rhombohedral form involves different
processes from those involved in cool-
ing face-centered-cubic carbon tetra-
chloride to the monoclinic form. A
redetermination of the heat capacity
and of related thermodynamic quanti-
ties of carbon tetrachloride, taking
into account the results of our work,
appears necessary.
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Photochemical Evolution of Oxygen
from Certain Aqueous Solutions

Abstract. Illumination of aqueous so-
lutions containing ferric ions and hy-
drogen peroxide leads to evolution of
O, by way of a chain reaction. The
photochemically active intermediate is
the complex between Fe® and HO,—.
The effects of pH and concentration
of the reagent on the quantum yield
(chain length) are reported.

The catalytic decomposition of H;O,
by Fe3+ jons in a thermally activated
dark reaction was shown (by parallel
kinetic and spectrophotometric mea-

surements in acid solutions of hydrogen -

peroxide and ferric perchlorate) to pro-
ceed by the following mechanism (I-3):

H.0. = H* +- HO.~ (6))
Fe* 4+ HO; = {Fe* HO;}
complex I (2)

Fe*HO," — OH- + {Fe*O0}
complex II (3)

Fe*O 4 HO;- — Fe**OH- 4+ O: “)

This involves complex formation be-
tween ferric jon and the anion of
hydrogen peroxide (4-6). Electron
transfer does not take place within this
complex, as had been assumed (7). The
first complex must be transformed (),
in the slow rate—determining step (re-
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action 2), into complex II, in which O
is covalently bound to iron; in this step
OH~- ions are displaced into the solu-
tion (3). Steps 1 to 3 thus result in
elimination of a molecule of water
from the reactants. Complex II may
then react with a second HO,~ to pro-
duce evolution of O, by hydride trans-
fer. Elucidation of the reaction mecha-
nism required work with solutions con-
taining ~10—3M Fe3+ and 10—2M (or
leSS) H202.

Details of the reaction mechanism,
the relation to cocatalysis by copper,
and the extension of these concepts to
the decomposition of hydrogen perox-
ide by haemin were elaborated by
Kremer (3, 8); the mechanism is close-
ly related to that resulting from the
work of Jones, Wynne-Jones, and co-
workers with more-concentrated perox-
ide solutions—higher than 1M (9).
Jones and Wynne-Jones (10) also sup-
port the view that such a mechanism
may be applicable to the catalase-
induced decomposition of hydrogen
peroxide.

Light of greater wavelength than
300 nm is not significantly absorbed
by either Fe3+ or H,O, alone in solu-
tions comparable to those employed by
the workers mentioned; mixtures of
these components do absorb at greater
wavelength because of the formation
of the intermediate complexes. Absorp-
tion by the Fe3+*OH— complex (6)
also must be considered. Complexes I
and II have different absorption spec-
tra, that of complex I extending further
into the visible and near-ultraviolet (7).
As the reaction mechanism indicates,
absorption due to complex II can be
observed only at low concentrations of
peroxide; at higher concentrations of
H,0,, the dominant absorption is due
to complex I. Complex I was observed
by Evans, George, and Uri (4), who
assigned the band, with M, = 350
nm, to an ion-pair complex between
Fe3+ and HO,—. This assignment is
supported, and the light-absorption
process is interpreted (2) as electron
transfer from HO,— to Fe3+ (in the
inner hydration sphere which it has en-
tered), by correlation with energetic
data. These data show (2) that HO,—
itself, in aqueous solution, possesses
a charge-transfer-to-solvent absorption
band (I1). In the presence of Fe3+
the new absorption band observed fits
the energetic correlation that holds (72)
for the anion-to-Fe3+ electron transfer
of other anions having charge-transfer-
to-solvent bands.

If the reaction mechanism proposed

Table 1. Derivation of the rate constant of
the light-induced reaction, from results of
mixed decompositions (thermal and photo)
at various temperatures; [Fe*t], 5.36 X 10-3M;
[HyOslinit1a1, 0.24M; pH, 2.10.

Combined

reactions— Photoreaction
(%) thermal al(()il(f):sy ;:(alc.
and photo Ky min®)
(10° x K(t+p, min) "~
14.0 16.4 24
10.0 13.1 3.8
34

5.0 14

for the catalytic dark reaction holds,
so that electron transfer does not -occur
within complex I, and O, evolution
must await the slow rearrangement to
complex II, it may be possibie to cause
photochemical evolution of oxygen
from such solutions, under conditions
in which the thermal reaction is slow,
by light-induced electron transfer from
HO,— to Fe3+ in the absorption band
of complex I. In this case, free-radical
formation, which does not take place
in the dark catalytic mechanism pro-
posed, may indeed occur.

This determination required experi-
ments to be carried out in solutions at
H,0, concentrations that assured suf-
ficient absorption of light at wave-
lengths greater than 300 nm, but which
were low enough to enable one to de-
termine reliably the difference in H,0,
concentration in the course of the re-
action. This requirement necessitated
the use of solution in the range be-
tween the low concentrations employed
by Kremer and Stein and the high con-
centrations used by Jones and Wynne-
Jones. Such experiments were per-
formed (I3) in the temperature range
5° to 27°C at H,0, concentrations be-
tween 0.01 and 1M. Rate constants
obtained, in good agreement with the
results in the lower and higher ranges,
showed the general applicability of the
catalytic mechanism.

In our photochemical experiments,
high-purity ferric perchlorate, perchlo-
ric acid, and hydrogen peroxide were
used with specially purified water in a

Table 2. Quantum yield at ~ 365 nm; T,
5.5°C: [Fe®**], 5.36 X 10-3M.

Quantum
[H,0.], (M) pH yield
(®)
Dependence on initial [H,0,]

0.556 2.06 7.42
290 2.06 517
.160 2.06 3.31

Dependence on pH

0.290 2.06 5.17
279 1.50 6.22
274 1.22 7.78
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manner described (I); also described
are the analytical methods (I, 8). Ex-
periments were carried out in the tem-
perature range 5° to 27°C at tempera-
tures held constant within 0.1°C. Evo-
lution of oxygen was followed gaso-
metrically. Photochemical experiments
were performed by use of either (i) the
light output of a medium-pressure Hg-
vapor lamp at wavelengths greater than
310 nm (light of lesser wavelength be-
ing removed by a glass filter); or (ii)
(particularly for the establishment of
quantum yields) a Mazda-ME/D high-
pressure mercury lamp, the collimated
light beam being filtered by a Chance
glass filter (No. OX1a) and 1 cm of a
125-g/liter solution of CuSO, -+ 5H,0;
at 365 and 366.3 nm this transmits 65
percent of the incident light, but only
3 percent at the weaker line at 313.5
nm and 5 percent at 405 nm. The col-
limated beam then passed the thermo-
stated, cylindrical quartz reaction vessel
(with a light path of 5 cm), in series
with the identical actinometer cell con-
taining uranyl oxalate actinometer so-
lution (14).

Light absorption in the reaction ves-
sel was not total; it changed during
the reaction with change in concentra-
tion of the complex. This change, at
the concentrations of reactants em-
ployed, proved to be directly propor-
tional to concentration of H,0,. Ac-
cordingly, light absorption was deter-
mined by difference between actinom-
eter results of experiments in which
the photolysis cell was filled with either
distilled water or experimental solution.
The integrated value of light absorbed
during an experimental run was deter-
mined from actinometer data, concur-
rently. The value for ¢uetimemeter at the
wavelength used was taken to be 0.48
(I4). When thermal, catalytic, dark,
control experiments were run in the
photochemical vessel at various tem-
peratures, the rate constants and acti-
vation energy previously obtained (I,
13) were confirmed. Control experi-
ments entailed illumination of solutions
of hydrogen peroxide or ferric ion; no
evolution of oxygen was observed.

The thermal dark decomposition at
pH 2.10, in solutions containing con-
centrations of the order of 2 to 5 X
10—3M Fe3+ and, initially, of the order
of 0.2M H,0,, gave first-order reaction
with respect to H,O,. When the thermal
reaction was allowed to proceed, and
at the same time the vessel was illu-
minated, the plot of log H,O, versus ¢
again gave strictly straight lines. Thus
the combination of the two reactions
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appears to be of first order. Using the
known activation energy, 20 kcal/mole,
of the thermal reaction, and subtracting
at every temperature the contribution
of the thermal reaction alone (thus as-
suming that the two reactions proceed
independently of each other), we could
obtain the apparent rate constant of
the light-induced reaction and its acti-
vation energy. The results (Table 1)
show that when one uses this procedure
the rate constant of the light-induced
portion of the reaction appears to be
independent of temperature within ex-
perimental error. This finding con-
trasts with results with the thermal re-
action, which shows a large activation
energy. Therefore the light-induced re-
action becomes dominant with decreas-
ing temperature. Accordingly, experi-
ments to determine the quantum yield
at ~ 365 nm, and the effects on it of
variations in pH and reactant concen-
tration, were run at a constant low
temperature of 5.5°C and at constant
ionic strength of 0.25. The results
(Table 2) show that the quantum yield,
which is greater than 1, increases both
with increase in initial concentration
of H,0, and with decrease in pH. Ex-
periments with varying concentrations
of Fe?+ (from 2.1 to 5.4 X 10—3M),
at constant initial concentration of
H,0,, indicate an increase in chain
length with decrease in concentration of
Fe?+. The occurrence of the tempera-
ture-independent chain reaction thus
observed is consistent with the occur-
rence of a light-induced free-radical
mechanism initiated by

hy
Fe**HO, — Fe* 4 HO, (5)

(rather than by H,0, or Fe3+OH-)
and propagated by the reactions of
Fe2+ with H,0, (7) and of the radical
intermediates with H,O,. The detailed
mechanism and the effects of other
factors, such as light intensity and
radical scavengers other than H,O,, on
the yields remain to be investigated.
BRACHA BEHAR
GABRIEL STEIN
Department of Physical Chemistry,
Hebrew University, Jerusalem, Israel
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12.

Thermal Properties of Water:
Discontinuities Questioned

Abstract. Reports of discontinuities
have been tabulated, and those dealing
with vibrational spectrum and volume
have been examined in detail. No evi-
dence has been found of any disconti-
nuity greater than experimental error.

During the last thirty years there
have been many reports (Table 1) that
the physical properties of water show
discontinuities at certain temperatures.
The discontinuities, often described as

Table 1. Reports of thermal discontinuities
for liquid water.

Temperature (°C) Report

Vibrational spectra
30-40, 65-75 Baistrocchi et al. (8)
37 Luck (11)
43 Ganz (12)
40 Magat (13, 14)
Volume and compressibility
50 Antonoff et al. (17)
60 Tammann (26)
15,30 Lavergne et al. (20)
13,35, 60 Forslind (22)
10, 21,29, 33 Qurashi (28)
Surface tension
60 Tammann (26)
13 Forslind (22)
13 Timmermans et al, (32)
15, 30, 45, 60 Drost-Hansen ef al.
(33)
Viscosity
35-45 Magat (14)
60 Tammann (26)
12, 35, 55 Forslind (22)
6, 11, 14, 19, 24, 30, 39 Qurashi et al. 34
46, 53, 58, 66
46, 55 Antonoff ef al. (35)
Other properties
37 Magat (14)
60 Tammann (26)
35 Vies (6)
15, 30, 45, 60 Drost-Hansen (33)
34 Franks and Ives (1)
30-40 Feates and Ives (2)
36 Othmer and Thakar (3)
30 Frontas’ev (4)
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