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Introduction

The effects observed when an electrode in solution is
exposed to light have been a subject of research since
Edmond Becquerel’s discovery % in 1839, Most of the papers
published in this field were reviewed by Copeland, Black
and Garret 2; more fecent ones are quoted in articles by

& and by Mauser and Sproesser 4o

Paszyc
A study of these effects must consider both electrochemi-
cal and photochemical properties of the system electrode-
=solutione From the electrochemical point of view most of
the systems studied have a common basic scheme : a polari-
zable electrode indicates the effects of light in referen-
ce to an unpolarizable electrode kept in dark. From the
photochemical point of view there are three main types of
systems according to different primary photoreactions ini-
tiating the photoeffect; |
If the light is absorbed by the solution and a homoge-
neous.photochemical process is started, the electrode only
reacts upon resulting concentration changes of electroacti-
ve species in the solution without taking appreciable part

3 was ‘the first who proved

in the photoprocess. Trumpler
this decisively; he has shown that the cause of the Becque-
rel effect in solutions of uranyl- and uranium sulphate
must be sought in photochemistry of uraniumn‘In such cases
photolytic reactions in solutions can be conveniently stu-

died by electrochemical methods from the effect of light

on the course of potential (under the galvanostatic regime)

1
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or current (in a potentiostatic arrangement). Rideal and

Norriesh 6

followed potentiometrically the photodecomposi-
tion of potassium permanganate. Rabinowitch 7 who later
applied the'sé@e technique for investigation of photochemi-
cal reaction of thionine with ferrous ion, suggested the
name "photogalvanic effect" for this "special case of the
so-called Becquerel effect in which the influence of light
esoce 18 due to a photochemical process in the body of the
electrolyte (as distinct from photochemical or photoelectric
processes in the surface layer of the electrode, which are
the basis of the original Becquerel effect)". Surash and

Hercules 8

showed that the changes of potential on illumi-
nation of a platinum electrode in ethanalic solutions of
organic compounds are due to free radicals formed by photo-
chemical reactions between the solute and-the solvent inde~
pendently of the electrode and demonstrated a parallelism
between the absorption spectrum of the solution and the

4 examined some 120

photopotential. Mauser and Sproesser
solutions of organic compounds in non-aqueous solvents and
concluded that photochemically inactive systems are also
Becquerel-inactive. The polarographic method has been uti-
lized for the study of photochemical reactions by Berg 9

and coworkers 10

; the "photoreaction-controlled diffusion
currents” and "photokinetic currents" which they observed
on illumination of solutions of organic compounds surround—
ing the dropping mercury electrdde correspond to "photopo-
tentials" followed potentiometrically by other authors

with so0lid electrodese
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A different process occurs in the system : nonabsorbing
solution ~ photosensitive electrode. A correct interpretat~
ion of this kind of Becquerel effect was first given by

Volmer and lloll 11

on basis of their experiments with sele-
nium electrode : the primary reaction sfter absorption of
light by the electrode is the setting free of inner elec-
trons in the electrode followed by chemical reactions in
which both the electrode and the solution take partc A more
concise formulation ~ internal photoeffect followed by che=

12 tho studied the

mical reactions -~ was used by Athanasiu
effect of light on silver, mercury and copper electrodes.
covered by layers of halides, sulphides or oxides. Later

Veselovsky 13

in a paper on the photoelectrochemical pro-
cess at zinc electrode covered with zinc oxide defined pre-~
cisely that the ébsorption of light by the electrode surfa-
ce leads to formation of electrons and holés of high ener-~

gy which migrate to the interfaces metalsemiconductor and

sémiconductor—solution respectively where they are electro-
chemically discharged.

‘ For many years the general distinction between these
tw0'baéica11y different processes was obscured by the search
- for some common primciple that would apply universally to
all modifications of the Becquerei effect. In the early
years of research on that field it was difficult to judge
the problems correctly, because most of the systems, usual-
1y very complex, were studied without knowledge of their
optical and photochemical properties, the measurements we-

re carried out in presence of air and experimental condi-




tions were not always properly controlled. As late as in

1927 Winther 14

unambiguously distinguished. between the
"volume photoeffect" and the effect for which an illumina~
tion of the electrode is essential; only for the latter he
suggested to keep the name "Becquerel effect",

The majority of experimental resulfs reported in lite-
rature can be ascribed to either of the two effects or to
their combination. However, a difficulty arises with the
system of pure metallic electrode in transparent solution
where neither part is "photosensitive" in the current sen-
se of the word, but which, nevertheless, can yield a repro-
ducible response to illumination. The offhand explanation
by an outer photoeffect, i.e. by emission of electrons from
the electrode was usually discarded by the authors as it
was thought.%%nsistent with their experimental results.

Swensson 15 followed the potential chénges of platinum
electrode in solutions of various electrolytes on illumina-
tion by a mercury lamp, and found marked effects with com-
pounds usually not considered as photochemically active,
like HZSO4 or KCl. His results were confirmed by Lifschitz

16! Yhaubert 17" studied the effect of vidi-

and Hobghoudt
ble light on polarized platinum and gold electrodes in va-
rious solutions and expressed the view that photolysis of
water could be responsible for the observed phenomena.

Unfortunately neither of these authors fook into due con~

sideration the absorption of light by the solution and con-

sequently it cannot be decided to what extent their effects




should be ascribed to homogeneous photoreactions.

An important discovery was made by Bowden 8 who found
that the electrodépositions of hydrogen on mercury electro-
de and of oxygen on platinum electrode are accelerated by
UV light. The increment of current produced by illuminat-
ion, or photocurrent, increases with increasing megetidwve
potential and with light of shorter wavelengths. Bowden’s

19 on various electro-

effect was further studied by Price
des (bismuth, cobalt, antimony, mercury, lead, aluminium,
graphite). Price showed that the photocurrent is directly
proportional to the intensity of light, and that the quan-
tum yield of photocurrent is an exponential function both
of potential of electrode and of frequency of light. Hill-
son and Rideal 0 confirmed the results of Frice. They stu-
died the electrodeposition of hydrogen from 0,1N sulphuric
acid under illumination on mercury, copper, nickel and sil-
ver electrodes and obtained a measurable photocurrent with
light of wavelength as long as 4200 go The photoeffect in
electrodeposition of oxygen on platinum, palladium, gold,
silver and nickel was found to be of the same magnitude

as in the case of hydrogen, and to follow the same laws.,
Hillson and Rideal conceived the photoeffect as influence
of light on the kinetics of electrodeposition; this idea
was disproved by later experimental results in this field.

2l were the first who applied pola-

Barker‘and Gardner
rographic technique to investigation of photocurrents.

They illuminated the electrode by a square-wave modulated

N T |




light from a mercury are and recorded the photocurrent with
a square-wave polarograph. In this way they obtained appre-
ciable photocurrents in SOlutions of acids and in neutral |
solutions containing hydrogen peroXide or anions NOé, NOé

and Brog, Unfortunately all the 4 latter species are photo-
lyticaliy decomposed by light of thé wavelengths used which
complicates the interpretation of results. Barker and Gard-

ner assume on the basis of outer photoelectric effect, that
under illumination electrons are emitted from the electrode
into a distance of 50 =~ 100 g where their solvation occurs,
and from where their subsequent diffusion back to the elec-
trode takes places, The photocurrent appears only if some of
the electrons are involved in a reaction in solution and |

fail to return to the electrode. For the photocurrent under

these conditions the authors derived expression

|
|
|
, I
250 27 PGe Nk, ¢, D,
|

where F is the Faraday constant, Ce the concentration of
solvated electrons in the average emission distance from
the electrode, k, the rate constant of the electron captu- L
re reaction, CA the scavenger concentration and Deg the dif-
fusion coefficient of the solvated electron. The experimen- I
tally measured photocurrents were found to agree with the
equation only at low concentration of scavengers.
In their photopolarogrephic experiments with flash

technique Berg and Schweiss e observed in pure solutions

of supporting electrolytes a kind of photocurrent which




they called 23 the photoresidual current (Photoreststrom).

This current is proportional to light inténsity, increas- ;
es with increaSing negative potential and is especially |
high in acid solutions.

Heyrovsky and Norrish 24 pointed to the relation be-
tween potentiometrically and polarographically studied pho=-

toeffects in solutions. They observed polarographiec photo-

currents in solutions of various acids and in Presence of
nitrous oxide, and Suggested an interpretation based on

photosehsitized dissociation of water.
25

Recently Delahay and Srinivasan used the coulostatic
method to study the photocurrents produced by flash irra-
diation in acid solutions on a mercury pool electrode. They
discussed their results on the ground of Barxer 8 theory
and pointed out that especially the effect of electrode po~-
tential and of the double layer on photocurrent needed
further clarification.

The Becquerel effect on pure metallic electrodes in
transparent solutions is particularly attractive from both
the photochemical and electrochemical point of view, It
intimately concerns the mechanism of the elementary process
of transfer of charge across an interface. However, the re-
view of work hitherto done on this problem shows that the
essential points pertaining to the natureréf the effect
still remainAobscure. In principle there are two different

concepts at present : the "physical"® concept of Barker who

interprets the photoeffect in solution as a Sspecial case of




the classical photoelectric effect in vacuum, and a "chemi-
cal" concept formulated by Audubert who saw the origin of
the photoeffect in a photochemical reaction in the inter-
face electrode—solution. It is not impossible that both
schemes are correct, each operating under different condi-
tions.

The aim of the present thesis was to provide experimen-
tal data that would help to decide which concept is valid
for the photoeffect in aqueous solutions. The name "elec-
trochemical photoeffect" was introduced in order to speci-
fy the subject for which the term "Becquerel effect" is
too general, and to underline its phenomenal analogy with

the physical photoeffect.
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Experimental

For a correct account of the electrochemical photoeffect
a simultaneous control of optical factors - the intensity
and energy of light - and of electrical factors =— the current
and the electrode potential = appears essential. The work of
the previous authors has shown the importance of a complete
elimination of photochemical processes in solution. In order
to simplify the interpretation of results a simple experimen-—
tal technique was used. Since the purity of electrode surfa-
ce is the first conditiom for obtaining reproducible results,

mercury was chosen as the electrode material.

Bidistilled mercury was used for the mercury pool and
dropping mercury electrodes.

Solutions were prepared from chemicals of "Analg_ﬁ" grade

~and water redistilled from permanganate., Ethanol was purifi-
ed by treatment with sulphuric acid, potassium hydroxide and
8ilver nitrate according to Leighton and coworkers 26, and
its purity was controlled spectrophotometrically. Acetone
was rediétilled from permanganate.

The potentiometriec measurements were carried out in pa~
rallel with two large quartz test—tubes connected by an
electrolytic bridge to a common reference electrode. Mercury
pool electrodes in the test-tubes were illuminated by a pa~
rallel beam of light from the mercury lamp. A stream of inert
gas was constantly passed through or above the solution in

the test=tubes.

.--iﬁll-----------——————————————————————————————‘4*
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The cell for polarographic measurements (Fig.la), of cir-
cular cross=section with two planparallel wails and of about
50 ml volume, was made of quartz, with ground joints on four

necks outlet
parallel for inlet and of gas, inlet of solution, dropping
electrode, thermometer and contact to the mercury pool (glass
tube with sealed-in platinum wire and filled with mercury).
To avoid liquid junction potentials and contamination of the
solution by electrolyte from am electrolytic bridge;, no sepa-
rate reference electrode was used; a layer of mercury on the
bottom of the cell served as counterelectrode. The cell was
fixed by means of a special holder in a large water tank kept
at 25.0 + 0.5°C.

Throughout each experiment the solution was under a stream
of nitrogen which had been purified from traces of oxygen by
passing through two columns (35 cm long, 4 cm in dismeter)
~containing amalgamated metallic zinc in alkaline solution
(abdut 2M KOH) saturated with anthraquinone~f3-eodium sul-
phonate and one column of amalgamated zin€ in acid solution
(about 0.1M HCl) of chromoms chloride. After the last column
a washing bottle with suspension of silver oxide in 2M KOH
was placed to eliminate possible traces of HCl1l from the gas.
Before entering the cell the nitrogen passed through a wash~
ing bottle containing the same solution as that in the cell.
All parts of the glass apparatus were connected together by
ground jointso.

Nitrogen was bubbled through the solution first in the

separate compartment (Fig.lb), with Stopcocks 1 and 2 opened
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Figele Cell for polarographic

)—_;,J

measurements. a = cell
proper: 1 - thermome-
ter; 2 ~ comtact to the
mercury pool, 3 = drop-
ping mercury electrode,
4 - socket for part b =
= imlet of gas and solu-
tiom, 5 - outlet of gas;
b - compartment for de-
aeration of solution; ¢
function of stopcocks 1,
2y3 described in text.

Circuit for polaro-

e
B

(4]0}
o
n

graphic current-=time
curves,

B - battery, P = po-
tentiometer, C - cell;
] —~ measuring resis-
tance, 0 - oscilloeco-~
| pey, I = time base

' (internal),
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and 3 half closed at a high rate for at least 1 hour before
the solution was pressed over, by closing stopcocks 1 and

3, into the niﬁrogen—filled cell with mercury on the bot-
tom. During the actual measurements nitrogen was passed
above the solution (stopcock 3 opened). The cell was design-
ed expressedly to exclude passage of solution through any
stopcocke.

The capillary used for the dropping electrode was of

the type introduced by Smoler <! for elimination of the trans—

fer of electrolytic products on successive drops, with the
lower end bent and cut at 45°. Its length was 20 cm, inner
diameter 60/My, the rate of flow of mercury under constant
height of mercury column 39 cm was m = 0.529 g/sec and
drop-~time in O.lM KC1l at potential of zero charge tl =
= 5.55 sec. |

Light from a 1 kW high pressure mercury lamp type ME/D
was fogcused by means of a quartz lens through a quartz
| window in the side of the water tank and through a 8 cm
layer of water to the cell on the tip of the capillary, so
that whén exposed each drop of mercury was growing in a
strong field of light. The lamp and the tank were kept in a
- large metallic box with a fan for’cooling on the top and
with removable front side.

The emission of the lamp covered neafly homogeneoualy
the range of wavelengthe from 2350 to 5400 3 with a gap be=
tween 2540 and 2640 A and with two groups of lines at 5800

: 0 '
and 6100 A. A continuous control of constancy of the inten-
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8ity of emission was provided by means of a cadmium photo-
cell in circuit with a voltmeter. The drop of the voltme-
ter deflection was an indication that the lamp had to be
changed for a new one.

For cutting off various portions of the spectrum from
the short-wave side filter solutions were used in a quartz
cell 245 cm thick. The filters and their &hsorption "edges"
were following :
acetic acid 1:10 2460 X copper sulphate 15% 3360 ﬁ
lead acetate 0.5% 2600 copper chloride conc. 3580

B...% 2800 copper nitrate conco 3900
copper sulphate 1l.5% 2980 sodium nitrite conc, 4150
pyrex plate 2 mm potassium chromate 2% 5000
' tBlck 3030
potassium dichromate
4 mm ‘ sat. 6000
thick 3130

6 mm
thick 3200

The emission of the lamp as well as the transmittance of
the filters were measured and regularly checked by means
of a small Hilger quartz spectrograph.

Of each solution examined an absorption spectrum was

recorded before the experiment on the FPerkin-Elmer Model 137

or on Unicam S«F.800 UV Spectrophotometers. According to
the absorbance suitable filters were chosen to ensure that
the light illuminating the electrode was not absorbed by

the solution. For reducing the intensity of light wire gam-

zes of various thickness were used the transmittance of which
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had been measured on the Spéctrophotometero

In potentiometric measurements a slide resistance po-
tentiometer and a spot galvanometer both made by Cambridge
Instruments Co. were used. Polarographic curves were recor-
ded by means of the Radiometer PO 4 Polariter.

In order to minimize the effect of stray fields on the
measured currents, the reservoir of mercury and the tubing
joining it with the capillary were provided by metallic
screening, for electric connections coaxial cabies were used,
and all metallic parts of the whole apparatus were joined
to a common earth.

For measuring the instantaneous current on single drops
at constant applied voltage a simple cifcuit was built (Fig,
2) : from a 2082 Beckman Helipot precision potentiometer
Joined to a 4V lead battery with its negative terminal
earthed the slider was connected to the mercury pool elec-—
trbde and the dropping mercury electrode was joined to the
earth across a 100 K&+ resistance. The voltage drop on
the resistance as a measure of the current in the cell was
followed on the screen of a Tektronix Type 531 A oscillosco-
pe with maximal vertical sensitivity 1 mV dsce per cm. Sin-
ce the currents obgerved never exceeded 093/U.A, the maximal
error in the applied voltage in this circuit was 30 mV which
represented the limits of precision in détermining the red=
=limit potential of photocurrent (see Results). For exact
evaluation the i-t curves were photographed and the photo-

graphs magnified.
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The values of potentials were referred to the potential
of zero charge in each solutione. This potential can be ea-
sily found on thé polarographic curve recorded at high sen-
sitivity with minimal damping and especially when following
the i-t curves : while potential of the dropping mercury
electrode changes from positive to negative values, the am-
plitudes of oscillations due to the charging current decrea-
se to zero when the potential of zero charge is reached and
then start increasing in the opposite direction. The preci-
sion in determining the potential of zero charge from ins-
tantaneous currents is higher than from mean currents, sin;
ce the former show the initial part, characteristic for char-
ging current, unaffected by electrolytic current of impuri-
ties which prevails in later phase of the drop-time; with
i-t curves the relative error of determination was less than
1 10 nV even in dilute solutions.

The determination of the potential of zero charge was
repeated before and after each measurement of the red-limit
‘potential..Values of the voltage applied to the electrodes
and indicating the zero charge and red-limit potentials we-
re measured on the screen of the oscilloscope calibrated
with a Weston element. It was found that the mercury pad as
counterelectrode held its potential in all solutions fair-
ly constant - this.was apparently due to the low current=
~density maintained throughout all experiments; exceptional-
ly a small drift was observed which never exceeded 30 mV,

Since the dropping electrode was placed in the focus of
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converging beams of light, the photocurrent was affected

by every slight change of the position of the capillary.
For this reason exact comparative measurements of photocur-
rent could be carried out only whén the capillary did not
‘have to be moved - that is, only in measurements in one so-
lution, like following the effect of wavelength, of light
intensity or of gaseous substances., This disadvantage was
compensated by the high intensity of light on the electrode

surface which produced high photocurrents.
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Results ]

Ao Potentiometric Measurements

Potentiometric measurements of the effect of UV light
upon mercury pool electrodes in 0.1l aqueous solutions of

KOH and H2804 have shown that in the atmosphere of

K2804,
hydrogen or nitrogen the potential of mercury begins to chan-
ge towards negative values on illumination (Fig.3). In presen-

ce of oxygen the change of potential has positive direction

(Fige4). With full emission of the lamp the potential changes
are of the order of millivolts per minute, whereas light of
wavelengths above 3100 g produces a shift of potential by se-
veral millivolts per hour only. Although the change of poten~
tial in the indicated direction was observed every time on
illumination, its rate and its final limit were not suffi-
ciently reproducible. In order to attain higher reproducibi-
' lity instead of mercury pool the dropping mercury electrode
was chosen which keeps its surface clean by constant renew-
ing, and the effect was further studied by the polarographic

method. -

Be Polarographic Measurements

The dropping electrode was polarized in each solution
within the limits of potentials where the‘electrolytic cur-
rent does not exceed the magnitude of charging current. A
current-voltage curve was recorded with a high sensitivity

first in dark, then with electrode illuminated and then the
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Change of potemtial

of mercury pool elec-
trodes in 0.1M H2504

on illumination. In pa-
rallel experiments so-

lution in atmosphere
of :
& - nitrogem, b -~ hydro-

min.

gen. Beginning of ex-
posure of electrodes
to light demoted by
arrow; full emission
of lamp; potentials
versus O.llM mercurous
sulphate electrode.

Fige4. Like im Fig.3 with the
difference that umder
b the solutiom is im

\

atmosphere of oxygen.
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response of current to light passed through‘various filters

was measured at constant potential.

Photocurrent, General Properties

It has been found that wirth sufficient light intensity
in every solution there is a smaller or greater difference
between the current on the dark and on the illuminated elec—
trode. This difference, or the photocurrent, depends on the
potential of the electrode, on the intensity and frequency
of light, and on the composition of the solution. This is in
general agreement with what was found under different condi-

21 and by Berg and Schweiss 22°

tions by Barker and Gardner

The Bowden’s effect of light on the electrolytic evolut-
~ion of hydrogeﬁ in conditions of polarographic electrolysis
is shown on Fig.5 for a 0.1l solution and oﬁ Fig 6 for a di-
~lute solution of acid. From the polarographic curves it is
evident that the Bowden,s effect is not due to lowering of
hydrogen overvoltage, b;t to a process indepemndent of the
electrode reaction of hydrogen ions. On Fig.6 the entire re-
duction‘Wave of hydrogen ions has been recorded; otherwise
in the present work the photocurrent was measured as a rule
only in that part of the polarograbhic curve where the elec-
trolytic reaction does not practically come into force, i.e.
in the region of residual current before fhe foot of the

wavee

The mean photocurrent is independent of the height of




Fige5e Effect of illumination

of droppimg mercury
electrode on polarogra-
phic curve of 0.1M
H2804° 2 = dark curve,
b = electrode illumina-
ted by full light of
lamp. Potentials versus

mercury poole.

o

n

1074

| Fige6. Effect of illumination

of dropping electrode

oR polarographic cur-

of 107N HC10, .

8 = dark curve; electro-
de illuminated by light

of wavelengths %onger

ve

than: b - 3900 &; ¢ -

IE——.
- .30.50 Hoe
versus mercury poole.

Fotentials




mercury column above the tip of the capillary (Fig.7). This

indicates that the determining step in the photoprocess is
the rate of a chemical reaction in the vicinity of the
electrodé or on the electrode surface or of an electron-—
—transfer process at the electrode. This conclusion has been
confirmed in various solutions by measuring the instanta-
neous current at constant potential. The instantaneous pho-
tocurrent ip (Fig.8) obtained by substraction of the "dark"
current from fhe current under illumination is a parabolic

function of time t with the exponent 2/3 :

2/3

lp=Kot

where k is a constant. This dependence proves also that the
photocurrent is a faradaic current, and is not due to any
eventual change of capacity of the electrode caused by il-
luminatione

- The time response of photocurrent’azjillumination, as
could be observed on i-t curves, appeared to the eye and on
the photographs as instantaneous, which is in agreement with
Barker’sAand Gardner’s experience 21. Only in the very di-
luted éolutions (10-.5 - lO—6M) a slower response was noticed.
This can be explained by the fact that because of large re-
sistance in the solution a sudden change of current Ai

causes a change of potential of the polarisable electrode

AE by the Ai.R drop that can amount to some 0.1 V in

our case. This change brings about an additional charging

. ! : 22
current A&lc according to the formula



FngSn
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straight line is 1.9 : 3.




ST
Ai, = - exp (- Rep )

where R is the total resistance in the circuit and Cp the
double layer capacity (of the order of 107°F). This additio-
nal current which adds to the basic current is the cause of
the slow response; in dilute solutions it can practically
last as long as a seconde.

The direct proportionality between the photocurrent and

intensity of light reported by Price 19, Hillson and Rideal 2%

and Barker and Gardner .=

(Figog)o

was found to hold in general

Price 19 has measured the increase of photocurrent with
increasing electrode potential in solution of sulphuric acid
and obtained an exponential dependence. The graph showing
the logarithm of polarographic photocurrent in solution of
sulphuric acid as a function of potential is on Fig.l0; it
can be very nearly approximated by two straight lines. This
type of dependence was ascertained with all solutions where
sufficiently high photocurrent could be produced (Fig.ll
and 12). The slopes and the proportions of the two linear
parts of the dependence vary from one solution to another,

and depend on the energy of the light used.

Dependence of Photocurrent on the Frequency of Light

According to Price 13 and Hillson and Rideal <V the

photocurrent in sulphuric acid is also an exponential funct-




Fig.9. Dependence of photo-
current om light im= b
tensity. & = 0.,1M LiCl
saturated with CO, full
light, =1.0 V versus
potential of zero char-
ge; b = Q0.1M HZSO49
full light, =1.0 V ver-

sus potemtial of zero
charge; ¢ = 0.1M Na,
5203 + 0.1M KC1, light
of wavelengths longer
than 3360 ﬁ, =0.27 V
versus potential of ze-
ro charge. Values of
current on arbitrary

scale,
log 7
20f
|
l
|
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’ |
|
1.0f
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a5,
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' Figs1l0. Dependemce of loga-

rithm of meam cur-
rent om potential in
Oe1M H2804 (see Fige
5)s & = current of
electrolytic deposi-
tion of hydrogen,

b - photocurrent.,
Unity of current
scale 4;10—9A; po-
tentials versus

mercury pool.
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Figel2. Dependence of loga-
rithm of meam photo-
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ion of the frequency of light. These authors were using
monochromatic light for illumination of electrodes, and
their result could not be verified in the present experi-
mental arrangement with sufficient precision.

Let us accept that the photocurrent for monochromatic
light at constanf potential is given by the expression

dij = j»_ e k) o exp (k, 9+ )A#r (1)

where I is the intensity and 4* the frequency of light,

h 4+ is the energy of light and kl and k2 are constantse.
Since

Io.=2rR #5. 80808 ?’ ;
where ¢ is velocity of light and ? the density of radiat-

ion, we can write
dip = .C s S-’ « kg exp (k, ¥ )dv (2)
For light compesed of frequencies changing continuously
from a constant low frequency 1}6 to a higher frequency
)} the photocurrent will be given by the integral
A
i thm /cnss.-'klexp(kzar)dv, PRg)
e

If the density of radiation ? is constant, independent

of frequency in the interval from YV, to P, it follows

for the photocurrent

k
R cog’ a;;'-exp [kz(y—%)j,




e AT S

® 20 =

or in another form

C =& ol & 4 ‘\
i = §$ 0 e (1, 40 (4)
P ky exp (k, V)

where the first factor is a constant.
From the last formula it can be seen that with s light \
source emitting a continuous band the photocurrent is an J
exponential function of thﬁshort-wave limit, provided the |
ngmber of photons per cm3 is equal for each energy within P
trf\g band. !
T We may try to apply equation (4) on results of our mea~ w
surementé since the experimental arrangement roughly fulfils
its conditions. The spectrum of the high pressure mercury
lamp between the wavelengths 2700 and 5500 g can be conside~
red as approximately continuous with uniform emission. The
ratio of photocurrents recorded with electrbde illuminated

by variious portions of spectrum of the lamp should be an ex- Q

ponential function of the difference of short-wave end fre- !

quencies, as requires equation (4). Fig.l3 shows the current—

—voltagé curves for ‘O.1lM sulphuric acid with electrode illu-
minatedvthrough various filters. From the ratio of photo-
currents and from the corresponding short-wave end frequen-
cies the value of the constant
lnig;l._

i

Vi -4

k2 =

|
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has been calculated; for the cu

cm, for c¢ and 4, k2c= 3.05 xt]

= 3.15 x‘*\;‘Lo“”' cm. This result ..
of'equaiign (4) to the results obtai..

perimental arrangement is justified, £ M

Potential - Red Limit Diagrams

The experimentally found dependence of photocurrent on
frequency of light and on electrode potential can be put in

an empirical equation :

1, = kg o exp (ky « h#) o exp [k (E - B)] (5)

where ER is a reference potential and K, kb and kc are cons-
tants provi&ed the density of radiation is‘constant over the
given range of wavelengths.

From this equation it is evident that a certain value
of.photocurrent can be reached either at a constant electro-
de potential by increasing the energy of light, or, with
light of constant wavelength, by increasing the electrode
potentiél. For a fixed value of photocurrent a linear relat-
ion results between the electrode potential and the energy

of light producing the photocurrent :

1 : T kc
h = =—1n 2 + — (E = Eg) ‘ (6)
Ky ka kb

If the linear relation (6) holds for monochromatic light,
it should be also applicable, in view of eq.(4), to conti-

nuous spectrum with short-wave limit energy h#* . In order




has been calculated; for the curves b and c, k6= 3,10 x 10~4

cm, for ¢ and d, k €= 3,05 x 10™% cm and for b and d k5L
= 3015 x 10-4 cm. This result proves that the application
of equation (4) to the results obtained with the present ex-

perimental arrangement is Justified,

Potential = Red Limit Diagrams

The experimentally found dependence of photocurrent on
frequency of light and on electrode potential can be put in

an empirical equation :

ip = k, o exp (kb « h#r) . exp -k (E - ERX] (5 w
where ER is a reference potential and | kb and k., are cons-
tants provided the density of radiation is constant over the
given range of wavelengths.

From this equation it is evident that a certain value

of photocurrent can be reached either at a constant electro-

de potential by increasing the energy of light, or, with
light of constant wavelength, by increasing the electrode
potential. For a fixed value of photocurrent a linear relat-
ion results between the electrode’potential and the energy

of light producing the photocurrent :

1 i kc
h = = 1n -2 + ——(E-'ER) (6)
.kb ka kb

If the linear relation (6) holds for monochromatic light,
it should be also applicable, in view of eqos(4), to conti-

nuous spectrum with short-wave limit energy h#* . In order




to verify this conclusion it is convenient to choose for the

constant value of photocurrent its limit, i.e. its smallest
measurable value, and to determine the "red-limit potentials”
with light passed through various filters. By "red-limit po-
tential" the potential is understood at which the photocur-
rent begins to appear under given illumination. Likewise, for
a given potential light of a definite red-limit wavelength
exists with which the photocurrent can just be observed.

The limit of photocurrent necessarily depends on the ex-
perimental arrangement used, on the intensity of light and
on the sensitivity of the current-measuring instrument. Its
value in our case‘was 10_9A, corresponding to a deflection
of 1 mm on the screen of the oscilloscope with full sensiti-
vity. The potential of reference E. was, for the mentioned
practical reasons, in each solution the corresponding poten-—
tial of zero charge. The "red-limit potentials" when plotted
against the values of energy of the shortest wavelength
transmitted by the filters showed a linear dependence in all
solutions examined (Fig.l4 and following)e.

The iinear relation between the two variables determin-
ing the red-limit of photocurrent is a useful characterizat-
ion of the electrochemical photoeffect. The intercept of the
straight line on the energy axis at potential of zero charge
gives the minimal quantum necessary faor production of photo-
current in absence of electric field due to ionic double
layer, whereas the slope of the line indicates to what extent

the photoprocess depends on the potential of the electrode.
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The straight line on the "potential-red limit diagrams" re-

presents for each solution a border on the energy = poten-

tial plane under which no photocurrent can be obtained in

the given experimental conditions. All the walues of poten-

tial or energy of light exceeding this border line produce

photocurrent, the further from the line, the higher.

Cathodic Photocurrent in Indifferent Electrolytes

The direction and magnitude of photocurrent varies accord- ’1@
ing to the composition of the solution. The cathodic photo- il
current, of the direction of electrons entering into the
solution from the electrode, is in aqueous solutions a gene-
ral phenomenon, and shall be dealt with first.

In neutral and alkaline aqueous O.lli solutions contain-

ing cations of alkali or alkaline earth metals and anions

like halides, hydroxide, chlorate, perchlorate, azide, cya-

nate, sulphite, sulphate, phosphate, acetate and benzoate
the photocurrent is cathodic, approximately of equal magni-
tude - rather smell, with the intercept on the potential =

red limit diagram between 4.1 and 4.5 eV and the slopes of

the straight lines between 0.9 and 1.4 eV/V (Fig.1l5). A fi-
ner distinctiion between the above solutions, as far as the
effecte of cations or anions on the photocurrent are con-

cerned, has not been studied. The reproducibility in deter-

mination of the intercept with one solution, each time fresh-

1y prepared, was within +0.1l eV.
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On Fig.6 it can be seen t

tration of acid the photocur ¥ }
rographic reduction wave o :
with this effect a markecd , 5 j
ved on dilution of electrolytic ; |
16). The magnitude of photocurrent dep. R i
the charge of cations present in the solutio:n. :

of salts of alkaline earth metals have to be more ti..

red times more dilutéd than the solutions of salts of alka..
metals to give photocurrent of the same magnitude. This dif=
ference is ewvident also on the potential-red limit diasgrams
(Figel7): on dilution both the intercept and the slope of the

straight line are changed. With monovalent cations on 1O4fold

dilution the intercept decreases by about 0.5 eV whereas

with divalent cations the decrease is only about 0.1l eV. So-

lution of lanthanum acetate did not give any increase of

photocurrent even on lO4fold dilution. JJ

In purely ethanolic solutions the photocurrent is in ge- \”"\

neral by more than cne order less than in agueous solutions. f!

On Fig.l8 are compared the potential-red limit diagrams of

O<1M and ethanolic solutions. It is evident that for produc-

ing photocurrent in ethanolic solutiohs more negative poten— (i

tials must be applied to the electrode than in aqueous solut- |
ions. The effect of dilution on photocurrent'appears in etha- I

nol like in water with the difference that ih water the slo=-

pes of the straight lines of the diluted and concentrated

solutions with increasing negative potential divewrge, where-
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On Fige6 it can be seen that in solution of low concen-
tration of acid the photocurrent increases beyond the pola-
rographic reduction wave of hydrogen ions. In. accordance
with this effect a marked increase of photocurrent was obser-
ved on dilution of electrolytic solutions in general (Fig.
16). The magnitude of photocurrent depends here strongly on
the charge of cations present in the solution. The solutions
of salts of alkaline earth metals have to be more than hund-
red times more dilutéd than the solutions of salts of alkali
metals to give photocurrent of the same magnitude. This dif=
ference is evident also on the potential-~red limit diagrams
(Figel7): on dilution both the intercept and the slope of the
straight line are changed. With monovalent cations on 1O4fold
dilution the intércept decreases by about 0.5 eV whereas
with divalent cations the decrease is only about 0.l eV, So-
1utionAof lanthanum acetate did not give any increase of
photocurrent even on 104fold dilutione.

In purely ethanolic solutions the photocurrent is in ge-
neral by more than one order less than in aqueous solutions.
On Fig.1l8 afe compared the potential-red limit diagrams of
O.1M and ethanolic solutions. It is evident that for produc-
ing photocurrent in ethanolic solutioﬁs more negative poten~—
tials must be applied to the electrode than in aqueous solut-
ions. The effect of dilution on photocurrent‘appears in etha-
nol like in water with the difference that ih water the slo-
pes of the straight lines of the diluted and concentrated

solutions with increasing negative potential divewge, where-
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as in ethanol they converge (Fig.l9). From Fig.l9 it can

be seen, for example, that on the electrode illuminated
through filter of concentrated NaNO, (i.e. by wavelengths
longer than 4200 K) the photocurrent begins to appear in
aqueous solution of KOH at potential =0.6 V at 10~21 concen-
tration, and at potential by 0.6 V more negative at 0.1l
concentration. In ethanol, on the other hand, it appears in
both the diluted and the concentrated solutions at the same

potential of =1.6 V versus point of zero charge.

Cathodic Photocurrent in Specifically Active Solutions

Considerably higher photocurrents than in O.1lM neutral
or alkaline solutions of the above mentioned compounds ap-
pear in solutions of acids, as has been known since the

18 19

» o Y " e
Bowden s discover¥. Bowden s, Lrice and Hillson and Ri-

deal 2@ were studying the effect in sulphuric acid, Barker
and Garéner d used also hydrochloric and perchloric acids,
Berg and Schweiss - added phosphoric and Heyrovsky and
Norrish 24‘acetic acids. The potential-red limit diagram of
O.1M perchloric acid is on Figo.l4. The intercepts on the po-
tential-red limit diagrams of sulphuric, hydrochloric, per-
chloric, oxalie, citric and acetic acids were all found to
lie between 325 énd 3.50 eV and the slopes of the straight

1ines between 2.4 and 2.8 eV/V (with the exception of oxal-

ie acid where the slope is 4.2 eV/V) - see Tab.l.




solution
(0s1M unless

stated otherwise)

LiCl sat.with N_O &

Table 1

Parameters of Straight Lines from Potentisl~Red Limit Diagrams for

58 -

Cathodie Photocurrent

aqueous
slope

(eV/V)

1.9

LiCl + aerylonitrile 1.6

LiCl satewith CO

K'ZSeO3

KéTeQ4

c
NENQZ

KCNS
KNO3
KBroO
KJO3

Nh28203

La(OCOCH3)3
NeH, PO A
KCN

NEHCO3

3

iCl +
Licy CHéCOCH3

(COOH)2
HC1
HC10

4

HéSQ4

HNO3

CHjCOOH
eitric ascid

a 0 =
concentretion of N.0 in a

8 x 10" -

b concentration of GO sbout 2 x ICF3M

265
201
203

2T

1.1
1.5
2,0
202

1455

1.7
1,2
1.3
202
8.4
706
402
206
2,8
204
107
244
205

3045
3045
4+4
3685
249
204
3.4
3.3
2015
2,15
304
3¢9
3065
3095
3045

3635
303
3035
3045
301
3045
33

queous solution sbou

intercept slope intercept
(eV)

+0.1M KOH
(eV/V) (eV)
1.3 383
19 6 3045
1.1 301
1,9 3040
1,2 3:75
1.8 3045
0.9 30l
085 301
1.6 3eT
0.75 4505
0.8 4,05
0.9 463

¢ ethanolic solution saturated about 4 x ld"ZM

ethanolie

intercept

-

o

e g S,

t 2,5 x.1d'2u, in ethsnolie sbout
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Weaker acids yield smaller photocurrents and higher
intercepts on the potential - red limit diagrams; enhanced
photocurrents were observed in solutions of acids with
pPK < 10. Considerable photocurrent appears ih water satura-
ted with CO, (Fige20). A 0.1M solution of NaHzPO4 has an in-
tercept of 3.65 eV and yields a high photocurrent, whereas
N%§PO4 with intercept of 4.05 eV does not differ on illumina~
tion from other neutral solutions (Fig.21). In 0.1M solutions
of boric aeid, glycine and phenol the photocurrent is several
times higher than in Q.1M KCl. An increased photocurrent in
0.1M solution of KCN has probably to be ascribed to HCN for-
med by hydrolysis since after addition of KOH the photocur-
rent does not exceed that in KOH alone.

Besides acids there are other Species yielding higher
photocurrents when in neutral or alkaline solﬁtions (Tabsl)s
Lanthanum acetate in Q.1M concentration has an intercebt of
3;9 eV and displays a photocurrent noticeably higher than
magnesium acetate with intercept of 4.4 eV (Figs22); however,
on 10 fold dlution the photocurrent due to lanthanum ions
disappears and further dilution does not lead to its reappea-
rance, as has been mentioned above. In solutions of zine and
manganese sulphates no specific photdcurrents were obsarvede
Other cations have not been examined as they either are re-
duced at potentials too positive or absorb visible light
and so do not fit into the present conditions of measurement.

Barker and Gardner 21 reported a high photocurrent in

presence of nitrate, nitrite and bromate ions in solution.
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This has been confirmed in present experiments, and few mo~-

re active anions were found‘: iodate, thiocyanatey thiosul-
phate, selenite and tellurate. Heyrovsky and Norrish oy no-
ticed a strong photoeffect in solutions of nitrous oxide
NQO; equally effective is acrylonitrile.

The photocurrent in aqueous solution of LiCl saturated
with carbon monoxide under atmospheric pressure (about 10"3M)
increases notably with increasing negative potential; on the
potential-red limit diagrem there is hardly any change of
the value of the intercept of LiCl solution noticeable, but
the slope of the straight line changes to 2.5 eV/V from l.4
eV/V in.pure 0.1M LiCl (Fige.23).

When the electrode is illuminated in aqueous solutions
of bicarbonate or acetone, on the current-voltage curve the-
re appears a shape of a polarographic "wave" (Fig.24) caused
by a.steep increase of photocurrent from zero at relatively
negative potentials. The straight lines on the potential-
~red limit diagrams have in both cases an unusually high slé-
pe (7.6 eV/V acetone, 1l.4 eV/V bicarbonate) which indicates
a strongdependence of the photoprocess on electrode poten-
tial (Fig.25, 33). In bicarbonate solutions a cathodic photo-
current appears already at positive potentials, but disap-
pears when the potential of zero charge is reached and does
not reappear until at about -1 V versus potential of zero
vharge. The intercept extrapolated for the photocurrent on
the positive side is 3.3 eV (Fig.25). The increase of photo-

current in solution of acetone occurs at potentials so nega-
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tive that it almost merges with the electrolytic current
of supporting electrolyte.

Addition of alkali hydroxide to solutions of specifical-
ly active species increases, as a rule, the value of the in-
tercept, i.e. reduces the photocurrent, but in different so-
lutions to different extent (Tab.l)e. In presence of 0.,1M
KOH the strongest increase, by 1.0 eV, is observed with ni-
trite (Fig.26), then with bromate and iodate (0.9 eV), thio-
cyanate (0.4 eV), thiosulphate (0.3 eV) and tellurate and
nitrate (0.2 eV). The photocurrent in solutions of nitrous
oxide and acrylonitrile is very little affected by the pre-
sence of QH  ions; on the intercept no change is observeble
(Fig+28, 31). The addition of an indifferent electrolyte to
the specifically active solutions up to O.lM concentration
has no effect on the value of the intercept (Fig.27), and
neither any effect of valency of the cation Was observed
(Fige.28).

In alkaline solutions of substances giving high photo-
current the effect of pyridine can be followed. Pyridine is
known & to form in alkaline media at the surface of mercu-
ry an adsorbed layer which desorbs at negative potentialse.
It was found that pyridine suppresses the photocurrent to
a certain extent in the whole potential range, but that the
discontinuous increase of charging current resulting from a
sudden disappearance of the adsorbed layer is accompanied

by a simultaneous discontinuous increase of the photocur-

rent (Fig»29)o
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The compounds yielding high photocurrents in O.1M solu-
tions of supporting electrolytes cause an increase of photo-
current even in highly diluted solutions. Fig.30 shows the

effect of N,0 on photocurrent in 1070

M KC1; the effect of
CO is smaller, but still pronounced.

In ethanol ‘the specifically active species produce photo-
currents by more than one order less than in water. The com-
parison of the effects of the two solvents is well demonstra-
ted by the potential-red limit diagrams (Table 1) The smal-
lest difference between the intercepts in water and in etha-
nol, 1.2 eV, was found in solutions of acrylonitrile (Fig.
31). Nitrous oxide with intercept in water of 3.45 eV, the
same as acrylonitrile, has the intercept in ethanolic solut-
ion slightly higher, 4.85 eV (Fig.32). However, in both cases
the straight lines in the two'media‘remain nearly parallel.

A considerable difference between the slopes in the two sol-

vents can be observed in solutions of acetone (Fig.33).

Anodic Photocurrent

All the photocurrents described above were cathodic, i.e.
of the direction of electrons going from the electrode into
the solution. Anodic photocurrent, of the opposite direction,
was found in acid, neutral or alkaline solutions of oxalate,
dimethyloxalaté, malate, tartrate, pyruvate; citrate, glycol-
late, lactate, chloro-acetate, glycine, diacetyl and glyoxal
(Fig.34). It does not appear with any of the previously men-

tioned inorganic compounds, or with formate, acetate, fuma-
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Figoj
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rate or maleate, acrylonitrile, acetophenone, acetaldehyde
or acetone. Non—occurrénce of the anodic photocurrent in so-
lutions of ethyleneglykole, ethylenediamine or ethylenedi-
amine-~tetraacetic acid is an indication that the effect is
not connected with anodic dissolution of mercury.

The anodic photocurrent like the cathodic, but with oppo-
site sign, increases exponentially with potential. The depen-
dence of the logarithm of photocurrent on potential can also
be approximated by two linegr parts (Fig.35). The relation
between the potential and energy of the red limit of anodic
photocurrent is also linear (Fig.36, Table 2). Unlike the ca-
thodic photocurrent the anodic photocurrent is of the same
magnitude in aqueous and ethanolic solutions (Fige.37)e.

On the potential-red limit diagrams the intercepts of so-
lutions of acids are higher than those of their éalts (Table
2); an addition of alkaline hydroxide to the salts has no ef-
fect (Fig°38)o The straight line on the diagram of oxalate
ends at low potentials by a short section independent of
light energy‘(Fig°36)c A similar case was observed with malic,
lactic and Cl-acetic acids (Fig.39) amd in dilute solutions

of oxalic acid (Fig.40).
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Discussion

In the discussion of results we shall concentrate upon
photocurrents in aqueous solutions. The cathodic photovur-
rents in ethanolic solutions, much smaller than in water, we-
re not well accessible to measurements and therefore little
can be said about their character. However, from the compa-
rison‘of potential-red limit diagfams for solutions in the
two solvents important conclusions can be drawn concerning

the nature of the photoeffect in water,

Arguments against the Theory of Photoemission of Electrons

The photocurrent, if initiated by emission of electrons
according to the theory of Barker and Gardner 21, should be
based on qualitatively the same mechanism in aqueous and
ethanolic solutions. The Supporting electrolyte, specifical-
ly the cations, have a suppressing effect on the cathodic
photocurrent in water as in ethanol, since in both an increa-
se of photocurrent is observed on dilution. This suppressing
effect does not come into force in presence of the active
speciese. There are apparently two opposing processes taking
place in either solvent : one of the electrons returning back
to the electrode, catalysed by catioﬁs, and the other, more
rapid one, of the active species; helping to accomplish the

transfer of the electrons into the solution. However, in di-

lute solutions appears the different nature of photoeffect

in water and ethanol. The rate of a process in which electrons
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return back to the electrode can be supposed to decrease

with increasing negative potential; consequently the partici-
pation of cations in the mechanism of photocurrent will also
decrease. Judging from the potentialered limit diagrams (Figs
19), this is what happens in ethanolic solutions. In agueous
solutions, on the other hand, obviously a new reaction appears
with dilution which accelerates the transfer of electrons from
the electrodes This essential difference between the proper-
ﬁies of photocurrent in the two solvents i®m incompatible with
the idea of electron emission.

Another point where the difference of the cathodie photo=
effect in water and ethanol stands out markedly is the inter-—
cept on the potential-red limit diagrams. The values of inter-
cepts in ethanolic solutions are always higher than in aqueous
solutions and have to be obtained by extrapolation : no photo-
current can be produced by Hight of wavelength 2800 8 or lon-
ger at.potential of zero charge in ethanol. The smallest dif-
ference between intercepts in water and in ethanol, found in
solutions of acrylonitrile, is 1.2 eV. There are two factors
that must be taken into consideration when comparing the in-
tercepts., One is the difference in zero charge potentials
the potential of zero charge of mgrcufy in aqueous solutions
is by about 0.2 V more negative than in ethanol when measur-
ed against a common reference electrode 29° The other one is
the difference in the interface potentials between mercury and
water and mercury and ethanol. If the photbcurrent were based

on the same mechanism in both solvents and the differences
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were due only to different physical properties of the two
systems, the value le2 eV could be ascribed to the effect

of differences in the interface and zero charge potentials.
In that case the value 1.2 eV should figure as a constant dif-
ference between the agaeous and ethanolic solutions in gene-
ral. However, this was not found to be the case, as can be
seen from Tabe.l.

The intercept on the potenfial-red limit diagram repre-
sents the minimal energy necessary fér producing photocurrent
in absence of electric field due to ionic double layer. For
cathodic photocurrent, if there are no kinetic complications,
the intercept corresponds to the work function referring to
the escape of electron from the eiectrode into the solut;ono
In case of a reaction opposing to the escape of electrons a
higher value of intercept will be obtained, but under no con-
ditions can the intercept be lower than the work functions
Equation for the work function for escape of electron from

30

metal into the solution was derived by Frumkin » According
to this equation after substitution of the known data for

the potential of zero charge of mercury in aqueous solutions
an approximate value of 2.5 eV is obtained. Frumkin considers
this value by more than 0.5 eV, lower than should be expected.
The fact that some of the intercepts were found still lower
(2.15 eV in solutions of iodate and bromate, 2.4 eV in nitra-
te) proves that in these solutions the photocurrent cannot

- be caused by electron emission.

The strongest argument against the theory of electron
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emission remains the existence of anodic photocurrent which
has all the properties of cathodic phdtocurrent but for its
signe

In order to account for the experimental results speak-
ing against the applicability of the "physical concept" on
the photoeffect in aqueous solutions,vwe shall approach the

problem from the chemical sidee

Outline of the Charge~Transfer Theory

The system metal-solution diffefs from the metal in va- |
cuum not only in the presence of a new phase, but also in the [ 
existence of an interface, In the interface metal-éolution yi
various kinds of forces and bonds exist between the metal
and the components of the solution; and the interface layer
can be regarded as a chemical individuality, different from
the atoms or molecules in the bulk of either phase. When ana-
lysing the effect of light on a metal in a transparent solu-
tion we must take into account, besides the absorption and
reflection by the metal and the outer photoeffect like for
the metal in vacuum, also the absorption in the interface.
This absorption in a monomolecular layer may hardly be measu- ]

rable by physical means, but it can have detectable chemical

consequences, like generation of a photocurrent.

Matsen, lMakrides and Hackerman 31 have shown that adsor-

ption on a getal from solution can be formulated as a char-

ge~transfer - no-bond interaction between the metal and the




adsorbed species. For occurence of a chargewtransfer-no-bond
32

interaction the necessary condition is an overlap between
the highest occupied molecular oebital of the electron donor
and the lowest unoccupied orbital of the acceptor. The occu-
pation of orbitals of the electrode changes with its poten-
tial; according to the electrode potentiai and to the elec~-
tronic structure of the partner from the solution the elec-
trode can figure either as donor or as acceptor of electron
in the surface charge-transfer compleXo The bond between the
donor and acceptor in the ground state of the complex may - be,
and usually is, very weak; however, the charaéteristic featu-
re of charge-trapsfer interaction is the excited state : an
absorption of light quantum leads to transfer of electron
from the donor to the acceptor.

The typical absorption by a charge-transfef complex oc—
curs as a rule in the visible or néar‘UV region at wavelengths
longer than absorption due to the jndividual components of
the complex. For energy of charge-transfer absorption it fol-

lows from the theory 33 ..

hi~ = ID—EA——Gl—Go+X1' % - (7)

where ID is the ionization energy of the donof, EA the elec~-
tron affinity of the acceptor, Gl and GO the energies of
non-resonance interaction between the donor .and acceptor in
excited and grdund states respectively, and Xl and XO the
corresponding resonance energies of interaction between the

no-bond and dative statese.




When one of the partners of the complex is the electro-

de, the energy of both the grouhd and the excited states will
depend on the electric field of the double layers. In case

of electrode acting as electron acceptor the value of elec-

tron affinity E;, is given by its potential E :

e

%)
{
k=

" e~ N ) ) +- T s
"‘Lu ﬂ‘A s 0 ( 0 ) )

(8)
where index O refers for convenience to the potential of ze-
ro charge. Each of the other terms in equation (7) can be a
priori expected to depend on the double layer fieldg For this

dependence a linear approximation may be used of the form

L =L * k (E=-B)" (9)

where L stands for any term of ego (7) and the value k is
specific for each donor, determined mainly by its polarizabi-
lity. The expression for the energy of charge-transfer ab-

sorption of the complex between the electrode and an adsorb-

ed substance can be thus written in the form

h 4+ = M + N (E - EO) (10)

where i is the sum of the constant terms L and the electron
affinity EA,O referring to the potential of zero charge, and
V is the sum of the constants k.

For the opposite case when electrode plays the role of

electron donor in the complex, the electrode potential stands

for the ionization energy of the donor

T =T, #_ (E o (11




and the above considerations and equations epply mutatis

mutandis. Equation (10) shows that for a charge~transfer
complex in which an electrode is involved a linear relation

exists between the energy absorbed and the electrode poten=

tials

Photocurrent in the Terms of Charge-Transfer Theory

Let us ' suppose that the light which passes the solution
and illuminates the electrode in the present experiments im
partly absorbed by the charge-transfsr complex on'the electro-
de surface according to formula (10). The transfer of electron
from the donor to the acceptor in the excited state of the
complex brought about by the absorption can cause an initiat-—
ion of photocurrent if the return of the electroﬁ to the donor
is in some way prevented. This can happen by means of a react-
ion‘sufficiently rapid to involve the complex within the life-
time of its excited state,

In the discussion of the mechanism and kinetics of photo-
current first the initial process must be considered, i.e. the
formation of excited state of the complex. The rate of forma-
tion of excited state Ves OT the rate of absorption, is
given by the number of photons absorbed by the surface charge-
~transfer complexes per unit area of the electrode in one se-

cond. For thie number the following formula has been deduced 34,

V:, = O<o "'—‘_ a: (T = k e I (12)



where & is the coefficient of absorption, n the surface

concentration of the complex and‘ke the rate constant of ex-
citation. The absorption coefficient & is a function of
frequency of light and therefore, in view of eq. (10), also
of the potential of electrodes

Equation (12) would yield the expression for photocurrent
if every absorbed light quantum led to an elementary photo-
current - a definite one-way transfer of electron either from
. the electrode into the solution or in the opposite direction.
However, the experimental resultes show that thie do not hap-
pen. The dependence of logarithm of photocurrent on potential
suggests that at lower potentials -2 back reaction oposes the
photocurrent and that only at higher potentials a one-way

electron transfer prevails. This back reaction obviously cor-

responds to the deactivation of the excited state. The deacti- ’

vation is a complex of processes consisting in return of elec-
tron to the donor, to the ground state, which can occur with
emission of radiation, either spontaneously or under the ef-
féct of light, or in a radiationless transition brought about
by interaction-with components of the solution - in this re-
spect the cations are particularly efficient in cathodic pho-
tocurrent. With increasing potential the‘rate of deactivation
can be expected to decrease, in consequence the excited sta-
te becomes more stable.

In order to find out what are the charge-transfer comple-
xes and what are the acgual reactions producing photocurrent

in competition for the excited complexes with deactivation,



we shall examine the experimental results.

a) Anodic Fhotocurrent

The anodic photocurrent is of the same magnitude in aque-
ous and ethanolic solutions which shows that the solvent does
not enter into the primary photoreaction. Although absorption
in the solution is emcluded, the photocurrent is specific for
organic compounds containing the structural group =C-C- in

0 X
the molecule (X stands for a negative substituent). Absorption
of light by the metallic surface of‘the electrode should give
rise to cathodic photoemission of electrons rather than to the
observed opposite anodic photocurrent. These facts lead to the
conclusion that the light absorbing species requnsible for
the anodic photocurrent is a complex between the dissolved
substance adsorbed at the electrode and the electrode surface,

In terms of the charge-transfer—-no-bond theory applied to
adsorption the electrode will act as electron acceptor and the
adsorbed organic substance as electron donor. The adsorption
occurs most pfobably through the lone electron pairs on oxygen
and on the negative substituent, so that in the adsorbed state
a five-membered ring with the metal surface is formed. The sur-
face complex has a characteristic absorption at longer wave-
lengths than the organic molecules in the bulk; and the ab-
sorbtion shifts to longer wavelengths with potential of the
electrode becoming more positive, i.e. with increasing elec-

tron affinity of the acceptor, in agreement with ege(7).




On excitation by absorption of a light quantum an electron

is transferred from the adsorbed donor to the electrode. If
the electron returned back to the ground state; there would
be no net direct current flowing across the interface and no
photocurrent could be found polarographically. The existence
of anodic photocurrent indicates that during the lifetime of
the excited state some reaction takes place which prevents
the return of the electron to the donor. The nature of this
reaction can be inferred from photochemical behaviour of si-

milar systems.

P
Bisikalova 35 found that the photoreaction of complex oxa-

lates of mercury and some other metals in solution starte by
a transfer of electron from the ligand to the central ion
leading to formation of a reducing radical 0202-,The reducing
properties of this radical have been also postulated in dif-
ferent other studies 36’37. If the photoreaction of the oxa-
late anion adsorbed at the electrode is similar, i.e. if the
oxalate anion-radical appears as dative form of the donor at
the electrode surface it will be electrolytically oxidized to
002 by giving up the éecond electrone.

én ¥he mechanism of the oxidation can be judged by analo-
gY from homogeneous chemical reactions in solution. In com-
plex oxalates the C-C bond is known to be weakened by coordi-
nation and to break easily 38539 The oxidation of pyruvic
acid 40, X=0H acids 41242 4na (X-diketones %3 is believ-
ed to proceed through.formation with the oxidizing agent of

intermediate cyclic complexes which after the transfer of the




first electron break up in the C-C link between the oxygen-

~bearing carbon atoms, yielding reducing radicals. The irre-
versible step in the combined photoelectrolytical, oxidation
of the present donors is probably in this breaking of the
C=C bond between the carbon atoms carrying the oxygen and
the negative substituente.

If the above conclusions are correct, in the case of
anodic photocurrent the reaction which the charge-transfer-
complex undergoes in its excited state is electrolytic oxida~
tion. This mechanism of photocurrent can be represented by

the following general scheme

Hére D symbolizes electron donor, A acceptor, Pl reaction
products, z number of electrons in electrode reaction, k,
the rate constant of formation of excited state, kd rate
constant of deactivation and ky the rate constant of elec-
trode reaétiono

The expression for photocurrent according to this sche-

me will be obtained by application of the steady-state

treatment

ken = kg [B] + Xk [5]

where [ﬁ] denotes the small equilibrium concentration of
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the excited complex. From here it follows for [B]

k n
B =
] = ooc
and for the photocurrent ip
i kl
— P = k.n (13)
ZoFoq kd+k1

where F is the charge of Faraday and g the surface of the
electrode. Equation (13) shows that the photocurrent is di-
rectly proportional to the rate of excitation of the complex;
the proportionality factor approaches unity with increasing
potential, as k, increases and K, decreases. Consequently
the photocurrent is proportional to light intensity and al-
so its other properties are given by the reaction of excita-
tion. As far as can be judged from the present_experimental
results, the anodic photocurrent is in agreement with equat-
ion (13).

Since according to our hypothesis the photocurrent is a
direct consequence of absorption of light by the surface c
chargestransfer complex, the experimentally found linear re-
lation between the energy of red 1imit of photocurrent and
the electrode potential is an approximate picture of equat-
ion (10); modified by kinetics of photocurrent, specifically
by the deactivation reaction. The comparison of the values
of intércepts shows the relative ease with which the donors
lose an electron according to their jonization energy. The

intercepts vary between 3.9 eV for oxalate anion and 6.0 eV
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for glycine. The energy necessary for transferring electron
from oxalic acid to the electrode is by 0«5 eV lower than
from dimethyl oxalate, but by 1.0 eV higher than from oxala-
te snione. Similarly from tartrate anion the electron is by

0.6 eV more easily removed than from tartaric acid.Acids form-
ing charge-transfer complexes of a near structure, like tarta-
ric, malic and citric, or like lactic and glycollic, have the
same value of intercept.

The potential region in which donor-acceptor complexes
can be formed between the electrode and a partner from the so-
lution is necessarily limited : with potential becoming more
negative the electrode loses the ability of accepting elec~
tron in charge—tfansfer interaction. The partial deviations
from lianearity observed on some potential-red limit diagrams
can be explained by these limiting conditionse.

The formation of charge-transfer complexes with the elec=
trodé as acceptor probably occurs more generally; however,
most of the donmors in dative state are likely to be not elec-
trolytically oxidizable but reducible which case cannot lead
to production of photocurrente.

The anodic photocurrent described could be explained on
ground of one common mechanism : electrooxidation of the ex-
cited state of the domor. The cathodic photocurrent in aque-
ous solutions, on the other hand, represents‘a complex of pro-
cesses among which uhder suitable conditions the elementary

mechanisms can be distinguishede.




b) Cathodic Photocurrent in Solutions of Scavengers

Table 1 shows that from the species giving higher photo-
current 13 have a common intercept of 3.40 *+ O.l eV which
means that for production of photocurrent in solutions of
compounds as different as acrylonitrile, sodium thiosulphate
or hydrochloric acid at potential of zero charge of mercury
the same amount of energy is needed. The only common compo-
nent in all solutions giving this intercept is water. In  etha-
'nolié solutions the values of intercepts are higher and dis-
persed. The important réle of water in photoeffect is confir-
med by the experimenb with pyridine (Fig.29) : the photocur-
rent increases discontinuously in the moment when the desorb-
ed pyridine is replaced by water at the mercury surface.

Kemball 44 has found on mercury that the heat of adsorpte
ion of Wgter is higher than of other polar solvénts and that
ite entropy of adsorption is so large that it meems probable
that thé molecules sare immoﬁile on the surface forming a mo-
nolayer. In our concept of photocurrent we suppose that the-
se molecules are in charge-transfer interaction with the me-
tallic surféée; this time the electrode functions as electron
donor and water as electron acceptor. An absorption of light
Quantum brings about a photochemical tfansfer of electron from
the electrode to the adsorbed molecule of water. In this way
in the excited state there is on the electrode surface a mo-
lecule of water bearing a negative charge; it reminds of the

45

hydrated electron but differs from it in localization of

the charge.
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Before the electron returns to the gréund:state to the

electrode it can be removed from the water molecule by a

fast reaction with aﬁ active component of the solution. The-
se active components causing high cathodic photocurrents ac=
cording to Tab.l, are efficient scavengers of hydrated elec-
trons with the exception of thiosulphate and thiocyanate ions
460 Thiosulphate is known to react readily with atomic hydro-
gen 4T which suggests that the water molecule carrying & nega-—
tive charge is in equilibrium with hydrogen atom and hydroxyl

anion. The reaction can be schematically expressed :

ke

Me soo HyO o> = Me soo (Hy0)=—="Ue oo (H+ OH™ ).
a . v

In alkaline solutions the ability of the negatively charg-
ed water molecule to react as H and OH is reduced. This can
explain why addition of potassium hydroxide causes a shift
ofvthe'intercept in solutions of thiocyanate and thiosulkphate;
their reactigﬁb;ith atomic hydrogen is apparently higher than
with electron. The other scavengers having the common inter-
cept -~ nitrous oxide, acrylonitrile and nitrate ion = react
rapidly with electron in neutral and alkaline solutions, amd
an addition of alkaline hydroxide does not affect their inter-
cepte.

The variety of slopes of the straight lines on potential-

—red limit diagrams in aqueous solutions of electron and hy-

drogen atom scanvengers indicates that the absorption by the




charge transfer complex water-electrode and the kinetics

of scavenging reactions are specifically affected by the
field of the double‘layer° However, all the differences dis-
appear at potential of zero charge in absence of the ioniec
double layer when the photocurrent is given only by the dif-
ference between the rate of the photochemical transfer of
electron from the electrode to the water molecule and the ra-
te of an elementary deactivation reaction which, judging from
the dependence of photocurrent on potential, occurs even in
the solutions of efficient scawengercs. The energy necessary
for this process corresponds to the common value of inter-
cept, 3.4 eV,

The reaction of transfer of electron to water is well
known in photochemistry of aqueous solutions. Dainton and Ja-
mes 48 found a linear relation between the enebgy of red li-
mit of charge—~transfer band in absorption spectra of a series
of hydfated transition metal cations and their standard re-
dox potentials. The energy of the long-wave limit of absorpt=—

49, namely the

ion in this series is separable into two terms
ionization energy of the reduced form, and a constant term

characteristic of water molecule and its ion and radicale. The

ionization energy of a noble metal electrode in solution chan-

ges according to its applied potential; at potential equal to
the standard potential of a redox system it is equal to the
ionization energy of the reduced form of the couple. At po-
tential of its zero charge (-042 V wersus normal hydrogen

electrode) wil%mercury in aqueous solution have about the
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same ionization energy as the hydrated vanadous ion. The

energy of red limit of charge=transfer absorption of vanadous

solution is, according to the above authors’ results, 8l kcal,

or 3.5 eV. The fact that this amount of energy necessary for
the tFansfer of electron to water is near the minimum energy
for production of photocurrent, 3.4 eV, is in agreement with
out hypothesis about the nature of photocurrent.

The value of the energy of red limit of photocurrent at
potential of zero charge of mercury, the 3.4 eV, obviously
corresponds to the value of the work function referring to
the escape of electron into aqueous solution, estimated by

30

Frumkin as higher than 3 eVe

A transfer of electron to adsorbed water molecule has been

suggested as primary reaction in heterogeneous photoprocesses

20 and anthracene 51; The concept

on surfaces of zinc oxide
of water as electron acéeptor in charge-transfer interact-
ion between Water‘and aromatic hydrocarbons appeared in a
paper by Bohon and Claussen 520

Valnev‘53 found that water vapour when adsorbed on cadm~
ium or zind is decomposed by light of energy by 2 eV lower
than when in gas phase, with simullaneous evolution of hydro-
gen, in a mechanism independent of photoemission; it seems
that this effect could be interpreted on ground of photoex-
citation‘of a charge-transfer complex between the mefal and
adsorbed watery like in our case.

From the discussion of the cathodic photocurrent in

aqueous solutions of -scavengers we may conclude that here




the excited state is formed betweeh the electrode aml a com-

mon acceptor, water moleculeyand that from the acceptor the
electron either returns to the donor or is removed by a che-

mical reaction with the scavenger. For this mechanism fol-

lowing scheme applies :

k, A h
Bz P-(_.____———ED ese A
1
! K.,
+ e £ T
D wes A + 8§ —> P,

2
where S stands for scavenger, and other symbols have the sa-
me meaning as in the case before.

The steady state condition on illumination :
kg omi .= kg LB kg LH] . IS
leads to the expression for intermediate concentration of
excited complex
n
L=]-
kg + k&, [s]

and for the photocurrent

i s ko 1S
—2 = ko on L ]~ o (14)
ch Kd + k‘?_ [b]

Here again the photocurrent is directly proportional to the
rate of excitation of the complex; the proportionality fac-
tor approaches unity at high concentration of scavengers ahd
with increasing potential, when K4 decreases. Like in case
oI

anodic photocurrent, the cathodic photocurrent is direct-

ly proportional to the light intensity and on the light fre-




quency and electrode potential depends according to the ex-

citation reaction. The dependence of the photocurrent on
concentration of scavenger is nonlinear and tends to & limite
Experimental evidence is in favour of equation (14). The
postulated dependence on scavenger concentration agrees with

preliminary results of Heyrovsky and Norrish 24 and with the

data of Delahay and Srinivasan 23 who found that‘photocurrent
becomes independent of concentration of acid at concentrat-
ion about 1M, and that at still higher concentrations it de-
creases, The decrease is probably due to interference of acid
with the charge-transfer interaction of water at the electro-
de surface. v

The seemingly anomalous behaviour of the two efficient
electron scavengers, bicarbonate ion and acetone, can be ex-
plained on basis of an electrolytic back reaction. Bicarbo-
nate anion when adsorbed at positively charged electrode re-
acts with the excited state of the complex like an acid, as
indicates the intercept 3.3 eV (Fige25)« On negatively char-
ged electrode no bicarbonate anions are adsorbed, but as
electron scavenger in the vicinity of the electrode will act

54

the molecule of carbon dioxide present in the solution in

equilibrium. However, the molecule of‘CO2 oh accepting an

electron turns into a reactive reducing radical cog ready

to give up the electron to the electrode as long as its po-
tential is sufficiently positive. Under these conditions the
molecule of carbon dioxide functions as an efficient deacti-

vator of excited charge-transfer complexes on the electrode




surface. It is only at potentials more negative than -1.0 V')

versus potential of zero charge that COE retains the elec-
tron and CO2 behaves as:electron scavenger producing a high
photocurrent. Similarly with acetone in aqueous solution the
ragical 77 (CHyCOCH;)™ is evidently electrolytically oxidized
at potentials less negative than =1.0 V and there suppresses
the photocurrent until this potential is reached.

In solutions with vaiues of intercepts higher than 3.4
eV the solutes also react at the electrode with the negative-
ly charged water molecule or with atémic hydrogen, but their
reaction is not sufficiently fast for a successful competit-

jon with deactivation processes; in accordance with equation

(14) the photocurrent becomes smaller with decreasing kgo

c) Cathodic Photocurrent in Indifferent Electrblytes

In the inert O.ll agueous solutions with intercepts between
4.0 and 4.5 eV the rate of deactivation kj is high and the
only thinkable scavenger is water itself o which, however
with its very small value of k2 would produce hardly any mea-
surable current. It seems more probable that the photocurrent
observed in absence of scavengers is due to a bimolecular re-
action between two excited complexes. With water molecule as
acceptor the product of such reaction will be hydrogen mole-
cule and two OH™ ions like in the reaction between two hydra-
ted electrons 57. This mechanism could account for the above

ra
mentioned Valnev 8 experiment 23, In our symbols the scheme

is as follows
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From the steady-state condition

kg en = kg [B] + ky [B]2

the concentration of excited complex is obtained
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by means of which after a small arrangement the expression

for photocurrent is given

5

3 k -
N R kiren. & _g.._ - 1 . (15)
) e 5

Fq ¢k3 ,

The photocurrent according to equation (15) is always
smaller than the rate of excitation, since, as we have seen,
kd 0. Its magnitude depends above all on the rate of de-
activation kge

Dilution- brings about a decrease of concentration of
cations favouring the deactivation and therefore an increa-
se of photocurrent is to be expected. However, since the
ionic concentration in the double layer, which is clearly
most important in deactivation, is an exponential function

. =® \::’ = 4 P .
of the ionic charge ’© the effect of dilution on the back

b
reaction will depend strongly on the valency of cations. The

photocurrent in diluted aqueous solutions in absence of sca

vengers demonstrates this dependence.
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In solutions of efficient scavengers no effect of valen-
¢y of cation of the supporting electrolyte on photocurrent
was observed (Fig.28) - evidently because here the deacti-

vation reaction is suppressed and plays but a small role be-

{

sides the scavenging (eq.l4), whereas in absence of scavengers

its role becomes determining for the photocurrent (eqgel5).
An increase of photocurrent in 10'6M KC1l after introduction
of electron scavengers into the solution (Fig.30) indicates
that the deactivation reaction at this dilution is still
considerable, as can be also judged from the intercept on

potential-red limit diagram (Fig.l7).

d) Cathodic Pholiocurrent—Special Cases

It has been shown that the value 3.4 eV of intercept of
the straight lines on potential-red limit diagrém is given
by the energy of electron tranéfer to water molecule. The
caées where the value of intercept is found lower than 3.4

eV cannot be explained by domor~acceptor interaction between

electrode and water. The acceptors are here apparently either

the anions 5f the dissolved compounds or species formed from
them in solution. Tellurate, bromate and iodate are electro-
lytically reducible and it can be expeéted that if after the
phototramsfer of an electron a radical-anion is formed, it
will be further reduced on the electrode. Such mechanism
would be exactly analogous to the anodic photocurrent, and
the photocurrent would follow equation (13). The shift of

the intercept by potassium hydroxide might indicate that the




acceptor in neutral solution is not anion, but the corres-
ponding acid formed in small concentration in solution by
hydrolysis and adsorbed at the electrode surface, and that
the anions appear in the charge-~transfer complex only in al-
kaline solution. Nitric acid which is the only étrong acid
having the intercept lower than 3.4 eV, also probably enters
directly into donor-acceptor complex with the electrode and
is reduced in excited state. The nitrate anion, on the other

hand, reacts as a scavenger of electrons yielding the inter-

cept 344 eV,

Slightly different is the problem with solutions of nitri-

te. Nitrites in aqueous solutions are known to hydrolyse

slightly forming nitric oxide NO 27. From the polarographic

behaviour of nitric oxide Rampazzo and Cardinali 60

conclu~-
ded that the compound is adsorbed at the electrode in the in-
ner part of the compact double layer. We have tried to as-
certain the adsorption of NO on the dropping mercury elec-
trode by means of electrocapillary curves. The curves obtain-
ed by measuring the time of 10 drops are shown on Fig.41l and
42+ The surfaée tension on mercury in neutral solution of
sodium nitrite increases after addition of alkali Bydroxide
and bubbling hitrogen through the solution = it is because

in this way hydrolysis is suppressed and NO expelled from
solution (Fige.4l). A direct proof of adsorption of NO on the
electrode is brought dn Fige.42 where after dissolution of NO
in alkaline solution the surface tension is lowered. Nitric

oxide is therefore apparently the acceptor in surface charge-
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~transfer complex with the electrode in neutral solutions

exctalon ) ]
of nitrite. The photoexidatien of the complex is probably

accompanied by an irreversible electroreduction, judging
from polarographic results. In alkaline solutions of nitri-
tes no NO is formed and the NOZ ion behaves like a strong

electron scavenger in photoreaction between electrode and

water, with intercept 3.4 eV on the potential-red limit dia-

gr'am,

Fotentiometric Effects

It remains to explain in terms of the theory of photo-
chemical charge-transfer the shifts of potentials of mercu-
ry pool electrode on illuminati on. If the exper{ﬁents are
carried out in aqueous solutions of inert electrolytes, the

charge-~transfer complex with the electrode will be formed by

water molecules. It is known 61 thataatomic hydrogen causes

a shift of potential of mercury electrode to negative values.

Because the molecule of water as acceptor in excited state
can react as atomic hydrogen, the illumination of electrode
by constant light is equivalent to maintaining a certain ve-
ry low constant concentration of hydroéen atoms at the sur-
face. Besides that, on stationary electrodes all traces of
impurities accumulated from the solution are éubject on il-
lumination to the reducing effec¢t of electrons or hydrogen
atoms, and their slow reduction will impart to the electro~

de a trend towards negative potentisls. Oxygen will immedia-
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tely react with negative water molecules under formation of
oxidizing radicals 05 or HOZ‘which will shift the potential

in positive direction.

Conclusion

The "chemical" concept of the electrochémical photoef-
fect based on photochemical charge-—transfer reactions between
the electrode and components of the sodution seems to suceed
in explaining a variety of experimental facts. However, more
thorough and, above all; quantitative investigation is neces-
sary to prove how far the idea of charge-transfer complexes
with the electrode is justified. Comparison ofrtheoretical
equations (12), (13) and (14) with the empirical formula (5)
shows that the dependence of the absorption coefficient |
on the frequency of light and on the electrode potential
ought to be exponential. This is the most essential conclu-
sion which must be checked on ground of guantitative results
before further work can be done on the photo-electrochemical

charge-transfer,




Sunmary

On illumination of dropping mercury electrode in trans-—
parent solutions both cathodic and anodic photocurrent can
be observed. The cathodic photocurrent appears in every so-
lution, anodic photocurrent was observed only in presence of
organic substances bearing a =C=0 group and a negative subs-
tituent on the neighbouring carbon atom.

The cathodic photocurrent increases with dilution of sup-
porting electrolyte; the increase depends on the charge of
the cation being greatest in solutions of univalent and ne-
gligible in solutions of trivalent CétiOth

. A particularly high cathodic photocurrent appears in so-
“lutions of scavengers of electrons or hydrogen atoms. The
energy necessary for production of photocurrent in aqueous
solutions of scavengers at potential of Zero chfage is cons-
tant and equafo3.4 eV,

 The photocurrent is a faradaic curreht, it is directly
proportional to light intensity and increases exponentially
with the electrode potential and with the energy of light.
Between the'energy of red limit of photocurrent and electro-
de potential a linear relation holds.

In order to interpret all the experimental facts a theo-
ry is.proposed based on photochemical charge-—transfer between
the electrode and a component of the solution. This theory
in contradistinction to the theory of electron emission lo-

cates the primary act of light absorption in a surface char-

ge—-transfer complex with the solvent or a solute in which

-ih------------E:__________________________________;4ﬂ
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the electrode plays the rdle of either electron donor or ac-—

(T

Ceptor. The excited surface complex either is deactivated or
undergoes a reaction yielding photocurrent.

The anodic photocurrent is explained by electrolytic oxi-
dation of donor - the organic molecule = in dative state. In
@queous solutions of Scavengers the charge-transfer complex
is supposed to be formed with the water molecule as acceptor
which in excited state bearé an electron capable of reaction
with the scavengers. In some cases a direct participation of
the solute in charge—~transfer complex with the electrode is
postulated. The photocurrent in aqueous solutions without

(=]

scavengers is ascribed to bimolecular Yeactiwsion of excited

(=

complexes.

Experimental results were found in qualitative agreement
with the proposed theory. For the three different mechanisms
of photocurrent equations were derived, however, the present
simple experimental arrangement did not allow their’quantita—

tive verification.
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(Reprinted from Nature, Vol. 200, No. 4909, pp. 880-881,
November 30, 1963)

Photovoltaic Phenomena in Aqueous
Solutions

ResuLTs of our potentiometric measurements of the
photovoltaic effect in the ultra-violet region on platinum
and mercury electrodes in aqueous solutions of sulphuric
acid, potassium hydroxide and potassium sulphate led us
to the conclusion that the observed potential changes of
the illuminated electrode are caused by a competitive
action of oxidizing and.reducing species formed in water
under the incident light.

A confirmation of this hypothesis has been found on
examining the same solutions polarographically under
constant irradiation by a high-pressure mercury lamp.
Whereas no observable change appears on polarographic
curves of deaerated solutions of potassium hydroxide and
potassium sulphate when exposed to light, a rapid in-
crease of current of the magnitude about 10-8 amp (Fig. 1)
follows the illumination of the dropping mercury electrode
in solutions of sulphuric acid. On extinguishing the
light, the current falls back to its original value. The
production of current on exposure to light begins to
appear at potentials by about 0-6 V more positive than the
rise of the reduction current due to electrolytic evolution
of hydrogen, and it increases with increasing negative '
potential of the dropping electrode. With increasing
concentration of hydrogen ions up to about 1 N the current
caused by light increases; further from there it begins to
diminish. In water—ethanolic solutions of sulphuric acid
the photocurrent is smaller by about 1/2 than in aqueous
solutions.

Qualitatively the same phenomenon was observed with
solutions of perchloric, hydrochloric and acetic acids.
Besides the appearance of this relatively small current on
the foot of the wave the actual polarographic reduction
wave of hydrogen ions is not affected by illumination.
There was found no effect whatever of ultra-violet light
on the foot of the polarographic reduction waves of
oxygen, Cd*+, Zn?* or Ni%*t ions. Nitrous oxide dissolved
under atmospheric pressure stimulates the increase of
current in acid solutions and introduces an identical
effect in solutions of potassium sulphate and potassium
hydroxide.

The described experimental results could be inter-
preted on the basis of the effect of the photosensitized
decomposition of water on the electrode surface. The
metallic atoms in the surface of the electrode excited
by the incident quanta of light transfer energy to the
adsorbed molecules of water. It can be assumed that
the dissociation products of water, H- and OH- radicals,




are also adsorbed at the electrode surface, and that
their heat of adsorption is greater than that of the
water molecule. In that case, quanta of lower energy
than 118 kcal/mole (that is, light of longer wave-length
than 2422 A) can lead to splitting of the H-OH bond in
water. (The potential changes in all solutions and the
production of photocurrent in acid solutions were observed
to a small extent also with ultra-violet light of A above
3200 A.) The radicals formed recombine rapidly to water,
molecular hydrogen or hydrogen peroxide. The occur-
rence of the reaction products at the electrode surface
results in & change of potential of the inert electrode, the
extent and the direction of which depend on experi-
mental conditions. However, the concentration of the
electroactive species is not high enough to cause a measur-
able polarographic current.

In solutions of acids the hydrogen ions adsorbed at the
negatively charged electrode combined with photolytically
generated hydrogen atoms to form Hj. By this reaction
the equilibrium between decomposition of water and
recombination of its radicals is disturbed, and the total
reaction now results partly in formation of Hf and - OH,
which can both be reduced at the electrode in an extent
sufficient to produce a polarographic current.

A similar mechanism occurs in the presence of N,O
which turns hydrogen atoms into OH radicals. Alcohol, on
the other hand, acts as a scavenger of H and OH, changing
them into water or molecular hydrogen, and thus sup-
presses to a certain extent the production of current.

A photosensitized decomposition of water could well
account for experimental results published by other

light off ¢

54094

light on T

Tig. 1. Polarographic current in deaerated 1 M H,80, at constant
potential —0:9 V (versus 1 M Hg;SO, electrode): illumination of the
dropping electrdde by an ultra-violet lamp denoted by arrows
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(Reprinted from Nature, Vol. 206, No. 4991, pp. 1356-1357,
June 26, 1965)

Nature of the Photoeffect in Aqueous Solutions

As has been already reportedi-3, a photocurrent is
produced when a dropping mercury electrode is sufficiently
strongly illuminated in solutions not absorbing the light.

Further investigation of this effect shows that in various
solutions cathodic and anodic photocurrents can be
obtained and that the cathodic photocurrent is particularly
high if the solution contains a scavenger either of electrons
or of hydrogen atoms. A plot of energy of the red limit of
photocurrent against potential of the electrode gives a
straight line (Fig. 1) the slope of which indicates the
dependence of the photoprocess on potential; the red limit
at the potential of zero charge gives the energy necessary
for production of photocurrent in absence of electric field
due to ionic double layer.

From an examination of a number of solutions it appears
that the cathodic photocurrent is as a rule higher by more

—06 |—

E (v)
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Tig. 1. Relation between the energy of red limit of photocurrent, and the
electrode potential in 0-1 M LiCl saturated with N. 40. a, In water; b, in
ethanol. Potentials measured from the potential of zero charge




Table 1

Solution Aqueous Ethanolic
(0-1 M unless slope intercept slope intercept

stated otherwise) eV/V) (eV) eV/V) (eV)

LiCl sat. with N,O* 1-9 3-45 1-8 4-85

LiCl + acrylonitrile 1-6 3-45 2-2 4-65
KCNS 11 3:35
NayS,0, 15 3-40
NO, 15 3-30

NaNO,t 19 3-40 2-3 515
Cl 26 3:30
HCIO, 2-8 340
H,80, 2-4 3-45
Acetic acid 2-4 3:45

Oxalic acid 4-2 3:3b 4-0 5-40

5 * Cm’iytiw of N,O in aqueous solution about 2:5x 10~2 M, in ethanclic about

x 10~

4 + +0 1 M KOH in aqueous solution; ethanolic solution saturated, about
x 102 M.

than one order in water than in ethanol. Table 1 com-
pares parameters of the potential—red limit diagrams for
some solutions yielding especially high photocurrents.
With aqueous solutions the straight lines, although of
different slopes, all have a common intercept at the
potential of zero charge corresponding to 3:40 eV (within
the limits of experimental error). In ethanol, on the other
hand, there is a wide dispersion of the intercepts, the
lowest value being 4:65 eV, slightly higher than the work
function of mercury, 4:53 eV (ref. 4).

The surprisingly low value in water suggests that there
the emission of the electron from the mercury surface is
made easier, probably by its transfer to an adsorbed water
molecule with production of a hydrogen atom and a
hydroxyl anion, that is, by a mechanism known from
electron transfer spectra in aqueous solutions. Dainton
and James® discovered a linear relationship between the
redox potentials of a series of cations and the energy of
their red limit of absorption. From the graph illustrating
this relationship it can be found that the energy corres-
ponding to red limit of absorption for a cation with redox
potential equal to potential of zero charge of mercury
would be 81 kecal/mole-or 3-55 eV. The fact that this
value is near to the 3:40 eV obtained from the red limit of
photocurrent supports the hypothesis that the same
mechanism is involved in both phenomena.
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Depolarisationswirkungen der Aluminiumionen?

Von

M. Heyrovsky 2
Mit 10 Abbildungen

a) Mit angewandter Spannung
(Spannungsbedingte Polarisation)

Meistens betrachtet man die polarographischen Stufen, welche
bekanntlich in schwach sauren oder neutralen Grundelektrolyten mit
einer Spur eines Aluminiumsalzes bei etwa — 1,75 V (gegen die norm.
Kalomelelektrode) entstehen, als einen Beweis der Abscheidung von
Al3+-Tonen, denn sie entspricht dem Verbrauch von 3 Elektronen und
ungefihr dem Diffusionskoeffizienten des Al3+-Tons. Niahere Unter-
suchungen der Form der Stufe (durch logarithmische Analyse) und
der Lage des Halbstufenpotentials stimmen mit dieser einfachen Auf-
fassung jedoch nicht iiberein [1]. Die Form der Kurve deutet auf
einen irreversiblen Vorgang mit dem Richtungskoeffizienten von 50
bis 80 mV (statt 19 mV) je nach der Art des Grundelektrolyten ; das
Halbstufenpotential verschiebt sich mit wachsender Konzentration
des Aluminiums zu negativeren Werten (um 20 bis 30 mV bei doppelter
Konzentration) und wird auch durch die Konzentration und Art des
Grundelektrolyten beeinfluBt, Auch bei der Erhéhung des Queck-
silberdruckes um 20 cm verschiebt sich das Halbstufenpotential um
— 18 mV. Der Temperaturkoeffizient des Halbstufenpotentials ist
hoch, fast wie bei der Wasserstoffabscheidung, + 2,2 mV pro Grad.
In allen Elektrolyten, am deutlichsten aber in LiCl oder NV (CH,),01,
entstehen Maxima ohne Stromungen in der Losung (Abb. 1).

1 Vortrag, gehalten anlaBlich des Polarographischen Kolloquiums in Dresden
vom 3. bis 7. Juni 1957.
2 Michael Heyrovsky, Praha 1, Vlaské 9.

7 Z.physik. Chem., Sonderh.
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Abb. 1. Polarographische Stromspannungskurve von 3,85 - 1074 m KAL(SO,),
in 0,1 n LiCl. Obere Kurve in Gegenwart von Luft, untere Kurve in
Stickstoffatmosphére.

Die Stromspannungskurven auf dem Kathodenstrahloszillographen
zeigen bei méaBiger Geschwindigkeit der Spannungssteigung an einem
Tropfen (1 V pro sec) die iiblichen Maxima (,,peaks*) (Abb. 2), welche
jedoch bei der riickgéngigen Kurve wieder erscheinen, obzwar sie
wegen gradueller Erschopfung des Depolarisators verschwinden sollten.
Ein solches Verhalten zeigen nur Maxima der katalytischen Wasser-
stoffabscheidung (gemdf VArenTa [2]). Auf der riickgéingigen Kurve
entstehen beim Depolarisationspotential keine anodischen Stréme.
Auch der Umschalter von Karousexk [3] zeigt kein Reduktionsprodulkt
an, das sich anodisch oxydieren mé&chte.

Das bisher erwidhnte Verhalten der polarographischen Kurven be-
weist eher eine vollig irreversible Abscheidung (wie z. B. die des

Abb. 2. Oszillographische Stromspannungskurven. Lésung 3,8 - 1073 m Al,
(80y4)3, 4 m LiCl, in N,; obere Kurve von 0 bis — 2 V, untere von
— 2V zuriick zu 0; 1V pro sec.

Depolarisationswirkungen der Aluminiumionen

Abb. 3. ¢-t-Kurven beimhalben Grenzstrom von 9-1074m K AL(S0,),in 0,17 LiC]
in N, bei — 1,74 V. Die Zacken geben 0,31 sec an.

Wasserstoffs) als eine Aluminiumamalgambildung. Eine andere Ano-
malie zeigen auch die Strom-Zeit-Kurven des Diffusionsstromes der
Aluminiumstufe. Die Kurven (Abb. 3) sind gewellt, als ob ein Vorgang
periodisch die elektrolytische Abscheidung stéren wiirde. Nach langem
Elektrolysieren beim Grenzstrom des Aluminiums iiberzieht sich die
Kapillarmiindung allmihlich mit festem Aluminiumhydroxyd, so da8
die Kapillare zu tropfen aufhért. Das beweist, dal eines der Elektro-
lysenprodukte Aluminiumhydroxyd ist.

Ein anderes Merkmal einer Wasserstoffabscheidung ist das Ver-
halten der Aluminiumionen bei der Elektroreduktion organischer
Verbindungen, wie Benzaldehyd, Azetophenon, Azobenzol, Benzil und
vielen anderen. Wie Rurrscar und TRUEMPLER [4] festgestellt haben,

Abb. 4. Zu 5ml 1,85 - 10* m p-Diathylaminobenzaldehyd in 0,1 n KOl wurden
je 0,1 ml 1072 m KAISO,), in N, zugegeben. Anfang der Kurven bei
—.0,8.V.
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geben Protondonatoren, wenn sie zu einer neutralen ungepufferten
Lésung einer reduzierbaren organischen Verbindung zugefiigt werden,
eine Stufe bei positiven Potentialen. Dieselbe Wirkung geben auch
Aluminiumionen, die sich in dieser Beziehung wie eine Siure ver-
halten (Abb. 4). Wenn man diese Wirkung mit jener der freien Wasser-
stoffionen vergleicht, findet man, daB z. B. eine 10~3-m-Aluminium-
Alaun-Losung vom pH-Wert 4,12 dieselbe depolarisierende Wirkung
auf organische Verbindungen ausiibt wie eine 10—3-m-Schwefelsiure
von pH 2,8. Dagegen gibt 10~4-m-Schwefelsdure von pH 4,05 (welche
fast den gleichen pH-Wert wie die 10-3-m-Alaunlésung hat) keine
Stufe. Es kommt hier also nicht auf den potentiometrischen pH-Wert,
sondern auf die Anzahl der Protondonatoren an. Durch Berechnung
nach RUeTscur und TRUEMPLER findet man, daB ein A73+-Ton der
organischen Verbindung drei Protonen zur Verfiigung stellt. Auch
die katalytische Herabsetzung der Wasserstoffiiberspannung durch
organische Verbindungen, welche ein tertifires oder heterocyclisches
Stickstoffatom enthalten, wie Phenazinfarbstoffe und Azofarbstoffe
(z. B. Phenosafranin, Safranin, Methylenblau, Methylorange, Tropa-
eclin), wird in einer d&hnlichen Weise sowohl durch freie Wasserstoff-
ionen als auch durch Aluminiumionen hervorgerufen (Abb. 5) [5].

Wird einer neutralen Formaldehydlésung eine Aluminiumlésung
zugefiigt, so entsteht beim Potential — 1,2 V eine Stufe, die zu einem
kinetisch beschrinkten Grenzstrome wichst. Eine dhnliche Stufe bei
— 1,2V erhédlt man auch, wenn zur Aldehydlésung Essigsdure zu-
gefiigt wird.

Aus dem erwihnten Verhalten der Aluminiumionen bei Depolari-
sationen organischer Verbindungen und auch in verschiedenen Elektro-

Abb. 5. Zu 5ml 2.107% m Phenosafranin in 0,1 m KOl wurden je 0,1 ml
102 m Al,(SO,); in N, zugegeben. Anfang der Kurven bei — 1,0 V.
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lyten findet man Analogien mit dem Verhalten der Wasserstoffionen
in schwachen Sauren. MASEKR [2] weist darauf hin, dafl verschiedene
Aquoionen, wie von Beryllium und Thorium, polarographisch als
Protonendonatoren fungieren kénnen; bei AI3+(H,0)¢ kann z. B. die
Wasserhiille so stark polarisiert sein, dafl drei Protonen ionogen ge-
halten werden und =zur elektrolytischen Wasserstoffabscheidung
fithren, Die Elektrodenreaktion des Aluminiumions wére demnach:

ANH,0)3* + 3¢ — AWOH); +3H,0 + 3 H,

Ein charakteristisches Verhalten bei der Depolarisation durch
Al-Tonen kommt zum Vorschein an der durch den Kathodenstrahl
an einem Tropfen erhaltenen Stromspannungskurve, wenn die Span-
nung periodisch von 0 bis — 1,8 V und zuriick mit verschiedener
Frequenz verliuft. VALENTA hat mit seiner periodischen Dreieck-
spannung nachgewiesen, dafl an der ersten Kurve am neuen Tropfen
die Stufe am gréBten ist und dann, namentlich bei gréBeren Frequen-
zen, schnell auf Null abfallt (Abb. 6). Bei Frequenzen iiber 20 gibt
es iiberhaupt keine Depolarisationserscheinung der Aluminiumionen.
Offenbar sind die an einer konstanten Elektrodenoberfliche vor-
handenen Protonendonatoren bald erschopft und bilden sich nur
langsam aus den zudiffundierenden Aluminium-Aquokomplexen. Die
durch die angelegte Spannung erhaltenen Stromspannungskurven, also
die polarographischen Kurven der Aluminiumldsung, zeigen nur eine
Wasserstoffabscheidung an.

Abb. 6. Stromspannungskurven mit dem Kathodenstrahlpolarographen.
9 Spannungszyklen an einem Tropfen, Frequenz 25 Hz. Losung
2-1073m APBY in 0,5 m LiCl, in N,.
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b) Mit angewandtem Strom

(Strombedingte Polarisation)

Vollig verschieden sind die Ergebnisse, wenn man die Elektrolyse
der Spuren von Aluminiumsalzen enthaltenden Elektrolytlosung mit
konstantem Strom verfolgt. Mittels seiner Wechselstromoszillographie
hat J. HEYROVSKY [6] nachgewiesen, dal} sich nur bei einer z;emlich
groflen Stromdichte (10~* bis 10-3 A auf die Tropfenoberfliche) eine
Depolarisationserscheinung der Aluminiumionen zeigt (Abb. 8), und

Abb. 7a. Oszillographische Potential- Abb. 7b. Oszillographische Potential-

Zeit-Kurve einer 0,01 m KAl(SO,), in  Zeit-Kurve derselben Lésung wie in

6 m ILiCl unter Stromimpuls von Abb.7anach 3 Minuten Einwi?ken von
2,5-107% A, 1/6HZ. Stromimpulsen 2 - 107% A,/; Hz.

Abb. 8. Wechselstromoszillogramm % — V, 50 Hz, der Loésung 5-1073m

At in .1 m LiCl, i = 0,4 mA, nach 5 Sekunden Kinwirkung.
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zwar, je nach der Stromdichte, bei positiveren Potentialen zwischen
— 1,7 bis — 1,2V, aber nur dann, wenn in der Losung neben den
Aluminiumionen auch Lithiumionen anwesend sind. KEMULA und
Kusrig [7] haben diese spezifische Reaktion am langsamen Tropfen
nachgepriift und gefunden, daf sich bei langem Einwirken des Wechsel- '
stromes die oszillographischen Einschnitte an den Ableitungskurven
allmihlich vertiefen und dadurch viel empfindlicher gegen Spuren

(bis 10~ m) entweder von Aluminium- oder von Lithiumionen werden.

In der vorliegenden Arbeit wurde ein an einem kurzen Platin-
kontakt haftender Quecksilbertropfen elektrolytisch erzeugt und als
polarisierbare Elektrode benutzt, da er stirkere Strome als die an
der Kapillare héngende Tropfelektrode vertrégt, ohne abzufallen. Es
wurden rechteckige Impulse konstanten Gleichstromes der Starke
9,5 10-6 bis 2 10-*A mit einer Frequenz von 1/,, 1/, und /s Hz
angewendet. Das Potential des Tropfens gegen das Bodenpotential
wird am Schirm des Oszillographen als Potential-Zeitkurve (V—1)
veranschaulicht, Solange die Stromstérke 2,5°10-°A nicht iiber-
steigt, ist auf der V-t-Kurve keine Verzogerung im Potentialanstieg
zu beobachten (Abb. 7a, b). Nach 3 Minuten langem Einwirken von
Impulsen mit der 100fachen Stromstirke (2 - 10-% A) wird sowohl eine
kathodische als auch eine anodische Verzogerung des Depolarisations-
potentials sichtbar. Sie verbleibt auch, wenn die Stromstérke auf den
urspriinglichen Wert (2,6 - 10-¢ A) herabgesetzt wird. Wenn nun auf
den anhaftenden Tropfen die Elektrolyse mit dem Wechselstrom ein-

wirkt und am Leuchtschirm die Abhéngigkeit %1—7 — V aufleuchtet,

kommen die bekannten, sich mit der Zeitdauer vertiefenden Ein-
schnitte zum Vorschein (Abb. 8).

Diese nur bei gesteigerter Stromdichte auftretende Depolarisation
erklirt J. HEYyrovskY [6] durch Bildung des LidlH ~Komplexes.
Die groBe Stromdichte sei der Bildung von H—-Tonen giinstig, da sich
dabei die Doppelschicht sehr schnell auflidt und die zur Kathode
zugefithrten Elektronen in die walirige Schicht eindringen und mit
Wasser die Anionen H- bilden; in Gegenwart von viel Lit+- und A13+-
Tonen vereinigen sich diese Kationen mit den H —JTonen zum Komplex
LiAlH, frither, als sie mit Wasserstoffionen zu H, reagieren konnen.
DaB sich bei Potentialen, die negativer sind als der erwahnte anodische
Depolarisationsvorgang, eine adsorbierte Schicht bildet, ist aus der
Erhchung des Ladungsstromes, die eine Erniedrigung der Kapazitét
der Tropfelektrode durch Adsorption angibt, zu ersehen. Die An-
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wesenheit des Films zeigt sich durch eine Verminderung der Einschnitte
von H+, Mn*, Fe*r und Zn?+, wenn diese Ionen bei Anwesenheit
von 4/3-Ionen dem Lithium enthaltenden Elektrolyten zugefiigt
werden.

Der elektrolytische Vorgang
Lot 4 Al+++ -4 H+ 4+ 8e 2 LiAlH,
oder die durch Li+- und Al3*+-Ionen katalysierte Reaktion

4H+ { 8¢z 4 H-

verlaufen sehr schnell, wie aus den scharfen Einschnitten der % — -

Kurve (Abb. 9) und deren Verbleiben bis zu Frequenzen von 1500 Hz
hervorgeht. Wie oben angegeben, dndert sich das Depolarisations-
potential dieses Vorganges gemif der Stromdichte, und zwar liegt
es bei kleineren Ladungsstromen am kathodischen Ast bei — 1,70 V
und am anodischen Ast bei — 1,40 V. Bei groer Stromdichte (10-3 A)
wird das Depolarisationspotential bis um 500 mV positiver, also sehr

Abb. 9. Wechselstromoszillogramm it t, 50 Hz, der Losung 5-.1073m

dt
ABtin 1 m Li,S0,.

vom Abscheidungspotential der polarographischen Stromspannungs-
kurven mit angelegter Spannung verschieden., Durch verlingerte
Polarisation mittels stirkeren Wechselstromes (iiber 103 A) am stabil
befestigten Tropfen wird die Empfindlichkeit des Erscheinens der
Lithium-Aluminium-Einschnitte so weit gesteigert, daf sie noch in
einem Gemisch von 10-8m AI3+ mit 0,1 m Li+ oder 0,1 m AI3+ in
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Anwesenheit von 10-®m Li+ bemerkbar sind. Die Konstanz des

Konzentrationsproduktes
[4l3+] - [Lit] = 107

deutet auf eine Verbindung gleicher Anzahl von Al3+- und Li*-Ionen
hin. DaB nur die Hohe des Ladungsstromes fiir die Lithium-Aluminium-
Reaktion entscheidend ist, zeigt ein Versuch, bei dem der stabile
Tropfen zuerst einer Wechselstromelektrolyse mit grofer Stromdichte
und sofort nachher der spannungsbedingten polarographischen Elek-
trolyse mit auf- und absteigender Spannung unterworfen wird. Die
erste dieser Stromspannungskurven zeigt sowohl die kathodische und
anodische Lithium-Aluminium-Wirkung der Wechselstromkurven als
auch den kathodischen Stromanstieg der polarographischen Depolari-
sation (also der Wasserstoffabscheidung [Abb. 10]). Bei wiederholter
auf- und absteigender Spannung vermindert sich die Stromstérke
dieser Wirkung und verschiebt sich zu negativeren Potentialen, um
in den gewohnlichen polarographischen Strom der Aluminiumionen

iiberzugehen.

Die am Kathodenstrahlpolarographen erhaltene Stromspannungs-
kurve an einem stabilen Tropfen, der vorher durch Wechselstrom
von 3-10% A polarisiert wurde. Loésung 3,8 - 1073 m Al,(S0,)s in
4 m LiCl. Anstieg des Spannungsimpulses 1 V pro sec von 0 bis 2 V
(obere Kurve) und zuriick (untere Kurve).

Es gibt also an der Quecksilberelektrode zwei verschiedenartige
Depolarisationsvorgéinge der Aluminiumionen, je nachdem, ob die
Elektrolyse unter Einwirkung der angewandten Spannung oder des
angewandten Stromes verlduft. Im ersten Falle kommt es zur Wasser-
stoffabscheidung, im zweiten — und zwar nur bei Anwesenheit von
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Lithiumionen und bei grofer Stromdichte — bildet sich wahrschein-
lich Lithium-Aluminium-Hydrid.

Es eriibrigt sich zu erkliren, warum sich bei langer Anwendung
des Wechselstromes die Lithium-Aluminium-Einschnitte an den Ab-
leitungskurven vertiefen und dann, nach einem viele Minuten langen
Unterbrechen der Elektrolyse, wieder beim Einschalten des Wechsel-
stromes tiefe Einschnitte erscheinen (Kemura-KuBLIK [7]). Wahrend
der strombedingten Polarisation kommt es bei negativen Potentialen
zur Bildung und Adsorption von L¢AIH, und zur Diffusion der
Al*- und Li*-Tonen an die Elektrodenoberfliche. Bei positivem
Potential zerfallt das Hydrid, und die Kationen diffundieren in die
Losung, jedoch unter einem betrichtlich kleineren Konzentrations-
abfall und fiir eine kiirzere Zeit als bei den negativen Potentialen.
Dadurch werden wihrend eines jeden Zyklus des Wechselstromes die
aktiven Ionen, AI*+ und L+, an der Elektrodenoberfliche angehauft
und bilden dann eher das Hydrid.

Zusammenfassung

Bei den Depolarisationswirkungen der Aluminiumionen an der
polarisierbaren Quecksilberelektrode unterscheidet man zwei Arten
. von Elektrodenvorgéingen: die eine verliuft bei gewShnlichen polaro-
graphischen Stromspannungskurven mit angewandter Spannung oder
mittels eines Kathodenstrahlpolarographen bei steigender Spannung
an einem Tropfen. Die polarographische Analyse solcher Kurven, die
mit angewandter Spannung ermittelt werden, zeigt, daB sich die
Aluminiumionen als Protonendonatoren verhalten und nur zur Wasser-
stoffabscheidung fiihren, und zwar beim Potential von etwa — 1,7 V.
Die zweite Art, die strombedingte Elektrolyse, besteht in der Anwen-
dung eines definierten Stromes, entweder mit konstanten oder mit
regelmifig variierten Impulsen (sinusférmigen oder rechteckigen), und
in der oszillographischen Messung der daraus folgenden Anderungen

des Potentials, entweder als V — ¢ (Potential-Zeit-)Kurven oder

Ableitungskurven % — t, dd—I: — V. Mit dieser Einrichtung erhilt man

kathodische und anodische Einschnitte je nach der Stromdichte von
10-* A pro Oberfliche des Tropfens aufwirts, und zwar unter groBen
Stromdichten bei — 1,2 V, die sich beim Herabsetzen der Stromdichte
bis zu — 1,7V verschieben. Diese Depolarisationen entstehen nur bei
Anwesenheit von Lithiumionen und deuten auf die Bildung des
Hydrids Li+ [AIH,]~ hin, welches samt dessen Zersetzungsprodukten
an der Elektrodenoberfliche adsorbiert wird.
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Diskussionsbeitrige

R. Kaivoda bemerkt, daB bei der Anwendung der Gleichstromkomponente die Auf-
ladungsgeschwindigkeit der Klektrode bei kathodischem und anodischem Vorgang
verschieden ist. Falls der kathodische und der anodische Strom denselben Wert hétte,
wiren auch die Potentialunterschiede zwischen dem kathodischen und anodischen

Einschnitt kleiner.
H. Jehring betont, daB von ,,unsymmetrischen® Reaktionen hier nur dann gesprochen

wird, falls der Potentialunterschied zwischen dem kathodischen und anodischen Einschnitt
betrachtlich groB ist. Die Abhingigkeit von der Tropfzeit wurde auch bei Alkoholen
untersucht: bei Alkoholen mit 6 C-Atome wurde schon eine Abhingigkeit von der Tropf-
dauer bsobachtet. Bei groBeren Molekulargewichten ist bei der Wechselspannungs-
polarographie immer eine langere Tropfzeit anzuwenden, sonst wird evtl. kein Peak beo-
bachtet. Wird bei kurzer Tropfzeit kein Peak bsobachtet, so bedeutet dies noch nicht,
daB es nicht zur Adsorption kommt, sondern daB der Stoff nicht ausreichend andiffundie-
ren kann. Im allgemeinen wurde beobachtet, daB stark oberflichenaktive Verbindungen
langsam diffundieren, deswegen soll immer eine lange Tropfzeit oder ein stationérer
Tropfen angewendet und Einstellung des Adsorptionsgleichgewichtes abgewartet werden.
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Zu den elektrolytischen Reaktionen von Mangan(II)-
-Ionen in Anwesenheit von Sauerstoff

M. HEYROVSKY

Polarographisches Institut, Tschechoslowakische Akademie der Wissenschaften,
Praha

Es wurden die elektrolytischen Reaktionen von sauerstoffhaltigen Man-
gan(IT)-Losungsn mit Hilfe der oszillographischen Polarographie und anderen
polarographischen Methoden verfolgt. Die Reaktionen wurden durch die Bil-
dung von Manganhydroxid auf der Elektrodenoberfliche erklirt, das der
Reduktion zum Metall oder der Oxydation zu Mangan(11TI)-hydroxid mit
nachfolgender Riickreduktion unterliegt.

Als einer der Vorteile der oszillographischen Polarographie mit Wechsel-

strom gegeniiber der klassischen Polarographie wird oft die Tatsache betrach-
tet, dall der Sauerstoff keinen Einfluf auf die Messungen ausiibt. Es sind aber
doch einige Beispiele bekannt, bei denen die Gestalt der Polarisationskurven
durch die Sauerstoffreduktion betrdchtlich beeinflult wird. Sehr deutlich ist
dieser Effekt im Falle der Reduktion des zweiwertigen Mangans in neutralen
ungepufferten Losungen zu beobachten. Das oszillographische Verhalten der
Mangan(1I)-Tonen in sauerstoffhaltigen Losungen ist schon seit langem
bekannt [1, 2], bisher fehlt aber eine befriedigende Erklidrung der beteiligten
Prozesse. Die vorliegende Arbeit stellt einen Versuch dar, eine derartige
Erkldrung zu bringen. '

Experimenteller Teil

Alle oszillopolarogeaphischen Messungen wurden mit einem polarographischen
Oszilloskop P-4F (Konstruktion nach Dr. Vogsl) durchgefiihrt teilweise unter Anwendung
eines Adapteurs fiir spannungsbedingte Polarisation. Der hingende Tropfen nach Vogel
wurde in Verbindung mit dem Polarecord Metrohm benutzt. Zur Registrierung der
Kurven mit Umschaltung des Potentials diente ein Polarograph V 301, der mit einem
elektronischen Umschalter nach Novak und Rélek gekoppelt war.

Die Losungen wurden in einer einfachen elektrolytischen Zelle mit Bodenquecksilber
als Bezugselektrode und in dem Gefdf3 nach Kalousek mit gesonderter gesdttigter Kalo-
melelektrode untersucht. Alle benutzten Chemikalien (LiCl, KC1, MnCl,, K,S0,, Na,SO,,
MnSO,, NH,CI, HCI) waren vom Reinheitsgrad pro analysi.

Der Sauerstoff wurde durch Durchleiten von Stickstoff aus den Ldsungen vertrieben.

Ergebnisse und Diskussion

In der oszillographischen Polarographie mit Wechselstrom gibt zweiwer-
tiges Mangan, wie schon frither beschrieben wuarde, in verdiinnten, nicht-

Reaktionen von Mangan(1I)-Tonen

entliifteten Losungen von Alkalimetallsalzen eine charakteristische AKurve
deren Form stark von dem angewandten Potentialbereich abhingt. Wird die
Quecksilbertropfelektrode bis zu den beiden extremen Grenzpotentialen
polarisiert, so entstehen auf der dE/dt = f(E) Kurve zwei kathodische Ein-
schnitte von @* 0,78 und 0,88 (in 1 M-LiCl), die sich mit steigender Mangan-
konzentration vertiefen (Abb. la). Ist die Mangankonzentration kleiner als

die des Sauerstoffes, so erscheint nur der negativere Einschnitt (Abb. 2).

«) Elektrode auf die beiden extremen Grenzpotentiale polarisiert; b) das negative Grenz-
potential erreicht nicht den Wert des zweiten negativen Einschnittes; ¢) das positive
Grenzpotential wird negativer als 0,3 V (auf das Bodenquecksilber bezogen).

Abb. 1. 2. 10~ 3-MnCl, in 0,5 m-LiCl bei Luftzutritt; 7 = 0,2 mA.

Abb. 2. 5.107* m-MnCl, in 0,5 m-LiCl

bei Luftzutritt; 2 = 0,2 mA. Die Elek-

trode im vollen Potentialbereich po-
larisiert.

Wenn das negative Grenzpotential der Kurve nicht den Wert des zweiten
kathodischen Einschnittes erreicht, entwickeln sich bei positiven Potentialen
zwei einander gegeniiber liegende Einschnitte (Abb. 1b), ein anodischer
(@ 0,12) und ein kathodischer (¢ 0,17, auf die vollentwickelte Kurve in 1 M-LiCl
bezogen). Wird dagegen das positive Grenzpotential der Kurve negativer als
etwa @ 0,1, so verschwindet der zweite negative kathodische Einschnitt und
auf der Kurve verbleibt nur der von @ 0,78 (Abb. 1¢). Vollig analog sind die
oszillographischen Stromspannungskurven derselben Losungen, wenn die
Elektrode durch vorgegebene dreieckférmige Kippspannung polarisiert wird
(Abb. 3a—c).

Nach Entfernung des Sauerstoffes aus der Losung verschwinden die beiden
positiven Einschnitte und der zweite negative kathodische. Einen gleichen

*  bezeichnet hier die relative Lage der Spitze des Einschnittes auf der Potentialachse
[10].
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Effekt hat die Zugabe kleiner Mengen von Siuren oder Ammoniumsalzen
(Abb. 4). Auch in Pufferlésungen erscheint auf der oszillographischen Kurve
nur der erste negative kathodische Einschnitt. Die drei Einschnitte fehlen auf
der Kurve, auch wenn die Losung mit der Quecksilberstrahlelektrode elektro-
lysiert wird.

Abb. 3. 2.1073 m-MnCl, 0,5 M-LiCl bei Luftzutritt.

Stromspannungskurven, Elektrode mit dreieckférmiger Kipp-

spannung polarisiert, Frequenz 50 Hz, dE/dt = 200 V/s; a, b,
¢ — wie bei Abb. 1.

in

Abb. 4.
5.10% m-MnCl, +
+ 103 m-NH,C1
in 0,5 m-LiCl bei
Luftzutritt; ¢« = 0,2 mA.

Die Tiefe der beiden positiven und des zweiten negativen Einschnittes ist
gegeniiber der Ionenstirke der Grundlosung empfindlich. In Chloriden von
hoheren Konzentrationen als 2 M und in Sulfaten iiber 1 M sind die drei
Einschnitte nicht mehr zu beobachten. Bei Sulfatkonzentration von rund 0,5 M
entsteht bei positiven Potentialen nur der anodische Einschnitt; der gegenii-
berliegende kathodische erscheint erst nach dem Verdiinnen. Auch die Zugabe
kleiner Mengen von zwei- und dreiwertigen Kationen vermindert die drei
Einschnitte.

Der erste negative kathodische Einschniit entspricht ohne Zweifel der elektro-
lytischen Reduktion der freien hydratisierten Mangan(II)-Ionen. Dieser
Einschnitt entsteht in allen Losungen, die Mn?**-Ionen enthalten, und sein
Potential stimmt mit dem polarographischen Halbstufenpotential der Mn®**-
-Reduktion iiberein. Fiir die entsprechende Elektrodenreaktion kann man also

schreiben:
Mn2taq 4+ 2¢ - Mn(Hg).

Dieser Prozess ist teilweise reversibel, wie aus den Abbildungen 1a, 3¢ und
3¢ zu sehen ist. Die Reversibilitit der Auflésung des Manganamalgams
hingt stark von der Zusammensetzung der Losung und von den anderen

Reaktionen von Mangan(II)-Tonen

Versuchsbedingungen ab. Wie W. Kemula und. Z. Galus [3] gezeigt haben,
entstehen intermetallische Verbindungen zwischen Mangan und Quecksilber,
und zur Auflosung des Mangans aus seinem Amalgam kommt es bei drei
verschiedenen Potentialen —bei etwa —1,5, —0,9 und —0,4 V gegen die 0,1 N
Kalomelelektrode. Ein Anzeichen der Auflosung bei —0,9V ist auf den
oszillographischen Kurven in der Néhe des Kapazititsmaximums des Grund-
elektrolyten zu sehen (anodischer Ast der Kurve Ia oder 4 im Vergleich mit 2).
Die anodische Auflésung verlduft nach der Gleichung:

Mn(Hg) - Mn2taq - 2e.

Der zweite negative kathodische Binschnitt begleitet immer den Reduktions-
cinschnitt der Mn*t-TIonen und wird tiefer mit steigender Mangan- und
Qauerstoffkonzentration. Die Feststellung, daB nach Zugabe der Ldsungen

von Siuren, Ammonium-Tonen oder Puffern der Einschnitt verschwindet,

fithrte uns zur Vermutung, daB es sich hier um die Reduktion des auf der
Elektrodenoberfliche gebildeten Mangan(IT)-hydroxids handelt. Ein analoger
Fall wurde bei der Reduktion von Cd2+-Tonen in sauerstoffhaltigen Losungen
festgestellt [4], und es ist sehr wahrscheinlich, da auch die dhnlichen Effekte
bei Zn2+, Pb2t [5], Fe?+ [6] und Co2+ sowie Ni** [7] durch die Reduktion der
entsprechenden Hydroxide zu erkliren sind.

Bei kleinen Mangankonzentrationen werden alle Mangan-Ionen an der

Elektrodenoberfliche durch die OH -Ionen gefillt und das gebildete Man-
gan(IT)-hydroxid wird bei dem Potential des negativeren Einschnittes redu-
ziert (Abb. 2). Die hohere Konzentration der Grundelektrolyten wirkt ent-
weder durch Komplexierung oder Peptisierung gegen die Fallung des Mangan-
hydroxids auf der Quecksilberoberfliche. In der gleichen Weise erklirte
H. A. Laitinen [11] den Einflul der Konzentration des Grundelektrolyten
auf die Bildung von Kobalt(IT)-hydroxid an der Tropfelektrode.

Abb. 5.2 .10-3 M-MnCl, in 0,5 m-LiCl

bei Luftzutritt.
Stromspannungskurve, Elektrode mit
einem einzelnen linearen Spannungs-
impuls polarisiert, von 0 zu —2 V;

dE/dt = 0,7 V/s.
Die oszillographischen Stromspannungskurven mit einzelnen linearen
Spannungsimpulsen (single-sweep) haben gezeigt, daB nach den beiden Sauer-
stoffreduktionsstufen und nach dem Strommaximum der Mn2™-Reduktion
eine zweite Stromspitze erscheint (Abb. 5), die auer durch die oben erwahnten
Reagenzien auch durch einen kleinen Gelatinezusatz unterdriickt werden.
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kann. Die Gelatine verhindert offensichtlich die Bildung des Manganhydroxids
an der Elektrodenoberfliche. H. A. Laitinen und Mitarbeiter [11] haben
denselben Effekt bei Bildung des Filmes von Kobalt(II)-hydroxid auf der
Quecksilbertropfelektrode beobachtet. Das Auftreten dieses zweiten Maximums
ist nicht mit dem Erreichen eines bestimmten Potentials verbunden — die
Stromspitze wird durch kein elektrolytisches Oxydationsprodukt hervorge-
rufen. Bei Wiederholung des Impulses auf der Oberfliche des hingenden
Tropfens entsteht das zweite Maximum auf der Stromspannungskurve nur
dann, wenn die Anfangsspannung kleiner als 0,3 V wird. Bei dem entspre-
chenden Potential der Quecksilberelektrode geht das metallische Mangan aus
dem Amalgam véllig in Losung und die nachfolgenden Elektrodenprozesse
laufen wieder auf der reinen Quecksilberoberfliche ab. Mit hoherem Anfangs-
wert der angelegten Spannung sieht man auf der wiederholten Kurve, dafi die
Sauerstoffreduktion stark vermindert ist. Infolgedessen werden die OH -Tonen
an der Elektrodenoberfliche nicht in geniigend hoher Konzentration zur
Bildung von Manganhydroxid erzeugt und alle Mangan-Ionen werden nur in
dem positiveren Strommaximum reduziert. Die Unterdriickung der Sauer-
stoffreduktion an der Oberfliche aus verdiinntem Manganamalgam wurde
auch durch die mit dem: hingenden Tropfen polarographisch registrierten
Stromspannungskurven bestétigt; eine Erkldrung dafiir konnte jedoch nicht
gefunden werden.

Einen indirekten Beweis fiir die Reduzierbarkeit des an der Elektroden-
oberfliche sich bildenden Manganhydroxids bietet auch die klassische Polaro-
graphie. Die polarographische Reduktionsstufe der Mn2*-Tonen addiert sich
genau zu den zwei Stufen der Sauerstoffreduktion, nur ist das Halbstufenpo-
tential dieser Manganstufe um 20 mV zu negativeren Werten gegen die Stufe
in sauerstofffreier Losung verschoben. Es kommt hier also nicht zur Bildung
der , latenten Strome* [8], was nur dadurch zu erkliren ist, daBl das in der
Diffusionsschicht gefillte Manganhydroxid an der Elektrode vdllig reduziert
wird.

Dem zweiten, negativen kathodischen Einschnitt auf der oszillographischen
Kurve entspricht also aus den oben angefiihrten Griinden die Reaktion

Mn(OH), + 2¢ - Mn(Hg) + 20H"
mit der vorgelagerten Bildung des Manganhydroxids:
0, + de + 2H,0 — 40H,
2Mn2*+ + 40H~ - 2Mn(OH),.

Diese Fillung des Hydroxids spielt sich teilweise in der Elektrodendoppel-
schicht ab, was den Einflul der Tonenstéirke der Grundlésung auf die oszillopo-
larographische Einschnitte erklart.

Reaktionen von Mangan(1I)-Tonen

Der anodische Einschnitt erscheint
aquf der Kurve nur dann, wenn es
nicht zur Reduktion des Mangan- 10
hydroxids kommt; das Hydroxid
bleibt also an der Elektrodenoberfla-
che unzerstort und kann wihrend der
anodischen Phase oxydiert werden.

Bei langsamer Polarisation des hén-
genden Tropfens in polarographischer
Anordnung von der Spannung null
zum Potential der zweiten Sauerstoff-
stufe und zuriick erscheint auf dem
anodischen Ast der Stromspannungs-
kurve eine Stromspitze, deren Poten-
tial mit dem des oszillopolarogra-
phischen Einschnittes iibereinstimmt
(Abb. 6). Bei dem zweiten Polarisa-
tionszyklus entsteht bereits auch auf
dem kathodischen Ast der Kurve ein
scharfes Strommaximum bei demsel-
ben Potential wie der positive katho-
dische Einschnitt. Dieser Effekt ist nicht zu beobachten, wenn das Potential
der Elektrode nicht die zweite Reduktionsstufe des Sauerstoffes erreicht.
Das anodische Maximum ist also der Oxydation des Produktes einer Reak-
tion zwischen OH -Ionen und Mn2?+-Ionen, ndmlich des Mangan(IT1)-hydroxids,
zuzuschreiben. Dieser SchluBl konnte mit Hilfe des Umschalters nach Kalou-

{
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Abb. 6. 2.1073 M-MnCl, in 0,1 M-KCl bei
Luftzutritt.

Der hingende Tropfen von null zu nega-
tiven Potentialen und zuriick polarisiert

(gegen Bodenquecksilber); dE/d¢ = 0,03 'V/s.
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Abb. 7. Polarographische Kurven mit umgeschaltetem Potential nach Kalousek.
@) 0,1 N-KCl bei Luftzutritt; b) 2 . 10~3 M-MnCl, in 0,1 x-KCI bei Luftzutritt, 100 mV/Absz.,
von ‘0 V, 8 = 1/40; gegen Bodenquecksilber; Frequenz der Umschaltung 4 Hz, Hilfspo-
tential —1,3 V (auf den Kurven bezeichnet). Anfang der Kurve b um zwei Abszissen
verschoben. Galvanometer im Stromzweig des verdinderlichen Potentials.
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sek bestédtigt werden. Das bei dem Potential der zweiten Sauerstoffstufe in
der Diffusionsschicht entstandene Manganhydroxid gibt bei Umschaltung eine
anodische Stufe, die wieder bei dem Potential des anodischen Einschnittes
liegt (Abb. 7). Fiir den mit dem anodischen Einschnitt verbundenen Prozess
146t sich also schreiben:

Mn(OH),
Mn(OH)} + Y7

- Mn(OH)Y + e,
- Mn(OH),Y®-1",

In verdiinnten Losungen steht fiir Y* wahrscheinlich wieder OH ', in
konzentrierteren Sulfatlosungen werden die Hydroxylionen gegen Sulfat-Ionen
vertauscht.

Der positive kathodische Einschnitt gehort, wie aus dem obenangefiihrten
folgt, der Riickreduktion des Mangan(III)-hydroxids zum Mangan(II)-
-hydroxid. In Sulfatlésungen, in denen die Bildung des Mangan(I1I)-hydroxids
nach der Oxydation verhindert wird, tritt dieser Einschnitt nicht auf.

Bei Wiederholung der einzelnen linearen Spannungsimpulse auf dem hén-
genden Tropfen erscheint, wenn das Potential der Elektrode nicht den Wert
der Manganreduktion erreicht, auf der Stromspannungskurve bei dem Po-
tential des oszillopolarographischen Einschnittes eine Spitze, die offenbar
auch dieser Reduktion entspricht. In dlteren Losungen, in denen die Existenz
von Hydrolyseprodukten, unter anderem auch des Mangan(II1I)-hydroxids,
anzunehmen ist, entsteht diese Spitze schon auf der ersten Kurve (Abb. 8).
Fiir den positiven kathodischen Einschnitt gilt also die umgekehrte Reaktion
wie fiir den anodischen:

Mn(OH), +e - Mn(OH), - OH .

L
(uA)

Nach den Berechnungen von W. M.
Latimer [9] ist firr die Reaktion

1,0

Mn(OH), + OH™ = Mn(OH),; + e

das Potential von etwa —0,23 V gegen 08
die 0,1 m-KCl-Elektrode zu erwarten.

06

04

Abb. 8. 2.107*m-MnCl, in 0,1 M-KCl,

hydrolysierte Losung, bei Luftzutritt.

Kurve mit dem hingenden Tropfen auf-

genommen, Potentiale gegen Bodenqueck-
silber; dE/d¢ = 0,03 V/s.
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Reaktionen von Mangan(1I)-Tonen

Ein genauer Vergleich dieses Wertes mit dem experimentell gemessenen setzt
eine eingehendere Studie der Elektrodenreaktion des Manganhydroxids voraus,
die den Rahmen dieser qualitativen Mitteilung tiberschreitet.

PRISPEVOK K ELEKTROLYTICKYM REAKCIAM IONOV Mn:+
7ZA PRITOMNOSTI KYSLIKA

M. Heyrovsky

Polarograficky ustav, (eskoslovensks akadémia vied,
Praha

Oscilografickou polarografiou, ako aj inymi polarografickymi metédami sa sle-
dovali elektrolytické reakecie iénov Mn2+ v roztokoch obsahujucich kyslik. Reakecie sa
objasnili tvorbou hydroxidu mangénatého na povrchu elektrédy. Vzniknuty hydroxid
podlieha redukeii na kov alebo oxyddeii na hydroxid manganity.

K DJIIEKTPOJNTUUYECKUM PEAKIUAM HMOHOB MAPTAHIIA(IIL)
B INPUCYTCTBUU RUCIOPOIA

M. leiipoBcRE

Tomsporpaduaeckuii nHCTHTYT, YexocioBalias aKkajeMus HAYK,
IIpara

MetojioM ocTuiLTorpaduuecKoi noJsiporpadun ¥ JpyrumMu HoJAPOTPAPUUECKAMU  METO=
JIAMHE HCCIIe0BAACE SICKTPOIMTHUCCKAE PeARIIU IBYXBajleHTHOTO Mapratia B pacTBOpaXx,
cofepyRAMUX RACIOPOJT. Pearmun O 00BACHEHE! 00pasoBaHMeM HA TOBEPXHOCTH DIIERTPO-
A THJIPOOKKHCH maprauna(1I), HOJ(BEPraomencs BOCCTAHOBIICHAIO JI0 METAJIIA W ORHCIIe-

HHI0 jio rujpooruen mapramna (ITT).
Prelozil I. Smoler
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Diskussionsbeitrige

R. Kalvoda bemerkt, daB der EinfluB des Sauerstoffes auch bei einigen organischen
Verbindungen wie zweiwertige Fenole beobachtet wurde. Bei der Reduktion des Sauer-
atoffes in. neutraler Losung wird die Hlektrodenoberfiche alkalisch. In diesem alkalischen
Milieu werden die zweiwertigen Fenole oxydiert; diese werden dann bei dem folgenden
kathodischen Vorgang elektrolytisch reduziert.

M. Schulz macht aufmerksam auf den Einflu3 von H,0, auf Mn, Fe sowie auch zZwei-
wertige Fenole.

M. Heyrovsky antwortet, daB er keinen bedeutendsten EinfluB von H,0, auf die be-
schriebenen Erscheinungen beobachtet hat.
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POLAROGRAPHISCHE STUDIE DES DREIWERTIGEN CHROMS
IN ALKALISCHER LOSUNG

M. HEYROVSKY

Polarographisches Institut, Tschechoslowakische Akademie der Wissenschaften, Prag

Eingegangen am 17. Juni 1963

Die polarographische Stufe der Oxydation des Chromits zu Chromat
wird beschrieben. Ihr Grenzstrom ist durch die Diffusionsgeschwindigkeit
des Depolarisators bestimmt und sinkt mit der Zeit. Aus dem zeitlichen
Abfall der Stufe folgt, daB das Chromit in der Losung einer Reaktion zweiter
Ordnung unter Bildung eines zweikernigen Komplexes unterliegt.

Bei der Untersuchung alkalischer Losungen von Chrom(Iil)-salzen mit Hilfe
der Methoden der oszillographischen Polarographie®*? wurde festgestellt, daB an der
Oberfliche der Tropfelektrode, wenn diese bis zum Potential der Quecksilberauf-
I16sung polarisiert wird, Chromat entsteht, das bei negativeren Potentialen der
Reduktion unterliegt. Da die Oxydation des dreiwertigen Chroms an der Queck-
silberelektrode bisher nicht beschrieben wurde, haben wir uns die Aufgabe gestellt,
diese Reaktion mit Hilfe der klassischen Polarographie zu erforschen. Die polaro-
graphische Untersuchung der alkalischen Losungen des dreiwertigen Chroms ver-
sprach auBerdem, neue Erkenntnisse iiber das chemische Verhalten der Chromite zu
bringen, das bisher nicht ganz geklirt war.

Experimenteller Teil

Die polarographischen Kurven wurden mit dem Polarographen Yanagimoto PA-101 registriert.
Die angewandte Kapillare vom Typus nach Smoler hatte bei 50 cm hoher Quecksiibersdule die
AusfluBgeschwindigkeit m = 0,68 mg/s und die Tropfzeit von 4,37 s in IN-KCI-Losung beim
Potential der gesittigten Kalomelelektrode.

Die Chrom(III)-Losungen wurden direkt im ElektrolysegefaB durch Pipettieren von 0,1 oder
0,0im Kaliumchromalaun zu einer vorher entliifteten Hydroxid-Losung dargestellt.

Die Untersuchungen wurden in einem Kalousek-Gef4B mit getrennter gesdttigter Kalomel-
elektrode vorgenommen, das sich in einem auf die Temperatur von 20°C thermostatisierten
Wasserbad befand. Der Luftsauerstoff wurde durch Durchperlen mit Stickstoff aus den Loésungen
vertrieben. Die angewandten Chemikalien vom Reinheitsgrad pro analysi waren durchwegs
Erzeugnisse der Firma Lachema.
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Polarographische Studie des dreiwertigen Chroms in alkalischer Lisung

Ergebnisse und Diskussion

Polarographisches Verhalten der Chromite

Alkalische Losungen von dreiwertigem Chrom geben eine polarographische Oxyda-
tionsstufe (Abb. 1), deren Halbstufenpotential um weniger als 100 mV vor dem
anodischen Strom der Quecksilberauflésung liegt. Um die Stufe messen zu konnen,
wurden die Kurven im MaBstab von 10 mV/cm registriert. Im untersuchten Konzen-
trationsbereich von 1.107* bis 5.1073M und bei mindestens 50fachem Laugen-
iiberschuB ist die Hohe der Stufe der Konzentration des Chroms direkt proporti‘onal
und unabhingig von der der Hydroxidionen. Vermindert man das Konzentratlol.ls-
verhiltnis der OH ™ -Ionen zu den Chrom(III)—Ionen, so sinkt die Stufe und verschwin-
det schlieBflich beim Konzentrationsverhéltnis 10 :1 praktisch von der Kurve.
Angefangen von 10~ 3 molarer und hoherer Konzentration erscheint auf dem Grenz-
strom der Stufe ein Abfall, dessen Natur nicht ndher untersucht wurde.

Die Abhéngigkeit von der Hohe der Quecksilbersiule zeigt an, daBl der Grenzstrom
nur durch die Diffusionsgeschwindigkeit des Depolarisators bestimmt ist. Die Hohe
der Stufe ist gleich der Gesamthéhe der zweistufigen kathodischen Dreielektrone.nwelle
in 0,IM-NaClO,-Losung mit gleicher Konzentration an Chrom(IlI)-salz — sie ent-

|
-1 0

log[OH-]

Abb. 1 Abb. 2
Polarographische Stufe der anodischen Oxy- Abhidngigkeit des Halbstuft?npotenn‘als des
dation des Chromits Chromits von der Hydroxidionenkonzentra-
0,IM-KOH, Konzentration des KCr(SO,),: tion bei konitfnter Ionenstarl.(e
10;25.10 %M. Kurvenbeginn — 0,2 V, SKE. Losung von 5.10 "M-KCr(SO,), in KOH,
durch Natriumnitrat auf 4 = 1 ergénzt.
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Heyrovsky:

spricht folglich einer Dreielektronen-Oxydation. Die logarithmische Analyse ergibt
eine Gerade; der Reziprokwert ihrer Neigung betrigt in 1072, 10! und 1M-KOH
30 mV. Hieraus ergibt sich fiir den Koeffizienten o der Wert 2/3 (bein = 3). Aus der
Differenz der Halbstufenpotentiale der Oxydation des Chromits zu Chromat und
der Reduktion des Chromats zu Chromit?, die etwa 0,7 V betrdgt, ist der stark
irreversible Charakter der Durchtrittsreaktion erkennbar. In Anwesenheit eines
indifferenten Elektrolyten (KNO,, NaClO,) verschiebt sich die Stufe nach positiven
Potentialen. Die Abhingigkeit des Halbstufenpotentials von der Hydroxidionenkon-
zentration bei konstan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>