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The photolysis of the uranyl malonic acid1 
bimalonate system has been studied in the acidity 
range 0 < pH < 3.0, for [uranyl] to [total malonate] 
ratios from I to 0.25 up to I to 40 at 25 “C. Qualita- 
tive and quantitative data were obtained by using 
spectrophotomenic, polarographic and radiochemical 
techniques. Equilibrium and kinetic evidence are 
presented for the participation of an uranyl 
bimalonate (l:l) complex as the primary photosensi- 
tive species. Malonic acid does not undergo uranyl 
sensitized photolysis. COZ is the only detectable 
gaseous photolysis product. The results are discussed 
in reference to earlier work on the uranyl oxalate and 
uranyl formate systems, and data reported in the 
literature. 

Introduction 

An important aspect of the uranyl sensitized 
photolysis of carboxylic acids/carboxylate ions, 
concerns the role played by the uranyl ions in these 
processes. Two types of mechanisms have been 
distinguished [l-3] : one involving the excitation of 
uranyl carboxylate complexes, and another involving 
the excitation of the uranyl ion followed by a 
reaction with the carboxylic acid/carboxylate ions. 
In an earlier study we reported [4, 51 evidence that 
the photolysis of the uranyl oxalic acid/bioxalate/ 
oxalate system only proceeds via the excitation of 
uranyl bioxalate/oxalate complexes, and that no 
contribution from excitation via free uranyl ion could 
be detected. In a later study [6] of the uranyl formic 
acid/formate system direct evidence was presented 
for the occurrence of both the above-mentioned 
reaction modes. These contradicting findings led to 
the present investigation of the photolysis of the 
u&y1 maIonic acid/bimalonate system. 

Berthelot and Gaudechon [7] were the first to 
report the photolysis of uranyl malonic acid mixtures 

*Author to whom correspondence should be addressed. 

in 1913. They were later followed by different 
investigators, whose work is reviewed elsewhere 
[8]. The reported data are of such nature that it 
confirms both possible reaction routes, viz. photo- 
lysis via excitation of uranyl malonate complexes and 
via excitation of uranyl ion. In a more recent inves- 
tigation Heckler et al. [9,] studied the photolysis 
process micromanometrically and reported data 
which confirmed that an uranyl malonate (1: 1) 
complex is the photoreactive species. Although we 
followed the photolysis process in an entirely dif- 
ferent way, our findings support the latter viewpoint. 

Experimental 

The experimental procedures and analytical 
techniques employed are similar to those outlined 
before [4-6]. Cr4-labelled malonic acid in the form 
HOOC14-CHz-C’400H was used to obtain the 
reported radiochemical results. In addition, some 
experiments were performed with HOOC-Cr4H2- 
COOH. General experimental conditions, unless 
otherwise indicated, were: 0.004 M UOa(NOs)s* 
6Ha0, ionic strength 0.5 M by the addition of KNOa, 
temperature 25 “C, 20 ml solutions were irradiated in 
the photolysis cell [4] using a 10 mm slit width. 
Some experimental detail, where necessary, will be 
included in the following section. 

Results and Discussion 

Equilibrium Studies of the Uranyl Malonic Acid1 
Bimalonate system 

The acid dissociation constants for malonic acid 
were experimentally determined by pH titration at 
25 “C in 0.5 M KNOJ: pKi = 2.65 + 0.05, pKa = 5.15 
+ 0.05. These values are in good agreement with those 
previously determined in this laboratory [lo, 111, 
and will be used to estimate the composition of the 
reaction mixtures in terms of the [malonic acid], 
[bimalonate] and [malonate] in solution. 



48 

0 10 

006 

006 

004 

0 02 

006 

: 

2 
ZOOS 
0 
In 

4” 
004 

0 02 

008 

006 

0 04 

A G Buts, R van Eldlk and J A van den Berg 

002 1 I 1 I , I 
6 4 6 12 16 

Fig 1 Absorbance as a function ot the [blmalonate] to [uranyl] ratio at pH 2 55, optical path length = 1 cm, [UO:+] = 

0004M 

The possible formation of uranyl malomc acid/ 
blma.lonate/malonate complex species in solution was 
studled spectrophotometrlcally m the near UV- 
vlslble range At pH < 0 5, where malonate is mainly 
present as maiomc aad, no change m the character- 
istic finger-prmt spectrum [4, 121 of UO:’ could be 
observed durmg the addition of an excess of malomc 
acid This indicates that no complex formation 
between malomc aad and uranyl Ions occurs under 
such conditions, 111 agreement with that found for 
oxahc [4] and formic [6] acid On the other hand, 
addltlon of malomc acid to uranyl solutions at pH 
2 55, where approx 50% of the [total malonate] 
exists as bunalonate ions, causes slgmficant mcreases 
in absorbance at 406,416 and 428 nm and three new 
low mtensity peaks are formed at 460, 474 and 494 

nm. The mcrease m absorbance around 406,416 and 
428 nm was measured as a function of [bunalonate] 
for which the results are summarized m Fig 1 The 
latter provides evidence for the formation of an 
uranyl bnnalonate complex with an [UOf’] to 
[HMal-] ratlo of 1 1 1 (X = 406-410 nm), 1 1 08 
(h = 416-420 nm) and 1 1 1 (h = 428432 nm) 
The average ratio of 1 1 09 points wlthm experi- 
mental error hmlts to the formation of an 1 1 uranyl 
to blmalonate complex species The formation 
constant for this complex was calculated m the usual 
way to be 7 5 X lo’, 5 9 X lo* and 5 7 X lo* M-’ 
for the three sets of measurements, respectively, 
with an average value of (6 4 + 1 0) X 10’ M-l 

To investigate the complex formation between 
uranyl and malonate Ion, the pH of such solutions 





A. C. Brits, R. van Eldik and J. A. van den Berg 

Fig. 3. Plot of d[count rate] /dt versus [bimalonate] to [uranyl] ratio at pH = 2.55, [UO:+] = 0.004 M 

bioxalate system [4]. An inflection is observed in the 
data at an uranyl to bimalonate ratio of 1: 1, which 
suggests that a complex of such composition acts 
as the primary photosensitive species. The formation 
constant of this complex, calculated from the kinetic 
data, is 7.2 X lO’M_‘, which is in very good agree- 
ment with the value reported in the equilibrium 
study. ; 

A series of experiments was performed to study .i ,w 
the influence of pH on the formation of CO* during E 

photolysis. The initial reaction rate was estimated 
B 
- 

from count rate data as a function of irradiation 
periods up to 60 minutes, as outlined above, and is 
plotted as a function of pH, i.e. [HMal-] /[total 
malonate] , in Fig. 4. A similar experiment was 
repeated in the absence of uranyl ion. The results 
indicate that an increase in [H’] (decrease in pH) 
drastically decreases the rate of formation of CO* 
in the presence of uranyl ion (curve A). The intercept 
at low pH corresponds to that obtained for the 
irradiation of malonate solutions in the absence of 
uranyl ion (curve B). These results clearly indicate 
that malonic acid (the main species at low pH) does 

Fig. 4. d[ count rate] /dt as a function of the [bimalonate] 

not undergo any uranyl sensitized photochemical 
to [total malonate] ratio of the test solutions prior to irra- 

decomposition. The increase in initial rate with 
diation, [total malonate] = 0.056 M, ionic strength = 1.0 M, 

increase in pH (curve A) must be due to the forma- 
[UOz+] = 0.004 M (curve A), [UOi+] = 0.0 M (curve B), 

0 < pH C 3.0, irradiation time 20 to 60 min. 
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tion of the 1 :l uranyl bimalonate complex, since 
bimalonate ion will be present under such conditions. 
This result is in agreement with that reported for the 
uranyl sensitized photolysis of oxalic acid [4], but 
differs from that reported for the uranyl sensitized 
photolysis of formic acid [6] . In the latter, the 
equivalent plot of Fig. 4 revealed a significant dif- 
ference between the intercepts of curves A and B, 
which was ascribed to the uranyl sensitized photolysis 
of formic acid. 

A reaction mechanism suggested to fit the experi- 
mental results, consists of the following equilibria 
and reactions: 

Kl 
UO;’ + HMal- ,L UO*(HMal)’ (1) 

U02(HMal)* 2 U02*(HMal)+ K,, (2) 

k3 
U(VI)02*(HMal)’ - UoI)O; + 

+kH,COOH + COZ (3) 

k4 ug/)o; t &,~00H --- 

IJ(VI + CH,COO- (4) 

Equilibrium (1) presents the formation of the uranyl 
bimalonate (1:l) complex for which K1 = (6.4 + 
1 .O) X lo* icT’ (from Fig. 1) and 7.2 X lo* M-’ 
(from Fig. 3). Reaction (2) describes the photo-activa- 
tion of the uranyl bimalonate complex, which may 
return to the ground energy state during the reverse 
process. K2 will depend on the intensity of the energy 
source and the quantum efficiency of the process. 
Reaction (3) is the rate-determining step_ in which 
an uranyl(V) species, CO2 and the radical CHzCOOH 
are produced. This reaction is a one-electron transfer 
process and similar in nature to such reactions 
proposed for the uranyl sensitized photolysis of other 
carboxylate ions [6, 151. Reaction (4) is a non-rate- 
determining step in which U(V)O’, is oxidize+ to 

UWI)O:+, and CH&OO- is produced. The CH2- 
COOH radical presumably rearranges to CHJCOO* 
before it reacts with the ura.nyl(V) species in reac- 
tion (4). 

The rate law for the suggested mechanism is 

$ W21 = 
k&K2 WM~-I F [uo:‘] T 

(K, [HMal-] F + l)(l + K2) 

where [HMal-] F is the concentration of the free 
bimalonate ion in solution and [UO:‘]T the total 
uranyl content of the solution. This rate law is in 
agreement with the kinetic data in Fig. 3 since 
it has the limiting forms: 

At 10~ [HMal-]F and constant [UOr]T, 

$ [CO*1 = 
k&K2 b'fd-]F[uoi+lT 

1 +K2 

= ~~K~K~WM~-]TWG'IT 

(1 t K2)(l t K1 [irO;+]T) 

= k’[HMal-lT 

At high [HMal& and ConStaIlt [uo;+]T 

; w21 = 

k,K, [Uof'lT 
= k” 

1 +K2 

The ratio k’/k”= KJ(l+ K, [UO:‘j,) = 1.9 X lo* 
K’ if K1 is taken as 7.2 X lo* M-l (from Fig. 3). 
Similarly, k’/k” can also be estimated from the values 
of the initial slope and limiting rate in Fig. 3. This 
turns out to be 2.4 X lo* M-l, which is reasonably 
close to the above value if the experimental error 
limits are taken into consideration. 

The suggested reaction mechanism is, furthermore, 
in good agreement with the tendencies reported 
in Fig. 2. The final photolysis product, viz. UO:‘, is 
once again capable of forming a complex with 
bimalonate ion (equilibrium (l)), such that the com- 
plex concentration will only decrease significantly 
after the excess of bimalonate ion has been decom- 
posed photochemically. At lower [HMal-] to [UOz*] 
ratios, (curves (i) and (ii) in Fig. 2) the decrease in 
the concentration of the uranyl bimalonate complex 
occurs immediately during irradiation. 

No evidence for the formation of any U(IV) 
species could be found at low pH. The ogdation of 
U(V), formtd in reaction (3), to U(W) by CH2COOH 
(or CH,COO) is very similar to the oxidation process 
suggested to occur in the photolysis of the uranyl 
bioxalate system [4, 61. A high yield of U(IV) was 
only found during the photolysis of the uranyl 
formate system, which is understandable since the 
latter process differs markedly from those for the 
oxalate [4] and malonate systems. The photolysis of 
a ring-closed uranyl malonate (1: 1) complex may 
lead to the formation of U(IV), since such a complex 
is capable of undergoing a two-electron transfer reac- 
tion [4]. Some preliminary experiments at pH - 6, 
where such a complex may exist, indicated the forma- 
tion of some U(IV) species. However, due to the 
difficulties encountered under such conditions (see 
earlier discussion), this aspect was not investigated 
any further. 

The formation of CH3COO- or CH&OOH as a 
photolysis product, has been confirmed by Heckler 
et al. [9]. Some radiochemical experiments were 
repeated using HOOC-C*4H2-COOH as the labelled 
malonic acid. No radio-active gaseous photolysis 
products could be detected in these experiments, in 
agreement with the formation of acetate/acetic acid. 
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Finally, it is of interest to mention that in an earlier 
study [14] of the thermal decomposition of the tris- 
malonatocobalt(II1) ion, the above technique led 
to the identification of acetaldehyde as a decomposi- 
tion product. 
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