomeric CoPe 880 0.32 
Polymeric CoPe 780 0.25 
Monomeric NiPc 800 0.2 
Monomeric CuPc 860 0.1 
Monomeric CoTAA 800 28.0 
Monomeric FeTAA 860 2.9 
Monomeric MnTAA 805 8.2 
Monomeric NiTAA 750 1.2 
?r CuTAA 730 0.5 
Acetylene black 800 0.2 
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600 mV are given as measures for the activity. UI~ =0 .6  V is the lawest limit 
for an useful range of potential for an oxygen cathode. 

While the activity of the monomeric phthalocyanines decrease in the well- 
known sequence F e > C o > N i > C u  (MnPc is completely inactive), the TAA 
compounds give the following sequence: Co > Mn > Fe > Ni > Cu. This sequence, 
established in sulfuric acid, also holds for the same compounds in carbonate/ 
bicarbonate buffer electrolyte (cf. Section 4.1.2.2.2.). 

The dispersion method, while not suitable for long-term tests lasting several 
days, can be used for preliminary trials of electrochemical behavior over a period 
of several hours. As can be seen from Fig. 13, the activity of CoTAA falls off 
sharply even within a few hours, in contrast to that  of polymeric FePc. The 
stability of the CoTAA catalyst can however be considerably increased by suitable 
thermal pretreatment (cf. Section 4.1.3.). 

-2(~ ' Co- ' [AA ~, 

-1(] 

�9 �9 t �9 I �9 I I 
0 2 z. 5 h 

Fig. 13. Current/tlme characteristics of an oxygen suspension electrode with CoTAA- and 
FePc-catalyst  at  UH = 600 mV 8a) 

4.1.1.5. Influence o] catalase activity and electrical conductivity. Parallel to the 
determination of the oxygen activity, Beck and co-workers ~s) investigated the 
activity for the decomposition of hydrogen peroxide by various chelates. In 
each case, 1 mg of freshly precipitated pigment was added to 1% hydrogen per- 
oxide solution and the velocity of oxygen evolution was determined volumetri- 
cally. The results summarized in Table 5 show no correlation between electro- 
catalytic activity and catalase activity. 

This result directly contradicts those of Meier and co-workers 2s), though 
his group studied only phthalocyanines. The determination of both oxygen activity 
and activity in decomposing hydrogen peroxide was done on solid electrodes with 
a polyethylene binder containing the pigments precipitated on carbon (e.g. Norit 
BRX) always in the same proportions w/w. The oxygen activity was measured as 
the potential of the phthaloxyanine electrode under a load of 20 mA/cm 2. The 
catalase activity of the phthalocyanine was characterized by the time required 
for decomposition of 50~  of the available quanti ty of H~02. For further charac- 
terization of the various phthalocyanines, which were prepared and purified under 
various conditions, measurements of conductivity and thermoelectric voltage 
were carried out on the pure pigment powders. The most important results, those 
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Table 5. Activities of some metal chelates in the catalytic 
decomposition of hydrogen peroxide and in electrocatalysis 
with an oxygen cathode as) 

Metal chelate [A Vo 2~ i600 [mA] Ratio 
\ - -~-1 o~ 
ml/min values 

FePc 30 2.4 0.08 
Polym. FcPc 0.5 3.9 7.8 
CoTAA 0.3 28 94 
CoPc 0.05 0.3 6 
CuPc 0.02 0.1 5 
NiPc 0.01 0.2 20 

Table 6. Correlation between conductivity, catalase 
activity and electrocatalytic activity of polymeric FePc 
or CoPc a6) 

p FePc Catalase 9~o aD 
No. activity [mV] [Ohm -1 cm -1] 

43 25 530 8 .10 -12 
33 23 645 1.5-10 -11 
57 20 640 6.5-10 -lo 
51 5 700 3.6-10 - l ~  
40 3 720 1 .10 -9 
58 1.7 705 4 . 7 . 1 0  -9  
25 0.6 795 2.5.10 -8 
p CoPe 
No. 
17 > 3 0  430 2.8.10 -8 
1 30 560 2.7-10 -8 
6 11.4 690 1.2.10-7 
2 10.2 745 5 . 3 . 1 0  -7  
4 10.2 735 1.9-10 -~ 

13 6.5 755 4.1-10 -5 
9 4.5 770 1.2.10 -4 

on polymeric  FePc,  and  CoPc, are assembled in Table  6. Unfor tuna te ly ,  no th ing  
is known as to the s t ruc ture  of the compounds.  

A correlat ion be tween catalase act ivi ty ,  oxygen act ivi ty ,  and  conduc t iv i ty  
can be detected only  wi th in  a series of phtha locyanines  hav ing  the same central  
a tom. The electrocatalyt ic  ac t iv i ty  increases considerably with increasing catalase 
ac t iv i ty  and  increasing conduc t iv i ty  of the  chelate. A comparison of Fe-  a nd  Co- 
po lyph tha locyan ine  fails to reveal  any  connect ion between oxygen ac t iv i ty  a nd  
catalase act ivi ty.  As polymeric CoPe has a high conduct iv i ty ,  it  should be a be t te r  
oxygen cata lys t  t han  polymeric FePc.  An  exp lana t ion  of these effects is given by  
Meier 2s~. The electrocatalyt ic  properties are de te rmined  no t  only by  the con- 
duct iv i ty ,  b u t  above all by  the  electron-donor  act ion of the  meta l -con ta in ing  
polyphtha loeyanine .  The delocalization of the n-electrons of the polymeric com- 
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pounds is disturbed by  the metal central atoms. This disturbance is connected 
with the different abilities of the respective metals to accommodate a higher change 
in valency. This property increases in the order Cu < Co < Fe, just like the activity. 

4.1.2. Results of More Recent Experiments with Painted-on Electrodes 

d.1.2.1. Activity o/ various metal chelates in sul/uric acid. Highly active and 
simultaneously stable catalysts in sulfuric acid are found only in the group of 
N4-chelates. All other coordination complexes (N202, N2S2, 04, $4) could, for 
reasons of stability, be studied only in buffer solution (KHCO3/K2COs) and are 
discussed separately in Section 4.1.2.2. All activities were determined by  the same 
method of measurement, as already described in Section 2.2,. using painted-on 
electrodes. Departures from this procedure are expressly mentioned. 

For graphical display of the results, we have chosen semilogarithmic curves 
with potential (measured against hydrogen in the same solution) as ordinate and 
current per unit mass of the test substance as abscissa. 

The activity of the various chelates depends on: 

-- the nature of the central atome, 

- -  the nature of the organic skeleton, 

- -  the size of the ~-electron system. 

4.1.2.1.1. The influence of the central atom is shown in Fig. 14. In all the 
chelates we have studied, this influence is strong. The compounds with iron as 
central atom show the greatest activity, followed by  cobalt, nickel and copper. 
This is shown by comparing monomeric Pc, TAA and TDAP. The activity of 
NiPc, CuPc and CuTAA is so small that  potentials below 600 mV are measured 
even with a load of 30 mA/g catalyst. With TDAP, the Cu complex is more active 
than the Ni complex. The Fe complex of TAA, which would have been particularly 
interesting, was unfortunately not  available. These observations indicate that  
oxygen reduction proceeds at the central atom of the chelate. 

Comparing FePc and CoTAA, the differences in the slopes of the current/  
voltage characteristic in the semilogarithmic representation is conspicuous. FePc 
has a slope of about 60 mV per decade of current, but  CoTAA one of only about 
30 mV. TAA behaves in this respect differently from all other chelates. 

4.1.2.1.2. The influence of diBerent organic skeletons with the same central 
atom is shown in Fig. 15. With cobalt as central atom, the activity decreases in 
the order T A A > T D A P > T M P P > P c > T P A P > T P P .  The last two of these 
classes of compounds are so inactive that  their characteristic curves could not be 
shown in the same diagram (CoTPAP and CoTPP give potentials of 624 mV and 
593 mV at 20 mA/g). 

Substitution of the hydrogen atoms in the four benzene rings of Pc by chlorine 
produces only a slight change in the catalytic activity. 

I t  is noteworthy that  the introduction of heteroatoms (N or S) into the outer 
benzene rings of Pc can increase or reduce the activity. 
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Fig.  15. Co complexes .  In f luence  of va r ious  organic  ske le tons  on t h e  o x y g e n  ac t iv i ty .  (Electro-  
ly te :  4.5 N H2SO4) 
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4.1.2.1.3. Enlargement of the 7~-electron system. Figure 16 shows the current/ 
voltage characteristic curves of monomeric and polymeric phthalocyanines. With 
the same central atom, the polymeric compound is more than ten times as active 
as the monomer. Gel-chromatographic investigations have shown that  the poly- 
meric cobalt and iron phthalocanines we studied are built up from some 6 to 14 
phthalocyanine ring systems. The conductivity of the Pc is increased by  enlarge- 
ment of the n-electron system. H. Meier 257 reports that  the catalytic activity in 
oxygen reduction increases parallel to the conductivity of the polymeric Pc (with 
tile same central atom). FeACC, discovered by Beck and Hiller 20), differs hardly 
at all in its activity from monomeric FePc. 

Fig. 16. Oxygen 
4.5 N H~S04) 

FeACC 

800 

700 

600 

CoPc 

I I I l I t I l l  I 
20 50 100 mA/g 200 

activity of monomeric and polymeric phthalocyanines. (Electrolyte: 

4.1.2.1.4. Comparison of the activity o/ various catalysts. Figure 17 gives a 
survey of tile activity of various catalysts usable for the cathodic reduction of 
oxygen in sulfuric acid. All the types of charcoal investigated (acetylene soot, 
BRX and RB 111) have only a slight activity. FePc is more active than CoPc and 
nearly as active as Raney platinum at tile same coverage density. Platinum on the 
carbon substrate BRX with a content of 5% has 1]20th the activity of pure 
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Fig. 17. Activi ty of various catalysts for the  reduction of oxygen. (Electrolyte: 4.5 N H2SO4) 

platinum, so that  the activity is proportional to the quant i ty  of platinum available. 
(Acetylene soot at 20 nlA/g carbon gives a potential of less than 500 mV and could 
therefore not be shown in Fig. 17). 

4.1.2.1.5. Summary of results on activity in sul[uric acid. Summing up the 
above results, it may  be said, purely qualitatively, that  the influence on the 
activity of a chelate is greater, the nearer to the centre the change is effected. 
Changing the central atom produces a considerable change in activity, changes in 
the inner coordination sphere do not have such a pronounced effect, and the 
snbstituents in the outer part  of the molecule have least inflence. This decrease 
is parallel to the decrease of influence on the ligand field of the central atom. 

4.7.2.2. Activity o[ various metal chelates in oxygen reduction in carbonate] 
bicarbonate buffer solution. Experiments carried out in buffer solution (pH9.3) 
have shown that  not only N4-chelates are able to catalyse 02 reduction. The results 
confirm the statement above that  changes in the centre of a complex influence the 
activity most strongly. The immediate neighbors of the central atom have as 
strong an influence as tile central atom itself. 

4.1.2.2.1. Influence of coordination. Figure 18a to d shows tile activity of 
various coordinate complexes each figure part showing the complexes that  occur 
with a particular central atom (Fe, Co, Cu, Ni). The broken line shows the control 
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Fig. 18a. Fe complexes. Activities of variously coordinated metal  chelates for the  reduction of 
oxygen. (Electrolyte: Carbonate]bicarbonate  buffer solution) 

value, the activity of pure acetylene soot. The number next to the coordination 
symbol corresponds to the numbering in Table 1. 

In the Fe complexes, activity decreases in the order 

N 4 > N20~ > I~S~ > Oa m $4 (inactive). 

The Co complexes show a similar order, except that the first two complexes 
are interchanged: 

N202 ;> N4 > N2S2 > 04  ~ $4. 

In the Cu complexes, which are all considerably less active, the order is 

1~4 ;> 04 > 2'/202 > N2S1 > $4 (inactive). 

The Ni complexes, which are only feebly active, show the order 

0 4 > N20~ > N2S 2 > N4. 

4.1.2.2.2. Influence of the central atom. With few exceptions, activity as a 
function of the metal ion of the central atom decreases in the order 

F e > C o > N i ~ >  Cu. 
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20 50 100 mA/g 200 

Fig. 18b. Co complexes. Activities of variously coordinated metal chelates for the reduction 
of oxygen. (Electrolyte: Carbonate/bicarbonate buffer solution) 
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Fig. 18c. Cu complexes. Activities of variously coordinated metal chelates for the reduction of 
oxygen. (Electrolyte: Carbonate/bicarbonate buffer solution) 
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Fig. 18d. Ni complexes. Activities of variously coordinated metal chelates for the reduction of 
oxygen. (Electrolyte: Carbonate/bicarbonate buffer solution) 

This is similar to the order reported above for complexes in sulfuric acid. Corn 
parison of Fig. 18a to d shows tha t  Fe and Co, and Ni and  Cu, m a y  change places. 

Fig. 19 summarizes the results for the part icular ly interesting group of the 
Pfeiffer complexes (N202). The  range of scat ter  shown corresponds to the in- 
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Fig. 19. Pfeiffer complexes. Influence of the central atom on the oxygen activity of the Pfeiffer 
complexes. (Electrolyte: Carbonate/bicarbonate buffer solution) 

161 



H. Jahnke, M. Sch6nborn, and G. Zimmermann 

fluence of the organic skeleton (nos. 13-16). Of the Fe complexes, only compound 
no. 15 was available. 

While e. g. MnPc is completely inactive in both sulfuric acid and buffer 
solution, the Pfeiffer complex of Mn shows even greater activity than the Fe 
compound�9 The activity decreases in the order 

C o >  Mn~> F e >  Cu > Ni. 

4.1.2.2.3. Influence of the organic skeleton. The example of the Pfeiffer com- 
plexes makes it clear that the influence of the organic skeleton is of subordinate 
importance. Figure 20 shows this influence for a number of Co--N4 complexes. 
Here too, the differences in activity are much less than those produced by varying 
the central atom or the coordination. 
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Fig. 20. Co-N4-Complexes. Influence of the organic skeleton on the oxygen activity of various 
Co-N4-complexes. (Electrolyte: Carbonate]bicarbonate buffer solution) 

4.1.3. Improvement of Oxygen Activity by Thermal Pretreatment 

The oxygen activity of various Co--N4 complexes in sulfuric acid can be con- 
siderably improved by subjecting the carbon/chelate sample to thermal pre- 
treatment in an atmosphere of a protective gas 57). Such an effect is also reported 
by other authors for CoTMPP ~'). Figure 21 shows the influence of pretreatment 
on CoTMPP, pCoPc, and CoTAA. The given loadings (in mA/g catalyst) are all 
related to chelate plus carbon. The activity of CoTPP and CoTPAP is so low that, 
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Fig. 21. Influence of thermal activation on the clectrocatalytie activity of Co-N4-complexes 

in the untreated state, they give potentials at 20 mAJg of less than 600 mV, which 
cannot be shown in Fig. 21. After tempering, they attain the activity of tempered 
p CoPe. A tempering period of 1 h is sufficient. The best temperature range is 
400 to 500 ~ at higher temperatures the activity of phthalocyanines and tetra- 
aza-porphyrins falls off sharply. 

CoTAA plays a particular role here. The thermal activation of this compound 
is fully described in Section 4.2.4. in connection with its anodic formic-acid 
activity in sulfuric acid. Thermally pretreated mixtures of CoTAA and activated 
carbon BRX in the proportion of 1:2 w/w show their peak activity as oxygen- 
reduction catalysts as a function of treating temperature at about 600 ~ (Fig. 22). 

900 

850 600oC 

J untreeted 
7 5 0 l l  t f { t I t t I . t 
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Fig. 22. Dependence of thermal activation on temperature. (Electrolyte: 4.5 N H~SO4) 

163 



H. J a h n k e ,  M. Sch6nborn ,  a n d  G. Z i m m e r m a n n  

Tempering at higher temperatures reduces the activity, but  even after tempering 
at 900 ~ tile activity is still somewhat greater than that  of the untreated substance. 
At the same time, however, the stability increases with increasing temperature. 
The most stable catalysts are obtained at 800 to 900 ~ Above 1000 ~ both 
stability and activity drop sharply. 

4.1.4. Stability of Chelate Catalysts 

Life tests have shown that  all the chelate catalysts studied by us have only a 
limited operating life. Their life is restricted in some cases by  direct chemical attack 
on the molecule, the central atom passing into solution as an ion. I t  depends very 
much on the nature of the central atom, degree of polymerization, and temperature. 
As shown in Fig. 23, acid attack is strongest in the case of polymeric FePc on soot 

100 

o 

~ 50 pFePc 25~ pFePc 

50~ pCoPc 

0 5 10 15 Days 20 

Fig. 23. Acid t e s t  of  va r ious  Pc / soo t  s amples  in su lphu r i c  acid 

at elevated temperatures (50 ~ when the iron passes quantitatively into solution 
within 10 days. The less active polymeric CoPc is more stable by several orders of 
magnitude b). 

The conditions encountered in studying the stability of catalysts under 
electrochemical load are very complicated. Stability depends strongly on the 
potential and on the nature of the working substance. For example, pure CoTAA, 
when used as an oxygen catalyst at potentials of about 800 mV, is active only 
for a period of some hours. If, however, it is used in the anode for the oxidation of 
formic acid at 350 mV, it will give more than 6 months'  (4000 hours') continuous 
service under the same conditions. 

In Section 4.1.3. it was stated that  the stability of CoTAA catalyst increases 
continuously on thermal pretreatment of mixtures with activated carbon (BRX) 
at temperatures of up to 900 ~ whereas the activity peaks below this level. 

b) As r ecen t l y  s8) shown  b y  m e a n s  of 59 Fe,  t he re  is no  re la t ion  be tween  t h e  q u a n t i t y  of 
d issolved i ron  a n d  t h e  decrease  in a c t i v i t y  of FePc .  F u r t h e r m o r e ,  F e P c  m a y  show no  
decrease  in a c t i v i t y  over  3000 h a t  60 m A / c m  2 w h e n  be ing  p r epa red  in t he  r i gh t  m a n -  
ne r  58). 
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Fig. 24. Behaviour  of hea t - t rea ted  CoTAA in long-period tests.  Conditions:  1A/g, 4.5 N H2S04, 
room tempera tu re  

The most stable catalyst, in long-term tests lasting more than 500 days at room 
temperature under a constant load of 1 A/g, showed a mean potential decay of 
about 0.2 mV per day (Fig. 24). Under the same conditions, FePc and untempered 
CoTAA showed a potential decay of 100 to 200 mV/day. CoPc, although consider- 
ably more stable, cannot be subjected to so high a load. 

4.2. Electrocatalysis of Anodic Reactions 

4.2.1. Reaction of Various Fuels on CoTAA 

Among the chelates active for the reduction of oxygen mentioned in Section 4.1, 
there is only one compound capable of catalyzing anodic reactions too. This is 
CoTAA, which, as Table 7 shows, is very active in acid solutions for the reaction 
of formic acid, oxalic acid and hydrazine, but  less active for the reaction of formal- 
dehyde and carbon monoxide z0). 

Table 7. Act ivi ty  of CoTAA complexes for the anodic oxidat ion of various fuels at  70 ~ (from 
t r iangular  vol tage diagrams I1~) 

Cata lys t  Electrolyte Fuel Act ivi ty  (A/g 
catalyst) 
a t  500 m V  

Co-TAA monomer  2 iN" H~SO 4 H 2 --  
Co-TAA monomer  2 N H2SO 4 CH3OH --  
Co-TAA mor~omer 2 N H2SO 4 CH20 0.2 
Co-TAA monomer  2 N H2SO4 H C O O H  11.0 
Co-TAA monomer  2 1%I H2SO 4 Oxalic acid 10.5 
Co-TAA monomer  2 Iq H f S O  4 CH3CHO -- 

Co-TAA monomer 2 N H2SO 4 C H 3 C O O H  -- 

Co-TAA m o n o m e r  2 1~ H2SO 4 Ethylene  glycol -- 
Co-TAA m o n o m e r  2 N H2SO4 Glucose -- 

Co-TAA monomer  2 N H2SO4 CO 0.15 
Co-TAA monomer  2 N H2SO4 NH3 --  
Co-TAA monomer  2 lq H2SO 4 N ~ H 4 . H z O  7.5 
Co-TAA monomer  2 N H2SO4 Glycin --  

Co-TAA monomer  2 N K O H  I-ICOOH --  
Co-TAA monomer  2 N K O H  CO 0.7 

Co-TAA " p o l y m e r "  2 N H2SO4 t t C O O H  3.5 
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Formic acid does not react at all in alkaline solutions; carbon monoxide 
reacts better  in alkaline than in acid solutions. Most surprisingly, no reaction at all 
can be produced with hydrogen, which under other conditions is readily oxidized. 
Hydrazine, which is present in acids almost exclusively as the corresponding 
hydrazonium salt, is very easily oxidized. This suggests that  hydrazine reacts 
directly and not by  the mechanism of previous separation of hydrogen. 

The values for activity given in Table 7 are taken directly from the triangular 
voltage diagrams. They thus include the ohmic voltage drop, which is particularly 
large in this non-conductor. A measurement without this drop gives for the oxi- 
dation of formic acid at a potential of 350 mV an activity of 8 A/g; the value in- 
cluding the ohmic voltage drop at the same potential is 3.8 A/g. 

"Polymeric" CoTAA ~4) is produced by  oxidizing the monomer in air and 
its structure is still obscure. I t  is likewise active for the oxidation of formic acid, 
but  has only one third the activity of the monomer and is less stable. 

4.2.2�9 Electrochemical Pretreatment  of CoTAA 

The most promising reaction is the oxidation of formic acid on monomeric 
CoTAA, which is thus considered here in greater detail. 

If the activity of fresh CoTAA is measured at a fixed potential below 500 mV, 
the value obtained is low. Different results are obtained with the pretreated cata- 
lyst. This process can best be explained with reference to the potentiodynamic 
triangular voltage diagram. 
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Fig. 25. Po ten t iodynamic  cur rent /vol tage  curves of monomer ic  cobalt  te t ra-aza-annulene.  
Conditions:  2 N H2SO4, 70 ~ sweep ra te  50 mV/min .  
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The continuous curve in the triangular voltage diagram (Fig. 25) is the initial 
curve, obtained under nitrogen with a previously unused sample of catalyst. Two 
anodic peaks occur in the potential range betwen 650 and 800 inV. The quantities 
of charge transferred in the peaks between 600 and 450 mV in the cathodic pro- 
cess are considerably smaller than those corresponding to the anodic peaks. 

After a few voltage cycles, the shape of the curve changes, and finally the 
"zero curve", shown dotted in the figure, is obtained. The areas under the anodic 
and cathodic peaks are here equal and correspond to the transfer of one electron 
per TAA molecule. We assume that these reproducible peaks, whose position is 
independent of the pH of the electrolyte, are caused by a change in valency of the 
central cobalt atom. 

In the first cycle, there is superimposed on this change of valency an irreversible 
oxidation of the molecule, in which about two electrons are lost. This could, for 
example, involve the formation of a dication. It is obviously the species so formed 
that catalyzes so excellently the subsequent anodic oxidation of formic acid 
(broken curve, measured with 1 M HCOOH). 

The anodie activation process described above proceeds similarly when oper- 
ated under potentiostatic conditions. Experiments varying activation potential, 
temperature, and quantity of charge lost in activation have shown that optimal 
activation in 2N H2S04 takes place at 50 ~ at a potential of 750 inV. The quantity 
of charge transferred must correspond to the loss of 3 electrons (change of valency 
of the Co central atom and irreversible oxidation). 

In this way, using electrodes with the powdered substances between graphite 
discs (see Section 2.2.2.1.), we obtained an activity of 6 to 8 A/g (free from ohmic 
voltage drop) at 350 mV and 70 ~ in 2N H2SO4+3M HCOOH. Unactivated 
CoTAA, on the other hand, gave a current of only 0.5 A/g under the same con- 
ditions. Stationary current/voltage curves for the anodic oxidation of HCOOH on 
electrochemically activated CoTAA at 50 ~ and 70 ~ are shown in Fig. 26. The 
reaction rate is strongly temperature-dependent, the activation energy being about 
13 kcal/mol. 

mV 70~ 

~00 ~ 

300 

200 

I I t ,. I 

1~176 2 4 6 A/g 8 

Fig. 26. Stationary U/I characteristic curves of the oxidation of 3 M formic acid on CoTAA 
in 2 N H2SO 4 
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4.2.3. Chemical Activation of CoTAA 

As oxidation of CoTAA obviously occurs in the electrochemical activation process 
described above, it should also be possible to improve the activity by  the action 
of oxidizing agents. In fact, an active form of CoTAA can be obtained by  bubMing 
air or oxygen through a suspension of CoTAA in 2N H2S04 for about 15 h at room 
temperature. The activity of the black powder obtained in this way lies between 2 
and 5 A/g. The wide spread of these results is chiefly due to the fact that  conditions 
were not optimal for the action of oxygen, and probably not the same for all 
particles of catalyst. No a t tempt  was made to refine this activation process be- 
cause we found another method for increasing the activity of CoTAA, which 
appeared considerably more promising. 

4.9..4. Thermal Activation of CoTAA 

In the course of a series of experiments designed to investigate the possibility of 
activation of CoTAA by the action of very low concentrations of oxygen in the 
gas phase at higher temperatures, we established that,  even in a pure nitrogen 
atmosphere, only a part  of the chelate sample sublimates unchanged. At temper- 
atures above 400 ~ a grey-black residue is left; this is a very good catalyst for the 
oxidation of formic acid. The yield of this active residue is about 60 to 70% of the 
initial mass when the heat t reatment is carried out under nitrogen in a beaker 
covered with a watch glass. 

The most active catalysts are obtained by  heating for about 4 h at 420 to 
470 ~ They have almost the same activity as electrochemically activated CoTAA, 
and the slope of the current]voltage characteristic is also the same. Thermal 
treatment above 500 ~ gives considerably less active catalysts. The activity of 
powder prepared at 600 ~ is less than 1 A/g. Varying the period of tempering 
from 2 to 10 h has hardly any influence on the activity. 

4.2.5. Attempts to Explain the Nature of Activated CoTAA 

The samples of active CoTAA obtained by the three different activation methods 
are probably not identical, although they all show great similarity. Thus, all are 
greyblack or black powders, amorphous in X-ray diffraction analysis, hardly or 
not at all soluble in all usual solvents. The poor solubility indicates that  the com- 
pounds are polymeric. This hypothesis could be confirmed in the case of a chemi- 
cally activated sample of CoTAA, the activation consisting of exposure to air for 
20 h at room temperature. Determination of the molecular weight of the compo- 
nent soluble in pyridine (about 10--30%) gave a value of 965. This is almost 
three times the molecular weight of monomeric CoTAA (345). The IR spectra also 
point to polymerization taking place in all activation processes. In all cases, in 
contrast to the spectrum of monomeric CoTAA, very poorly defined broad bands 
are obtained, probably due to the vibration capabilities of the structure being 
strongly reduced, in comparison to the monomer, by  cross-linking in at least two 
dimensions. The spectra yielded no information as to the nature of the linkages. 
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This question was investigated more thoroughly with thermally activated 
CoTAA. Elementary analysis of the samples of active CoTAA obtained at various 
temperatures was very informative. According to these results, the powder ob- 
tained by heating to above 540 ~ differs considerably in composition from CoTAA: 
the content of Co and C is much increased and that of H and N decreased. On the 
other hand, the particularly active catalysts obtained at temperatures between 
420 and 500 ~ show only a sudden drop in hydrogen content, corresponding to a 
change in the empirical formula from ClsH14N4Co, for pure CoTAA, to 
ClsHllN4Co. Furthermore, it was found by hot extraction that at 470 ~ a quan- 
tity of elementary hydrogen is evolved, corresponding approximately to this 
change in the empirical formula. Polymerization with splitting off of H2 and link- 
age of CoTAA monomer units by C--C bridges during thermal activation is thus 
very probable. 

The CoTAA catalysts obtained by the three activation methods show different 
electrochemical behavior. This appears particularly clearly in the triangular vol- 
tage diagrams obtained under inert gas. The curve for chemically activated CoTAA 
(Fig. 27) is similar to the constant "zero curve" of electrochemically activated 
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Fig. 27. Potentiodynamic current/voltage curves of chemically actived CoTAA 

CoTAA (dotted curve in Fig. 25), though the peaks ascribed to the change in va- 
lency of the Co central atom are less pronounced. Thermally activated CoTAA, 
gives a completely different picture (Fig. 28). Here, the first cycle above about 
600 mV gives an anodic current, which rapidly declines. This is obviously a cor- 
rosion current and it destroys the catalyst. 
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Fig. 28. Potent iodynamic current /vol tage curves of thermally  actived CoTAA in 2 N H2SO4 
a t  70 ~ (activation temperature  500 ~ 

4.2.6. Mechanism of Oxidation of Formic Acid 

From the very good activity of thermally or electrochemically activated CoTAA 
for the reaction of CO one might deduce that  the oxidation of formic or oxalic acid 
proceeds, not directly, but  by  way of a prefiminary decarbonyhzation reaction. 
However, there is no evolution of gas from CoTAA in a solution of formic acid in 
dilute sulfuric acid, even at 70 ~ Such a reaction would have to occur on chem- 
ical decomposition of formic acid, with evolution of CO and HBO, or C02 and H~. 
I t  may  thus be assumed that  formic acid is oxidized directly. 

4.2.7. Compact Electrodes with CoTAA as Catalyst 

The modified supported powder electrodes used in the experiments hitherto 
described on the anodic activity of CoTAA are out of the question for practical 
application in fuel cells, as they do not have sufficient mechanical stability and 
their ohmic resistance is very high (about 1--2 ohm). For these reasons, compact 
electrodes with CoTAA were prepared by pressing or rolling a mixture of CoTAA, 
activated carbon, polyethylene, and P T F E  powders in a metal gauze. The elec- 
trodes prepared in this way show different activities depending on the composi- 
tion and the sintering conditions. Electrodes prepared under optimal conditions 
can be loaded up to about 40 mA/cm 2 at a potential of 350 mV at 70 ~ in 3 M 
HCOOH, with relatively good catalyst utilization (about 5 A/g) and adequate 
stability. 
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The operating life of the electrodes is good: unter potentiostatic conditions 
at 350 mV, the current falls by  about 6% over 2400 h continuous operation. 

These properties make CoTAA a good catalyst for the anodic oxidation of 
formic acid. Economic application of this catalyst is, however, not anticipated 
because formic acid is not economically attractive as a fuel. I t  is certainly possible 
to prepare electrodes containing a mixture of tungsten carbide and CoTAA as 
catalyst, with the tungsten carbide catalyzing the first stage of the oxidation of 
CH20 to HCOOH, and the CoTAA the further oxidation of HCOOH to C02, 
but  this possibility does not offer any more favorable prospects. Economic 
application of CoTAA wiU only come into question when cheap catalysts are 
available for the partial oxidization of methanol to formaldehyde or formic acid. 

5. T h e o r e t i c  Aspec t s  

5.1. Inf luence of H 2 0 2  on the Mechan i sm of Oxygen  Reduct ion 

In the fundamental reaction which proceeds at the cathode of a fuel cell with 
an acid electrolyte, the oxygen molecule gains a total of 4 electrons: 

O2 + 4 H + + 4g- �9 2 H 2 0  (1) 

The mechanism of this strongly inhibited reaction has not yet  been explained 
in detail, even with platinum, the most intensively studied of all catalysts ~6). 
The results obtained to date show that  the course of tile reaction is not the same 
on all catalysts and that  other factors, such as oxygen absorption on platinum 
metal catalysts, play an important  part. In most of the reaction mechanisms 
hitherto formulated and discussed H202 occurs as an intermediate stage 26): 

02 + 2 H + + 2e- , HzO~ (4) 

Absorbed species such as peroxide radicals or H202 are probably also formed 
as intermediates. The H202 formed in Reaction (4) could be experimentally 
detected in some cases 2v-a0). 

Among the possible causes for the strong inhibition of the reduction of oxygen 
there must be mentioned the high overvoltage required for the further reduction 
of H202: 

H20~ + 2e- + 2H + :* 2H20 (~ = 1.74 V) (5) 

involving rupture of the 0 = 0  bond, and the first electron transfer involved in 
formation of the oxygen ionic radical: 

o2 + e- > o b  (6) 

Reaction (6) has been shown to exert  a strong inhibiting effect, above all in acid 
electrolytes 31). 

Kozawa, Zilionis and Brodd 82) have recently reported a 4-electron mechanism 
in the reduction of oxygen at a graphite electrode coated with iron phthalocyaulne 
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in the pH range 6 to 7. The implication is that  neither Reactions (5) or (6) nor any 
other intermediate step determines the reaction velocity, but rather that  the 
reduction proceeds directly to water in accordance with Reaction (1). The limiting 
currents measured by these workers with the rotating disc-ring electrode corres- 
pond to a reaction of 4 electrons per 02 molecule, but they could be interpreted 
differently. As H202 is also reduced in the potential range in which these limiting 
currents occur 83), it is more probable that  what occurs is not a 4-electron step 
but  a sequence of two 2-electron steps. A reaction mechanism such as that  suggest- 
ed by Breiter 34) for platinum 

02 > H202aa ~ H202 

1 
H20 

(7) 

is also possible. The slope of the current/voltage characteristic curve, which has 
been measured for chelate catalysts (see Fig. 14), is about 60 mV per decade, 
and also corresponds rather to a 2-electron than to a 4-electron step. 

If the velocity of reduction of oxygen is determined by Reaction (5), partic- 
ularly high activity should be expected with catalysts possessing high catalase 
activity. The HeO2 formed could then at once react further according to the 
mechanism 

2H202 �9 2H20 + 02. (8) 

With phthalocyanines of the transition metals, for example, the activity for 
the decomposition of H202 should decrease in the same sequence as that  for the 
reduction of oxygen, namely 4,3~) 

FePc > C o P c  > NiPc > CuPc 

Meier and co-workers 36) have reported such direct relationships in the case 
of phthalocyanine catalysts but their results could not be confirmed by Beck 37,3s), 
who also studied CoTAA (see Table 5). The results obtained by Meier et al. 
do not in all cases confirm the expected relationship between catalase activity and 
electrochemical activity, too. Thus, for example, the phthalocyanines of Cd, Ti, 
Zr and Nb do indeed show good catalase activity, but they have not so far been 
found to possess any particular activity for the cathodic reduction of oxygen. 

5.2. The Reduction of Oxygen as Redox Catalysis 

Beck 23,37,3s) carried out voltammetrie investigations of chelates in solution 
(phthalocyanine and tetra-aza-annulene in 85--90% H2SO@. The particularly 
active electrocatalysts (FePc and CoTAA) showed very positive redox potentials 
and a pronounced positivization of the polarographic oxygen step in 85 % sul- 
furic acid. On the basis of these results, Beck proposed the following mechanism 
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for the reduction of oxygen, which he termed "'redox-catalysis": the metal  chelate 
MeX is transformed into the oxidized form by  molecular oxygen according to 

MeX + 114 02 + H + ~ (MeX) + + 112H20. (9) 

This is to be regarded as an overall reaction, and the individual steps are not 
discussed by  Beck. The really potential-dependent reaction is then the electro- 
chemical reduction of the oxidized metal  chelate: 

(MeX)+ + e- ) MeX (10) 

by  which the chelate is t ransformed back into its original form. 
A similar mechanism could operate in the reduction of oxygen on chelate 

catalysts, as in the organic cathodes with air regeneration described by  Alt, 
Binder, KShling and Sandstede la,4oL These cathodes contain a reversible in- 
soluble quinone/hydroquinone system. The quinone, which is electrochemically 
reducible, can be obtained either by  electrochemical oxidation or by  purely chemi- 
cal oxidation with H~02 or oxygen (air). A cathodic current is observed in these 
systems only at potentials below the redox potential, and unusually hard current] 
voltage characteristic curves are obtained. 

The reaction process in oxygen reduction on chelate catalysts however is less 
easily explained. A number  of experimental  results have been obtained which 
do not accord with Beck's mechanism of "redox catalysis". 

1. Under operating conditions, in the absence of oxygen, a redox process in 
the potential  range of interest for oxygen reduction is observed in only a few 
cases 11,41). Consequently, there is no true correspondence between activi ty and 
redox potential. 

2. With CoTAA, the s tat ionary curve obtained in 2 N H2S04 under N2 shows 
an anodic and a cathodic peak, which should probably be assigned to the change 
in valency of cobalt (Co 2+ ~ Co 3+) 11). The redox potential  of this process lies 
at about 650 inV. The oxygen, contrary to Beck's  suppositions, is reduced at  
CoTAA electrodes far above this potential, with relatively high current densities 
and in a potential  region in which the reactions 

Co 3+ + e- > Co 2+ or (11) 

(CoTAA) + + e- ~ CoTAA ( l la)  

do not yet  proceed. 
8. The oxidation of hydroquinones with molecular oxygen is possible only in 

the presence of a catalyst,  i.e. activated carbon. The velocity of oxidation 
decreases with increasing redox potential  1~,14) (Duroquinone is formed more 
quickly than chloranil). For this reason, particularly with chelates that  have a 
rather  high redox potential, it cannot be assumed tha t  oxidation in accordance 
with  Reaction (9) proceeds with sufficient velocity. 

4. The current/voltage characteristic curves for the reduction of 02 on chelate 
catalysts mostly show a Tafel region with a slope of about  60 inV. This could 
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indicate the presence of a two-electron step, but  Beck's mechanism allows only a 
one-electron step. 

5. The substrate has been observed to exert an influence. This is not predicted 
by  the mechanism of "redox catalysis". 

According to Beck's more recent ideas 42), the observed discrepancies can all 
be resolved by  a slight modification of the model of redox catalysis. In this modi- 
fied model, the following reaction sequence takes place on FePc: 

:Fclipc + 02  ." "., [ 6-+- 6 - - ]  (12) 
Fe  ]Pc . . . . . . .  0 2  

6 +  + �9 Fe III Pc  . . . . .  O2H 
Fe  Pc  . . . . . . . . .  02  (13) 

[ ]+ Fe  Pc  . . . . . . . . .  O2H + H + + 2e- :* F e P c  + H 2 0 2  (14) 

Catalase 
H 2 0 2  ' H 2 0  + 11202 (15) 

(fast) 

In this theory the essential electrochemical stage is no longer considered to be 
the reduction of the chemically oxidized chelate e.g. [Fe III Pc] +, but  the reduc- 
tion of the complex that  arises through attachment of 02 and H + to the chelate 
ill accordance with Reactions (12) and (13). This modification would explain why 

1. 0 2  reduction proceeds at a potential far above the redox potential for the 
pure chelate; 

2. a slope of 60 mV per decade is observed in the current/voltage characteristic 
curve; 

3. the substrate exerts an influence through variation of the electron density 
at the central atom. 

Whether the electrochemical step in Reaction (14) actually determines the 
velocity must, however, remain open. Alt, Binder and Sandstede 22) reached the 
opposite conclusion, as did Savy and co-workers as) and Randin a4~. 

Randin, in a recently-published paper 44), investigated solely on the basis of 
results from the literature the relationship between electrocatalytic activity for 
02 reduction on the one hand, and oxidation potential, magnetic moment, and 
catalytic properties in gas-phase reactions on the other. I t  was found for the 
transition-metal phthalocyanines that  magnetic moment and activity for the 
dehydrogenation of cyclohexanedione increase together with the activity of the 
phthalocyanines for 03 reduction, while the oxidation potential becomes less. 
The last fact can be seen from Fig. 29, in which the first oxidation potentials in 
1-chlornaphthalene, measured by  Manasseh and Bar-Ilan 45), are plotted against 
electrochemical activity. This result shows that  the more easily an electron can 
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Fig. 29. Electrochemical act ivi ty for the  oxygen reduction shown by  Fe-, Co-, Ni- and CuPc 
in the  work of Savy et aI. 35) plotted against  the  first electrochemical oxidation of MeFc t~kelx 
from 45). O monomeric McPc a t  p H  1.3, deposited ort gold; �9 polymeric MePe a t  pH 1.3, 
impregnated on graphite 44) 

be detached from the Me--Pc electrode, the greater the electrocatalytic activity. 
Such an interpretation is acceptable only if, in contradiction to Beck's views a v,as), 
charge transfer from metal phthalocyanine to oxygen determines the velocity. 

5.3. Interpretation of 02 Reduction in the Light of MO T h e o r y  

5.3.1 Models Previously Suggested for the Mechanism of Oxygen Reduction 

The chelate catalysts described in the literature as particularly active in the reduc- 
tion of oxygen all have considerable structural similarity with the prophyrins 1-4, 
11-13). In these naturally occurring oxygen carriers the essential interaction 
takes place between the oxygen and the centrM metal ion; this is also the case 
in electrocatalysts on a chelate basis 2,4,1a,a2,a~,4s). Investigations of gas-phase 
chemisorption on phthalocyanines by Contour, Lenfant and Vijh 47) have shown 
that oxygen is adsorbed molecularly and does not penetrate into the solid body. 
Therefore the nature of the central ion at the surface of the catalyst is probably 
of decisive importance for the activity of the catalysts. Savy, Andro, Bernard 
and Magnet 35) as well as Alt, Binder and Sandstede 22) have accordingly inter- 
preted the differences in activity on the basis of the electronic structure of the cen- 
tral ion. The energy partition of the d orbitals is not exactly known for transition 
metal chelates known to be electrocatalysts, so these authors used for their studies 
the electron states of the transition-metal ions in porphyrin complexes as calculated 
by Zerner and Gouterman 4sL The MO calculations give the distribution shown 
schematically in Fig. 30. The energy differences can be shown only qualitatively. 

The decline of activity in the order 

C o > F e > N i  m C u  
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"*y 1[ -3- -~- -H- -tO- 

Ha 24" /:re 34" Fe2~" Co2~" Ni2 + 

Fig. 30. Schematic occupation of the d-level of the metal ions in porphyrine 

for the TMPP and TAA complexes can, according to Alt, Binder and Sandstede 22) 
be explained on the basis of the following assumptions: 

1. Electrocatalysis takes place during the first step of 02 reduction, H202 
being formed in a two-electron step. The correctness of this assumption is support- 
ed by polarographic investigations of 02 reduction in the presence of phthalo- 
cyanines 49). 

2. The reduction of oxygen is favored by partial electron transition from the 
metal to the anti-bonding = orbitals of the oxygen during formation of the chelate- 
oxygen adsorption complex. 

3. This partial electron transition is favored by filled d~  and dvz orbitals and 
empty dz2 orbitals. 

The formation of the adsorption complex, which is important  for the electro- 
chemical reduction of oxygen, then proceeds in close analogy to the formation of 
the ethylene-transition-metal complex as shown in Fig. 31. 

~ d z 2  

O ~ e ' ~  ~r* or d 

Fig. 31. Electron donation and back donation in oxygen-complexed transition metal bonding 22) 

From this model it can be seen that  electron transition from oxygen into the 
empty d~2 orbitals proceeds first with formation of a a bond. This lowers the energy 
of the anti-bonding = orbitals and raises that  of the dxz and dvz orbitals, so per- 
mitting strong interaction between these two orbitals. 

Savy et at. 85) reach practically the same conclusion concerning the electron 
transitions during formation of the activated complex but  consider an edge-on 
arrangement of the oxygen above the plane of the chelate molecule more probable. 
Their studies relate only to the catalytic properties of the phthalocyanines for 02 
reduction. Their conclusion is that  the conditions for optimal activation of oxygen 
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are best met in the series of phthalocyanines by  monomeric or polymeric iron 
phthalocyanine. According to their work, catalytic activity should decrease in 
the order 

Fe > Co :> Ni :> Cu 4,32,35,50). 

This conclusion is qualitatively confirmed by  experiment. 

5.3.2. A Modified Model for Oxygen Reduction 

The simple arguments according to which the energy partitions of the d levels 
calculated by  Zerner and Gouterman as) for porphyrins were assumed to hold for 
other N4-chelates too, lead to the conclusion that  the Fe and Co chelates fulfil 
the conditions for activation of oxygen. The experimental results show that,  of 
the TAA and T P P  complexes, those with Co are the most active, while in the 
phthalocyanines and the TDAP complexes the iron compounds show higher 
activity. To explain these facts, further assumptions are necessary. Alt, Binder 
and Sandstede 22) postulate the presence of Fe a+ in the TAA and T P P  complexes 
and of Fe 2+ in tile phthalocyanines, the latter ion forming much more effectively 
activated complexes with the oxygen. We consider 5~) the above model must 
be refined because 

1. the valency of the central atom at the working potential of the electrodes 
is not exactly known; 

2. any difference in the redox potential, for example in the various N4-chelates 
of iron, is to be ascribed principally to the influence of the ligands. 
A refined model is particularly necessary for interpretation of the differences in 
activation of the other chelates we have investigated. 

Not only does the central atom itself influence the activity of the chelate 
concerned but also its immediate neighbors. The activity of the symmetrical 
plane square Co and Fe complexes, like the ligand field strength, decreases 
according to the spectrochemical series of the donor atoms concerned in the 
order 

N:> O >  $51). 

In less symmetrical complexes, such as those with N202 or N2Sz groups, no 
such simple relationship holds, so that  no conclusions as to the relative activity 
of tile various complexes can be drawn from consideration of the ligand field 
strengths. The N2Os complexes, however, include a series of Co complexes known 
to function as reversible O2 carriers whose mode of action has been intensively 
studied 52). This work gives some important  indications as to the factors concerned 
in electrocatalytic Os reduction on similar chelates. The results tha t  describe the 
influence of the occupation of the 5th coordination site of the central atom on 
the positions of the energy levels of the d orbitals are of the greatest interest. 
As can be seen from Fig. 32, the electron configuration that  seems to constitute 
an essential condition for 02 transfer 5a,54) is found in square pyramidal complexes. 
I t  is characterized by  the presence of filled dxz and dyz orbitals and empty dz2 
orbitals. This view is supported by  ESR studies. The spectrum of Co(acacen) 
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Fig. 32 53). Energy levels of the d-orbitals of cobalt in various surroundings 

(see Fig. 33) in toluene accords best with the configuration (dxz)9. (dvz) 2 (dxv), 
as is to be expected for a square planar complex. A different spectrum is observed 
in the presence of a Lewis base: the signal of the pyridine-containing complex 
formed under these conditions, and which - in contrast to Co(acacen) - is 
capable of effecting On transfer, is interpreted as meaning that  the unpaired elec- 
tron is assigned to the 3 dz~ orbital sa,54). 

H3C J I CHa 

o / " o  /~ H37 -(CH, 
Fig. 33. Co(acacen) 

From X-ray analysis and ESR measurements, it further appears tha t  in the 
oxygenated pyridine-containing complex [Co(acacen)py 02], the Co atom shows 
approximately octahedral coordination. In this complex, the 02 molecule is linked 
to the central Co atom only by  a ~ bond at a single O atom, and the bond angle 
Co--O--O is 126 ~ The 0 - - 0  distance is 1.26/~, almost exactly the same as in the 
superoxide ion. This indicates a weakening of the O--O bond, which may be 
explained by  a strong back-bonding component from an occupied Co-d orbital 
(t2g) to the antibonding empty 1 ~g (p~) orbital of the 02. 

Let  us take the results briefly described above as our starting point. What  new 
prospects do they offer for a bet ter  explanation of the experimental results ob- 
tained in On reduction on chelate catalysts? 

1. The presence of empty d~a orbitals should play a decisive part in the reduc- 
tion of 02, as they do in 02 transmission. In the square planar complexes (cf. Fig. 
32) investigated by  us, this condition is fulfilled only by  the at tachment of a 5th 
ligand. We therefore assume that  the surface groups of the carbon take effect as 
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strong 5th ligands. The extent to which the dz~ orbitals are raised varies widely. 
For example, in the Fe(III)-porphyrin complexes, it increases in the order F < C1 
< OH < CN 55}. Our experimental finding 3~ that  the activity of FePc in particular 
is considerably enhanced by certain types of carbon substrate, could thus be due 
to these surface groups exerting a particularly favorable effect on the raising of 
the d~2 orbitais. 

2. The differences effected in activity by the central atom with all the ligands 
studied can hardly be explained solely by the occupation scheme of the d level 
(Fig. 30) as calculated for the porphyrins. The influence of the 5th ligand is not 
taken into account in the above discussion. In addition, there is no information 
as to which of the two requirements for interaction with oxygen (empty d# orbitals, 
or filled d~z and dvz orbitals) has the greater influence. For example, the requirement 
would be best fulfilled in the case of Fe(II) followed by Fe(III) if the dz~ orbital were 
raised so far as to be no longer occupied. Where the orbitals lie close together, an 
occupation such as that  shown in Fig. 30 will occur and the activity of Fe(II) 
should then be less than that  of Co(II). 

3. The influence of the ligand field strengths of the donor atoms is not sufficient 
to explain the result that, among cobalt complexes in buffer solution, those with 
N~02 coordination are more active than the N4 complexes. Perhaps this departure 
from the relationships observed in other cases 56) is due to non-integer electron 
occupation, which is usually arrived at on the basis of molecular-orbital consider- 
ations. A lower occupation of the d level might occur in the N20~ complexes 
because of the greater electronegativity of oxygen (lower Pz level); this situation 
would approach conditions in a Co(III) complex. A lower occupation of the dz~ 
orbital, and hence better possibilities for an interaction with 02, would be ob- 
tained. 

To sum up, it can be said that  MO considerations can explain a number of 
experimental results in 02 reduction on chelates, but they do not yet permit a 
quantitative explanation of the differences in activity. 

5.4. Mechanism of the Anodic Activity of CoTAA 

We are still further from being able to explain the anodie activity of the CoTAA 
complex. The cobalt phthalocyanine, which is structurally identical with CoTAA 
in the inner coordination sphere, is completely inactive in the catalysis of anodic 
reactions. I t  therefore looks as if the central region is not exclusively responsible 
for the anodic activity. On the other hand, the fact that  CoTAA is inactive for the 
oxidation of H2 points to ~r orbitals of the fuel participating in the formation 
of the chelate-fuel complex. A redox mechanism (cf. Section 5.2) can be ruled out 
because anodic oxidation proceeds only in the region below the redox potential of 
CoTAA (i. e. at about 600--650 mV). 

W e  would  like to  express  our  t h a n k s  to Dr.  W e b e r  for  t h e  syn te s i s  of m a n y  of t h e  che la tes  
descr ibed  a n d  to  Dr.  Sarholz  for  d i scuss ions .  
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