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1. Introduction

1.1. Main types of photochemical reactions in solu-
tions. Photochemistry took shape as an independent
branch of science in the 1950s. During this period,
intense systematic research into photochemical reactions
in the liquid and gas phases began. The majority of
researchers concentrated their effort on organic com-
pounds, many of which have relatively long-lived excited
states and, depending on the conditions, can either emit
light (luminesce) or enter into photochemical reactions.
By now, the main features of the photochemistry of
organic compounds have been established, the excited
states and the types of photochemical reactions have
been characterized, and theories permitting prediction of
the photoreactivity of organic compounds have been
developed. The foundations of the photochemistry of
organic compounds were outlined in several monographs
(see, for example, Refs. 1, 2).

Yet another important object of photochemical stud-
ies is represented by coordination compounds of

d-elements. Their electron transitions are noted by great
diversity, which gives rise to rather intricate optical
spectra. The photochemical activity of transition metal
complexes can be due to excited states of several types.
Electron transitions between molecular orbitals located
mainly on the central atom (these are d—d transitions
for d-elements and f—f transitions for f-elements) give
rise to ligand-field (LF) excited states. Transitions be-
tween the internal states of the ligand result in ligand
excitation. Upon transitions between the molecular or-
bitals of the central atom and the ligand, charge transfer
(CT) excited states are generated.3—5 Apart from inner-
sphere CT, outer-sphere CT processes are also possible,
for example, charge transfer from the complex as a whole
on the solvent or charge transfer within an ion pair
formed by a d-element complex and the counter-ion or
another complex. Yet another type of transitions is en-
countered in complexes containing ions of different met-
als, namely, metal—metal CT (intervalent CT). Depend-
ing on the excitation wavelength, it is often possible to
activate either the ligand alone, or the central atom
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alone (its redox properties can change), or the complex
as a whole, which changes the capability of ligand substi-
tution. In view of the multitude of transition metals, it
becomes clear that the photochemistry of their coordina-
tion compounds is highly diversified. The main achieve-
ments in the photochemistry of coordination compounds
have been surveyed in the publications mentioned
above3—5 and in several reviews.6—10 In addition to the
proper photochemical transformations of transition metal
coordination compounds, photocatalytic reactions in-
volving these compounds have also found wide use.!!

One more group of species having rather long-lived
excited states and capable of entering into photochemi-
cal reactions comprises f-element ions. The most vivid
example is the uranyl ion, whose photochemical proper-
ties have been known for more than 15 decades. Uranyl
photochemistry is the subject of a monograph!? and
several reviews.13—15 In the last several decades, photo-
chemistry of compounds of other f-elements, lanthanides
and actinides, has also been studied. The advances made
in this field are not yet as significant as those in the
photochemistry of organic molecules or coordination
compounds of d-elements or uranyl ion. The theory of
photoreactive excited states of f-elements (except for the
uranyl ion) is little developed. Data on the photochemi-
cal reactions of actinides have been only briefly summa-
rized in a recent review.1® No publications covering the
known data on the photochemical reactions of lan-
thanides fairly comprehensively are available.

In this work, we attempt to survey the available
information on the photochemistry of f-elements includ-
ing both lanthanides and actinides. The first section of
the review covers briefly the photochemistry of uranyl.

1.2. Photochemistry and luminescence. A photochemi-
cal reaction is initiated by absorption of a light quantum
by a species (molecule, ion, atom, radical, efc.), which
thus passes into an excited state. Photoexcitation changes
substantially the chemical properties of the reactants and
allows reactions that would be thermodynamically impos-
sible in the dark. A photochemical reaction consists of two
main stages: first, excited states are involved in primary
photochemical processes, and second, this is followed by
dark reactions of the nonexcited products formed in the
first stage and other components of the system.

Some substances that undergo photochemical trans-
formations are capable of luminescence, which is due to
transitions from electronic (or vibrational) excited states
to states lower in energy, normally, to the ground state.
In many cases, both the photochemical reactions and
luminescence involve the same excited states. An impor-
tant characteristic of both phenomena is quantum yield o,
defined as follows:

for a photochemical reaction, ¢ is equal to the
number of molecules (ions) formed divided by the num-
ber of light quanta absorbed;

for luminescence, ¢ is equal to the number of light
quanta emitted divided by the number of light quanta
absorbed.

In photochemistry, the number of moles is often
used in place of the number of molecules, while the
number of quanta is replaced by a quantity expressed in
"Einsteins" (6.023 - 1023 quanta). Photochemical reac-
tions and luminescence can compete with each other
and with the nonradiative deactivation of excited states;
therefore, the quantum yields of luminescence or a
simple photochemical reaction can vary from 0 to 1. The
quantum yield of a chain photochemical reaction can
reach ~10%. Detailed accounts of the foundations of
photochemistry and luminescence can be found in the
literature.1,3,5,17,18

2. Photochemistry of uranyl ions

2.1. General remarks. The photochemical properties
of the uranyl ion UO,2% have been studied much more
extensively than those of other f-elements. A distinctive
feature of uranyl is that it displays bright green lumines-
cence, the same excited state being responsible for lumi-
nescence and for photochemical reactions. In view of
the enormous body of relevant literature, when discuss-
ing the general aspects and features of the photochemis-
try of the uranyl ion, we will largely rely on the mono-
graph1? and reviews!3—15 mentioned above rather than
on original publications. Some problems not reflected in
overview publications but significant for the understand-
ing of subsequent sections will be considered in more
detail. The photochemical properties of uranyl have
found practical use in nuclear technology,19 for determi-
nation of uranium, and for the synthesis of new uranium
compounds; therefore, considerable attention will be
paid to the problems of analytical application of the
photochemical reactions of uranyl.

2.2. The excited state of the uranyl ion and the
pathways for its deactivation. The absorption spectrum of
the uranyl ion in the region of 400—500 nm is due to the
transitions from the lower (ground) electronic state to
vibrational sublevels of the first electronically excited
state, more precisely, to transitions from the higher
bonding molecular orbital 30, located mainly on the
oxygen atoms to the uranium 5f orbitals.20:21 The pure
electronic transition, i.e., transition to the zero vibra-
tional sublevel of the first electronically excited state is
responsible for an absorption band at ~490 nm
(~20400 cm™!). The multiplicity of the excited state, of
the uranyl ion is still debated.!> In the majority of
studies, this state is considered to be triplet, which is
supported by many facts. One of the main arguments is
the very long lifetime of the excited uranyl ion. This
hypothesis is indirectly confirmed by drawing an analogy
between some photochemical reactions of the uranyl ion
(which proceed at the O atoms, see below) and the
reactions of triplet states of ketones.15

The lifetime of the electronically excited state of
uranyl ions in solutions can reach hundreds of microsec-
onds. If the uranyl ion is excited to upper vibrational
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sublevels of the first electronically excited level or to
higher electronically excited states, excess energy is rap-
idly transformed to heat as a result of internal conver-
sion to the lower electronically excited state. There are
three possible pathways for further conversion of the
electron excitation energy. The first one is dissipation of
energy to heat through various physical quenching pro-
cesses. The second one is luminescence, whose shortest
wavelength band (without consideration of the possible
appearance of anti-Stokes bands) is also displayed at
~20400 cm~!. The third possibility includes proto-
chemical reactions.

2.3. Classification of photochemical reactions of the
uranyl ion. Uranium(v) is formed much more readily in
reactions of the photoexcited ion (UO,2")" than in the
reactions of the nonexcited UO,2" ion. Upon excitation
of the uranyl ion, an electron passes from a molecular
orbital to an uranium orbital, i.e., uranium(vi) is "partly
reduced." In the ground state, the uranyl ion has only
slight electron-acceptor capacity (E° = 0.06 V),22 while
on excitation, it becomes a strong oxidant. Its standard
redox potential E° is estimated!3:15 to be 2.6—2.7 V.
The excited (U022+)* ion oxidizes organic acids, alcohols,
amines, amides, phenols, cellulose, and many other
organic and inorganic compounds.12—14 Of the four
main types of photochemical reactions peculiar to metal
complexes (substitution, isomerization, redox reactions,
and photocatalysis or photosensitization),519 the uranyl
ion tends to enter into reactions of the third and fourth
types. To understand the regularities of photochemical
transformations of the uranyl ion, it is necessary to know
their mechanisms. Information on the mechanisms of
reactions of the uranyl ion is usually obtained from
investigation of the structures of the primary products,
i.e., radicals, the composition of the final products,
isotope effects arising upon replacement of hydrogen by
deuterium in the substrate, regularities of quenching of
the luminescence of the uranyl ion, efc. However, the
use of these methods does not always provide unambigu-
ous answers to questions concerning the reaction mecha-
nisms. Relying on published reviews,13—15 classification
of photoreactions of the uranyl ion according to their
mechanisms can be now proposed.

The occurrence of the following processes has been
confirmed quite reliably:

(1) intramolecular reactions proceeding by an elec-
tron transfer mechanism;

(2) intermolecular reactions whose primary step is
abstraction of a hydrogen atom from the substrate;

(3) intermolecular electron transfer reactions;

(4) sensitization reactions, which start from the trans-
fer of energy from an excited uranyl ion to the acceptor.

Three more mechanisms have been suggested in
some instances but not confirmed reliably:

(5) transfer of an oxygen atom from the uranyl ion to
the substrate;

(6) two-electron transfer reactions;

(7) reactions including the formation of a complex of
the excited uranyl ion with a nonexcited species (exciplex
or excimer).

Examples of various mechanisms are presented be-
low. It is noteworthy that a change in the reaction
conditions is often accompanied by a change in the
reaction mechanism.

Intramolecular (intracomplex) electron transfer takes
place in the decomposition of uranyl oxalate. The reac-
tion ends with evolution of CO;:

U0,Co0, + 2 HT + hv —

— U0,2* + CO, + CO + H,0 (pH 0), (1)
UO,C,0, + Hy0 + hv —
— UO,2" + HCOO™ + CO, + OH~ (pH 7). ()

Decomposition of uranyl oxalate may?3 be accompa-
nied by parallel reduction of the uranyl ion to ULV
Decarboxylation of benzoic, lactic, and acetic acids and
other mono- and dicarboxylic acids on treatment with
uranyl follows the same mechanism. In this case, the
product composition can also depend on the pH and
U4t can be formed in the overall process, for example,

UO,2" + hv — (UO2H)", 3)

(UO52")" + MeCH(OH)COOH + 2 H* —
— U*" 4+ MeCHO + CO, + 2 H,O (pH > 3.5).  (4)

Thus, reactions of this group can belong to the type
of either decomposition of organic molecules sensitized
by the uranyl ion or redox reactions of the uranyl ion. It
has now been found!S that reactions of the excited
uranyl ion can either proceed in the equatorial plane of
the linear UO,2" ion, i.e., involve directly the U atom or
occur at the O atoms. The reactions of intracomplex
transfer of an electron from the ligands to the uranyl ion
proceed in the equatorial plane.

The second group of reactions includes intermolecu-
lar abstraction of a hydrogen atom from the substrate. In
the general case, these processes are written in the
following way:

(UO,2*)* + SHp — UOH2H + SH-, )
UOoH2" — UO,*™ + Hgqy, (6)

where SH, is the substrate. As a rule, intermolecular
hydrogen transfer involves the O atoms. This mechanism
is observed in the reactions of the uranyl ion with
alcohols, in which the attack is directed at the C atom in
the o-position:

(UO42")" + RCH,0H — UO,H2* + "RCHOH. 7)

Photoreactions with alcohols are always accompa-
nied by the reduction of the uranyl ion. The mechanisms
of these reactions have been studied in detail.24—26 The
quantum yields of photoreduction of the uranyl ion with
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alcohols are rather high,27—29 normally ranging from 0.3
to 0.7. The attack by the uranyl ion is directed on the
carbon—hydrogen bond of the hydroxylated carbon. The
polarity of the substituent R is more important for the
rate of this reaction than the steric effects associated
with the size of R.

A change in the mode of coordination of the uranyl
ion results in a change in the reaction mechanism. The
reaction of the uranyl ion with methanol, which gives
either the "CH,OH radical (in aqueous methanol) or
the CH3;0" radical (in anhydrous methanol) as the
primary product, can be cited as an example.13:15 One
more example is the reaction (4) of the uranyl ion with
lactic acid. As the pH decreases, the proportion of the
uranyl complex with the lactate ion diminishes, and the
reaction starts to proceed by an intermolecular mecha-
nism to give pyruvic acid MeC(O)COOH, instead of
acetic aldehyde. The products and the mechanisms of
photoreactions of the uranyl ion with organic acids also
depend on the concentration of the latter. In neat acids
(as well as in aqueous solutions at low pH), abstraction
of the H atom from the C, atom appears to be the
primary step, whereas in aqueous solutions, electron
transfer followed by decarboxylation predominates.13 The
change in the mechanism of photoreactions of the ura-
nyl ion depending on conditions, i.e., the nature of the
solvent, pH, and temperature (in particular, on freez-
ing), is indicative of the presence of competing interme-
diate steps controlled by both electron donor—acceptor
and acid—base interactions.

Quenching of the luminescence of uranyl ions by
aromatic hydrocarbons and variable-valence metal ions
in the lowest oxidation state is accomplished by revers-
ible electron transfer (the third group of reactions). The
occurrence of electron transfer between metal ions and
excited uranyl ions is indicated by correlation between
the metal redox potentials and the rate constants of
quenching.30—33 The use of pulse photolysis made it
possible to obtain direct evidence for electron transfer in
the reactions of (UO,2™)" with Mn2",31 Ru(bpy);2* (bpy
is 2,2 -bipyridyl),34 and Ce!!l.35 It was shown that, after
a light pulse, the increase in the concentration of the
Ru(bpy);3* ion in 2 M H;POy, is exactly correlated with
the rate of deactivation of the excited uranyl. The life-
times of the reaction products, Mn3*, Ru(bpy);3*, and
Ce!V, reach milliseconds. Evidently, the back reaction
between UO," and the generated oxidizing ions is not
an intra-cage reaction in this case.* However, formation
of UIV as the final reaction product was not detected (in
Section 3.5, we give an example of irreversible oxidation
of cerium(i1) by excited uranyl ion). Apparently, the
reaction of (U022+)* with plutonium(ii) proceeds in a
similar way. The presence of PulY can be detected in an

* In the liquid phase, solvent molecules form a "cage" around
reacting species and thus prevent them from moving apart
immediately after the reaction; this sharply increases the prob-
ability of back reaction.

electrochemical experiment carried out simultaneously
with photoirradiation.3® The following overall reaction is
supposed to take place:

(UO,2H)" + 2 Pulll + 4 HT — U4 + 2 Pu* + 2 H,0.  (8)

No evidence for the formation of U*' is given. It is
more likely that PulY oxidizes the primary product of the
photoreaction (UO,") in a back process. After irradia-
tion has been terminated, dark reaction results in the
regeneration of the initial species. Note that PulV can
also be formed without the uranyl ion as a result of
oxidation of the photoexcited plutonium(ii) by water;
photoreactions of plutonium are considered in Sec-
tion 4.2.

The fourth group of reactions comprises!3 energy
transfer from the excited uranyl ion on the acceptor,
which is followed by a photochemical reaction involving
an excited energy acceptor (like some reactions of the
first group, this is a sensitization reaction). Photo-
polymerization of vinylic monomers in the presence of
uranyl salts seems to correspond to this group.

Transfer of an oxygen atom from uranyl to the
substrate is assumed3’ to take place in the photooxida-
tion of dimethyl sulfoxide by the uranyl ion. This con-
clusion is based on the composition of the final product,
dimethyl sulfone. A similar mechanism is assumed for
the reactions of the uranyl ion with dialkyl sulfides and
triphenylphosphine and some other reactions!> as well as
for the reactions of (UO,2")" with SO, and O; because
electron transfer to the uranyl ion is impossible in this
case38 due to the very high ionization potentials of SO,
and O3 molecules. This viewpoint is disputed in a publi-
cation3® in which evidence for the reaction of (UO,2")"
with SO, (more precisely, with the SO32~ ion) by the
electron transfer mechanism is given. In our opinion,
the transfer of an oxygen atom from the uranyl ion is
unlikely because its bond with uranium is very strong.

The hypothetical formation of exciplexes or excimers
of the uranyl ion in its photoreduction by water is
considered in Section 2.4.

Mention should be made of the photocatalytic reac-
tions of uranyl ions, viz., oxidation of hydrocarbons with
oxygen or with hydrogen peroxide.409—42 The primary
step normally follows either the first or second mecha-
nism and gives UY and an organic radical. Then both the
radical and UV are oxidized with oxygen or hydrogen
peroxide. This yields an oxygen-containing organic com-
pound, while the uranyl ion ultimately remains un-
changed, i.e., it acts as a photocatalyst.

So far, we have mainly considered reactions with
organic compounds. Meanwhile, mechanisms of reac-
tions of uranyl ions with inorganic compounds can also
be classified into one of the above-indicated types. For
example, oxidation of the iodide ion!2-13:43,44 and Br~
and NCS~ ions!3-43:44 proceeds via intramolecular elec-
tron transfer. In the case of N,H4, the reaction is
assumed43 to involve reversible formation of a hydrazine
exciplex (i.e., a complex existing only in the excited state
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and decomposing after the excitation has been removed)
with (UO,Z")*, in which transfer of an electron to the
uranyl ion takes place. Photodecomposition of hydrogen
peroxide is accelerated in the presence of uranyl ions;
this is assumed to proceed via the intermediate complex
UO0,(H,0,)%", although its existence has not been
proven.14

The pathways of transformation of the primary, usu-
ally, radical, products of reactions of the excited uranyl
ion are fairly diverse. Regarding the UO,2" ion itself, it
is reduced to the uranoyl ion UO,*, which retains the
initial composition and structure. Therefore, there is a
high probability of back electron transfer to give the
uranyl ion. If this process does not take place, the
uranoyl ion is consumed in the following reactions.

1. Disproportionation

UO,™ + UO,™ + 4 HY — U0,2T + U4t + 2 H,0. )]

The standard potential for the UO,*/U4" pair is equal to
0.38 V.22 This is much higher than the potential of the
UO0,2t/UO0,* pair (0.06 V), ie., one UO," ion can
oxidize another UO," ion. Disproportionation is accel-
erated as the pH decreases.

2. Reaction with the initial SH, (see reaction (5)) or
with primary (SH" radicals) or secondary products of its
decomposition. The reaction with the SH * radical, which
is often intra-cage, proceeds especially rapidly.

3. Exchange of uranium or oxygen atoms occurring
in parallel; these reactions can be detected by isotope
labeling, for example,46

U80,* + Hy'60+ == U00,H2" + H,'80, (10)

U'BO,H2* + Hgf0* === U0,H,3" + H,'80 (11)
or (see Ref. 47)

23502+ + 288U+ =  238YQ,2+ + 2354+, (12)

Some of these transformations are accompanied by de-
struction of the uranyl ion. Ultimately, the products of
primary and secondary reactions react with U#" and
UO,2*. Thus, the final products can be quite diverse.
The photochemistry of the uranyl ion has been mainly
studied in acidic solutions but studies in carbonate
media have also been reported.48:49 In this media, pho-
toreduction of uranyl ions by alcohol or by formate ions
gives UV, which is stabilized as a complex whose com-
position is supposed to be [(UO,)4(OH)g(H,0)q]2~.49
Photolysis of chelates of the uranyl ion with p-diketones
gives rise to a precipitate of a uranium(rv) complex.50
Valuable information on the mechanism of photochemi-
cal transformations of the uranyl ion was obtained5! in
investigations of solutions frozen down to 77 K. The
radical products formed in the first step of the reactions
of the uranyl ion with organic compounds were detected
by ESR spectroscopy. The range of products differed
from that obtained at room temperature. In some cases,
rupture of C—C bonds was observed, which is absolutely

uncharacteristic of reactions in liquid solutions. Studies
of the cage effects in photoreactions of the uranyl ion,
including those in molecular organized systems such as
micelles,32 are in progress.53 The purpose of these stud-
ies is to establish the role of spin dynamics in the
reactions of radical pairs (RP). It is assumed that the
spin state of the excited uranyl ion is transferred to the
primary RP, ie., the RP formed in the triplet state,
which implies spin selectivity in the subsequent pro-
cesses. The presence of spin selectivity can be confirmed
by chemical nuclear polarization in the reaction prod-
ucts. For example, photooxidation of benzilic acid or
benzhydrol by uranyl nitrate gives RP consisting of the
uranoyl ion and a ketyl radical. The radical is oxidized in
the cage to benzophenone, which is found to be polar-
ized.54 Other effects related to the spin selectivity of
uranyl photoreactions are the influence of a magnetic
field and the magnetic isotope effect. The latter phe-
nomenon has been described in detail in a review.15
Other examples of photochemical reactions of the uranyl
ion could also be cited but it is beyond the scope of this
communication. We will dwell on the reaction of the
excited uranyl ion with water.

2.4. Redox reaction of the excited uranyl ion with
water. This reaction occupies a special position. Water is
a solvent for the majority of systems in which photo-
chemical reactions of uranyl ions and other f-element
ions are carried out. In addition, the reaction of the
photoexcited uranyl ion with water is interesting regard-
ing the problem of water photodecomposition for the
storage of solar energy.>>

On passing from solutions in H,O to solutions in
D,O0, the duration of luminescence of simple uranyl salts
approximately doubles.3¢ It has long been suggested!3
that this is largely due to the retardation of the lumines-
cence quenching via hydrogen atom transfer:

(U0,2H)" + HyO — UO,HZ* + OH " (13)

The high redox potential of the excited uranyl ion allows
the transfer of hydrogen, although the resulting OH®
radical is also a very strong oxidant (F° = 2.73 V at pH
0 and E° =2.32 V at pH 7).57 Reaction (13) should be
expected to be subject to an isotope effect. Theoretical
calculation of the rate constant for the abstraction of a
hydrogen atom by an excited (UO,2%)* ion demon-
strated good agreement with the experimental value58
and provided a quantitative interpretation of the isotope
effect.

There is also an opinion3? that quenching of lumi-
nescence of the uranyl ion by water follows the route

(UOg2H)* + HyO — UO,*t + OH® + HT, (14)

i.e., it involves transfer of an electron rather than of a
hydrogen atom. Although the estimate of the rate of this
process in terms of the Marcus theory deviates from the
experimental result by several orders of magnitude, this
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discrepancy is attributed to specific steric difficulties.5?
This approach has not gained acceptance in the litera-
ture. In particular, it is at variance with the presence of
the isotope effect. Analysis of the temperature depen-
dences of the quenching of luminescence of the uranyl
ion in solutions in H,O and D,O confirmed®® that in
liquid solutions, quenching occurs by the hydrogen trans-
fer mechanism (13); in frozen solutions at 7" < 180 K,
slight quenching of the uranyl ion luminescence occurs
only by a physical mechanism as a result of transfer of
the electron energy to higher vibrational levels of the
O—H bonds. Although quenching of luminescence of
the uranyl ion in aqueous solutions can be described
quite adequately under certain conditions, the general
picture remains obscure. For example, in a study of the
effect of the H' concentration on the lifetime of uranyl
luminescence, the following mechanisms were taken
into account®l: Stern—Volmer luminescence quenching
by OH™ ions; hydrolysis of the uranyl ion followed by
hydrogen atom intramolecular transfer; formation of an
exciplex; transfer of an electron from the H,O molecule
to the uranyl ion; dissipation of the excitation energy to
the vibrational quanta of water molecules located in the
first coordination sphere of the uranyl ion (similar to the
quenching of luminescence of lanthanide ions, see Sec-
tion 4.8); and transfer of energy to water molecules.
None of these mechanisms adequately explains quench-
ing over a broad range of H™ concentrations. A modified
scheme of hydrolysis taking into account ion association
and complexation was proposed. However, the question
of whether chemical or physical quenching plays the
predominant role remains open.51

It would be possible to establish the nature of the
primary processes if the OH " radical was detected in the
reaction of (UO,2")" with H,0. No direct evidence for
this process has been found so far,%2 although some data
could be interpreted as being indicative of the occur-
rence of reaction (13). Spin adducts of the OH " radical
were detected by ESR upon the photolysis of uranyl ions
in molybdate solutions in the presence of a spin trap93;
however, no adducts of this type were found in the
absence of molybdate ions. Pulse photolysis of aqueous
solutions of uranyl ions results in a short-term increase
of the ionic conductivity of the solution,® which was
attributed to the increase in the concentration of the
H;O" ions after reaction (14).

The NO; " radical, having a somewhat smaller redox
potential than OH ", was detected by pulse photolysis in
a nitric acid solution.85 The NO;" radical is supposed65
to result from oxidation of the NO3™ ion directly by the
excited uranyl ion rather than by the OH ° radical.

Reaction (14) has been discussed in a number of
studies (without considering its mechanism) as the first
step of various processes. This underlies the theory
of photostimulated oxygen exchange in the uranyl
ion,39:46,66—68 wwhich correctly explains numerous ex-
perimental facts. An important point of the theory is the

formation of the uranoyl ion and its participation in the
chain mechanism of the exchange.

There exists an opinion%—71 that some features of
the luminescence of the uranyl ion cannot be explained
in terms of mechanism (13) alone. Some facts presented
in the literature point to the occurrence of processes that
involve a more complex compound, namely, an exciplex.
This exciplex, (U,04H*")*, consists conventionally of
UVY and UV and results from the reactions

(UO22H)" + Hy0 — (UO,HZH)* + OH", (15)
(UOHZH)* — UO,* + HT, (16)
(UO,HZH)™ + Hp,0 === (UO,™)" + Hi0™, (17)
(UOoH2H)™ + U022t === (U,0,H*")". (18)

One argument’? supporting the existence of the
exciplex incorporating two uranium atoms is the fact
that the luminescence spectrum of the uranyl ion de-
pends on its concentration at low pH values, when the
possibility of appearance of "normal" hydrolyzed dimeric
species is ruled out; the quantum energy Av, in the
equation

(UOx2H)" = U0,2H + hv, (19)
is greater than Av, in the equation
(U2O4H4+))k — UO22+ + U02+ + H" + hV2. (20)

Hence, apart from the uranyl ion, luminescence is
emitted by at least one type of particles, which might be
an exciplex.9:72 Other reasons in favor of exciplexes
based on pulse photolysis data have also been reported.”3
In the opinion of some researchers,’ there is no need to
invoke the notion of exciplexes. Biexponential decay,
the presence of a second-type luminescence with a
spectrum shifted to longer wavelength, and other pecu-
liar features of emission by uranyl ions can be rational-
ized’5:76 in terms of the hypothesis of reversible transi-
tion between two radiative levels of the (UO,2")" mono-
meric ion. The set of photophysical processes in the
uranyl ion can be expressed by Scheme 1 (retaining the
author’s notation),’4=76 in which ky; and kx are the rate
constants for deactivation of the U* and X" states, and k;
and k, are the rate constants for the reversible transition
between the U" and X" states. The U* == X" reversible
transition can be induced by the exchange of molecules
in the solvation shell of the uranyl ion. The designation
U" corresponds to the excited state m,3¢,!, which is
higher in energy, while X" implies a lower state, ©,35,!.

Scheme 1

ky
k U = X' _k

‘U/ e ~X

The ground state of UO,2" The ground state of UO,2"
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Although an electronic structure of the exciplex has
been proposed based on the theory of valence bonds,”’
the debate can hardly be regarded as concluded. In our
opinion, the existence of the (U,O4H*")" exciplex is
doubtful for energy reasons. Indeed, the redox potentials
of the excited uranyl ion and the OH" radical are
approximately equal, and the energy of (UO,2")" in
water oxidation should be entirely consumed for the
formation of the OH " radical. The excess energy in the
(UO,HZ")" species appears to be insignificant (Eq. (15)).
However, the existence of other exciplexes of uranyl
ions, i.e., with fluoride ions,’® thallium(1) ions,”:80 and
other variable-valence metal ions,3! seems quite prob-
able and accounts for the peculiar features of the lumi-
nescence of uranyl ions in solutions containing various
additives.

No chemical changes are usually observed upon
photoirradiation of aqueous solutions of uranyl salts
containing no reducing agents. It has been noted®® that
UV is formed upon the photolysis of phosphoric acid
solutions of uranyl salts. Water photooxidation by the
uranyl ion in sulfuric acid solutions has been studied by
chemiluminescence.82:83 The formation of H,0, and
uranium(1v) was detected. Apparently, both products
exist in solution being exposed to light in a steady-state
concentration, which is too low to be detected by con-
ventional chemical methods. Almost quantitative pho-
toreduction of the uranyl ion by water was attained34 by
introducing unsaturated heteropolytungstate anions
(HPTA), P,W ;06,107 or SiW; 03937, into the solution
under irradiation. These anions form very strong com-
plexes with ULY and with other tetravalent actinides even
in acid media83; this sharply increases the stability of this
valence state of uranium against oxidation. Under these
conditions in 0.01—4.0 M H,SO,4, HCIO4 or 0.1—1.0 M
Na,S0,, NaClOy, the uranyl ion is reduced to UV on
exposure to visible or UV light. Simultaneously, hydro-
gen peroxide appears in the solution. Oxygen seems to
be the final product of water oxidation. Upon irradiation
for many days at pH ~4 (the region of thermody-
namic stability of HPTA), UO,2" passes into U!Y
(1073 mol L7!) almost quantitatively. The quantum
yield of the reaction (A = 337.1 nm) increases with an
increase in the concentration of acids or salts; it is close
to 2-1073 in 1 M H,SO, or HCIO,.

The question of the mechanism of photoreduction of
the uranyl ion by water still remains open. Apparently,
HPTA do not participate in the photochemical steps of
the process but only stabilize uranium(iv).84 As noted
above, the OH" radical as a product of reaction (13) or
(14) has not been reliably detected yet. We carried out
kinetic calculations relying on the known rate constants
for the reactions of the OH " radical with various com-
pounds. Without acceptors of OH " radicals, UV should
not be formed by this mechanism because the rate of the
back reaction between OH® and UV exceeds substan-
tially both the rate of OH ° radical recombination to give
H,0, and the rate of disproportionation of UY. (The

rate constant for the interaction of OH" radicals with
UV was estimated to be about 1010 L mol™! s71.) We
performed tentative experiments on the photoreduction
of uranyl ions in the presence of HPTA and benzene
additives; benzene is chemically inert with respect to the
excited uranyl ion but efficiently traps OH" radicals. We
expected that trapping of the OH" radicals by benzene
and subsequent reactions would result in accumulation
of phenol and the formation of H,0, would be sup-
pressed. Neither was observed in reality. Perhaps, reac-
tion (13) is insignificant in the photoreduction of uranyl
ions (although quenching of luminescence of uranyl ions
can occur by this mechanism followed by recombination
of OH" and UO,HZ"). A mechanism involving the
formation of a dimer can be proposed. The existence of
*UVI—UV exciplexes seems doubtful but the formation
of the "UVI—UV!I excimer cannot be ruled out; this
species loses an H,0, molecule rather than an OH"
radical giving rise to two UV ions. The back oxidation of
uranium(v) with hydrogen peroxide proceeds much more
slowly than that by OH" radicals; therefore, there is a
probability of disproportionation of UV:

2 UY > U0, + UV. Q1)

In a solution devoid of HPTA, U!V is vigorously
oxidized by hydrogen peroxide. In the presence of HPTA,
UV forms complexes with it and is thus stabilized. This
is followed by the reactions84

(UOo2H)" + Hy0, — UO,' + HY + HO, ', (22)
UO,* + HyOy + HY — UO,2* + products, (23)
UV + Hy0p — UO,2H + 2 H, (24)
HO5" + HOp" — Hy0y + 0o, (25)
UOo2* + HOp" + v === UO,(HO,")2*. (26)

In addition, HO," radicals and their complexes with
uranyl, UO,(HO,)2", react with each other to give H,0,
and oxygen, for example,

2 UO,(HO,)2+ — 2 UDy2* + HyOp + O,. (27)

The accumulation of UV in the first minutes of irradia-
tion, when UV, UIV, and H,0, appear, is markedly
retarded. Then quasi-steady-state concentrations of UV
and H,0, are attained; the reaction rate is also stabi-
lized. Since H,0,; is consumed not only in the oxidation
of UV and UV but also in the photoreduction of the
uranyl ion, the last-mentioned reaction can occur quan-
titatively.

It can be seen from the above data that there are
important unsolved problems in uranyl photochemistry,
in particular

(1) the relative roles of the electron and hydrogen
atom transfer reactions and acid—base processes;

(2) the possibility of multielectron transfer and ab-
straction of an oxygen atom;
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(3) the possibility and mechanism of water oxidation
by the excited uranyl ion to give OH " radicals; the role
of exciplexes as the products of reactions between the
excited uranyl ion and water;

(4) the mechanism of accumulation of UV in the
solution as a result of photoreduction of uranyl ions by
water.

All these aspects are also important for the photo-
chemistry of other f-element ions whose reactions are
performed in aqueous media.

2.5. Analytical applications of photochemical reac-
tions of uranyl ions. An advantage of the photochemical
methods for the separation of elements is the possibility
of selective action on one of the components. If only
one element in the mixture is photochemically active, a
broad spectrum of radiation can be used; in the case of
uranyl ions even sunlight is suitable. If several photo-
chemically active components are present, a more mono-
chromatic source acting selectively on one component is
needed.

Two types of separation processes making use of the
photochemical properties of uranyl ions are documented:
(1) direct photochemical separation of uranium by pho-
toreduction of the uranyl ion, which is accompanied by
precipitation of an insoluble UV compound; (2) the use
of the product of photoreduction of the uranyl ion,
uranium(1v), for the reduction of PulV to Pu!ll in the
reprocessing of irradiated nuclear fuel, mainly in the
purex process* (see also Section 4.3).

A process for precipitation of UV on exposure to
sunlight of solutions of uranyl salts containing reducing
agents and ions able to precipitate uranium(iv) was
proposed back in the late 1950s. The photochemical
method made it possible to synthesize a number of new
poorly soluble uranium(iv) compounds. They incorpo-
rated fluoride,36 formate,87 carbonate,38 succinate,89 tar-
trate,8% and some other ions. It is of interest that most
compounds contained a UO2* group. If ions of other,
photochemically inactive metals were present together
with uranyl ions, they remained in solution after precipi-
tation of uranium. For example, uranium occurring as
uranyl salts in solutions in sulfuric acid%? can be quanti-
tatively separated from aluminum and vanadium:

(UO,2")" + EtOH + S0,2~ —
— UOS0,; + MeCHO + H,0. (28)

Similar results (purification of uranium from Fe and V)
can be attained by precipitating uranium(iv) from a
nitrate solution by fluoride as NHyF - UF, - H,O; in this
case, ethanol is also used as the reducing agent.?! Pre-
cipitation of UOSO,4 %0 or NH,4F - UF, - H,0 92 provides
solution for a more complicated problem, namely, sepa-

* Purex process is an extraction technique for separation of Pu
and U during reprocessing of irradiated nuclear fuel, based on
different extractabilities of plutonium(iir) and plutonium(iv) by
tributyl phosphate in dodecane.

ration of uranium from other f-elements, for example,
Lalll. Celll. Th (as well as Al, Zr, and Mn). The yield
and purity of UY compounds exceed 90% and, in some
cases, 99%.

In order to isolate uranium from an industrial
diuranate (commercial name, "yellow cake"), it was
dissolved in sulfuric acid, the uranyl ion was reduced by
a mixture of ethanol and hydrazine in sunlight, and
hydrated uranium(iv) oxide was precipitated at pH 5 or
9. This provided a high degree of purification of uranium
from a number of elements.?3

Poorly soluble UV hypophosphite might also be
suitable for this type of isolation of uranium. This com-
pound crystallizes upon UV irradiation of an acidic
solution containing uranyl nitrate and sodium hypo-
phosphite.94 The hypophosphite itself serves as the re-
ducing agent for uranium. The degree of precipitation
reaches 95%.

The efficiency of the purex process is largely deter-
mined by the degree of reduction of PulV to Pulll at the
stage of plutonium re-extraction from tributyl phosphate
(TBP) containing also uranyl nitrate. The possibility of
using photochemistry for the improvement of the purex
process has been considered since the 1960s.25 This idea
is based on the ability of uranium(iv) to reduce PulV to
Pulll. Uranium(iv) can be easily prepared by photo-
chemical reduction of the uranyl ion, in particular, using
many salt-free reducing agents, which decompose upon
the reaction to give gaseous or liquid products. For
example, compounds such as hydrazine, hydroxylamine,
ethanol, oxalic, acetic, and formic acids and other com-
pounds can be perfectly used in the purex process.?6-97
In the mid-1970s, numerous publications dealing with
this topic appeared (see, for example, Refs. 96—98). A
modified scheme of the purex process with the use of
photochemical reactions of uranyl has been pro-
posed,96:97,99 and the possible technological problems
were discussed: equipment, gas evolution, heating of
solutions, efc. The cost of the process was estimated and
the advantages of the photochemical scheme were ana-
lyzed.96.97,99 The use of hydrazine for this purpose was
patented in the USA!90; later, detailed studies using
butanol, hydrazine, and hydroxylaminel®! have been
carried out. In another patent,102 photochemical reduc-
tion of the uranyl ion to ULV by tributyl phosphite was
described. In this process, tributyl phosphite is oxidized
to TBP; thus, no foreign compounds appear in the
system. An interesting method of photoreduction of the
uranyl ion by TBP itself was patented.103 A series of
other publications are also devoted to this topic.104—108
It was found1%? that the primary step of UO,2* photore-
duction on treatment with TBP follows the mechanism
of electron transfer in the equatorial plane of the uranyl
ion; the resulting TBP radical cation can be detected
in the ESR spectrum. Photolysis of a solution of
UO,(NO3), - 2TBP in 80% TBP in dodecanel®® gives
rise to UY and then to UIV. Interest in the use of this
reaction for the separation of uranium and plutonium is
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still retained.110,111 Some studies devoted to this prob-
lem will be considered once again in the section dealing
with the practical significance of the photochemical
reactions of neptunium and plutonium because their
phototransformations in real or model solutions are
usually related to uranium reactions.

Yet another analytical application of the photochem-
istry of uranyl ions is determination of uranium after
photochemical reduction of the uranyl ion with etha-
nol.112,113 For relatively high uranium concentrations,
this was carried out by titrating uranium(1v) with ammo-
nium vanadate using N-phenylanthranilic acid as the
indicator.112 In the case of microconcentrations of ura-
nium, it was again oxidized by iron(i) after photore-
duction, and iron(i1) was determined by colorimetry
with o-phenanthroline.113

Note that light sources most convenient for practical
purposes in the photochemistry of uranyl ion are con-
ventional mercury lamps with sufficient power. Never-
theless, it is quite natural that publications considering
photoreactions of uranyl ion on exposure to laser radia-
tion appeared in recent years.27—29

To summarize this section, it should be noted that,
apart from uranyl ions, other uranium compounds can
also enter into photochemical reactions. For example,
the photochemical method was used to accelerate the
dissolution of uranium dioxide.114 There are quite a few
data in the literature!!5 on photochemical reactions of
uranium halides containing uranium in various oxidation
states, alkoxides, borohydrides, and some other uranium
compounds.

3. Photochemistry of lanthanide compounds

3.1. Characteristics of the excited states of lanthanide
ions. Although luminescence and photochemistry are
phenomena having a common nature, here we cannot
consider the luminescence of lanthanides in detail. First,
the literature dealing with this topic is extremely exten-
sive. A number of reviews discussing comprehensively
particular aspects of lanthanide photophysics, in particu-
lar, in solutions and in complex compounds, have been
published.116—118 Second, unlike uranyl ion, in the case
of lanthanides, different excited states are often respon-
sible for luminescence and photochemistry in solutions;
we will touch upon the problems of luminescence
only to the degree to which it is necessary for
understanding the characteristic features of photoreac-
tions.

The light absorption spectra of lanthanide ions are
much simpler than the spectra of most d-elements.119
They contain narrow bands for f—f transitions (LF
bands) and much broader charge transfer bands (CTB).
The natures of the latter bands are different for ions in
reduced and oxidized forms. In oxidized ions (for ex-
ample, Eulll, Ce!V), CTB arise due to the transfer of an
electron from the coordination sphere to the lanthanide.

Apparently, as in the case of d-element complexes,> the
electron transfer can be either partial (displacement of
the electron density toward the lanthanide ion) or com-
plete. In the latter case, the excited state is not formed
and, at the instant the light quantum is absorbed, a
radical ion pair is formed, which rapidly dissociates in a
polar solvent. In the case of reduced ions (for example,
Celll. Eull), bands due to electron transfer from the 4f
to 5d shell of the lanthanide can be considered to be
CTB. The excited ion thus formed is oxidized much
more easily than a nonexcited ion.119

In photochemical redox reactions, lanthanides are
always excited to the CTB. Meanwhile, luminescence of
lanthanide ions can be due both to f—d transitions and
to transitions within the f shell. The f—f luminescence
cannot usually provide additional information on the
photoreaction, while investigation of f«—d luminescence
of cerium(i) and europium(ir) proves useful in some
cases.

Data on lanthanide photochemistry have not been
systematized as yet, although brief accounts of the pho-
toreactions can be found in some reviews dealing with
the photochemistry of uranyl ion!3 and transition metal
complexes.%7 Meanwhile, the information accumulated
to date is rather vast. Three types of photoreactions have
been found for lanthanides, namely, redox reactions,
photosensitization or photocatalysis,3 and ligand photo-
substitution.!20 Since the main line of research into
lanthanide photochemistry is concerned with redox re-
actions, the range of objects is rather limited.11® Of ions
in oxidation states other than +3, cerium(iv) and
europium(i1) can be obtained rather easily in aqueous
solutions. Ytterbium(i1) and samarium(ii) are less stable,
and terbium(1v), praseodymium(1v), and thulium(i) ions
are known only in solutions containing specific ligands.
Correspondingly, the photochemistry of cerium and eu-
ropium ions is the best studied; some information on the
photochemical reactions of samarium, ytterbium, and
terbium ions is also available.

3.2. Cerium. Reaction of cerium compounds has
been studied for at least a hundred years. In 1908 it was
found that the gaseous product formed in the photolysis
of aqueous solutions of CelV perchlorate is oxygen.!21
Photoexcited CelV is even a stronger oxidant than
(UO,2%)", the behaviors of Ce!V* and (UO,2%)" being
often similar regarding the reaction mechanisms.
Cerium(1v) is capable of oxidizing many organic com-
pounds even in the dark. These reactions are sharply
accelerated on exposure to light. For example, benzoic
acid is oxidized to fumaric acid in bright sunlight,122
although it is stable with respect to an aqueous solution
of Ce!V in the dark at room temperature.

Studyl23 of photo- and thermal reactions of Ce!V
carboxylates in undiluted carboxylic acids RCOOH
(R = Me, Bu?, Bul, Bu') showed that photolysis of
deaerated solutions with light with A = 350 or 254 nm
induces reduction of Ce!V and results in the formation of
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CO, and an alkane (or isobutylene for R = Bu!) as the
major products, for example,

Ce(OAc)y + HT + hv —
— Ce(OAc)3 + CHy + CO, + side products. (29)

Methyl acetate, ethane, and acetoxyacetic and suc-
cinic acids were detected as the side products of reaction
(29). The quantum yield of CO, in some systems ap-
proached unity or was even higher than unity. Analysis
of the effect of radical acceptors on the products of
photoreactions led to the assumption that decomposi-
tion of Ce!V carboxylates proceeds in the following way
(the authors’ notation is preserved):

CeV(RCOO) + hv — Cell + *RCOO, (30)
*RCOO — ‘R + CO,. (31)

The subsequent reactions of the alkyl radicals ‘R
(oxidation by cerium(iv), trapping, dimerization, efc.)
determine the overall stoichiometry.

The primary products of photoreactions of Ce!V and
UO,2" with several organic compounds in liquid solu-
tions were studied in detail!?4 by ESR. In order to
enhance the stability of organic radicals, the experiments
were carried at the minimum possible temperature at
which the solution was still liquid; in some cases, this
was 150 K. The results confirmed the formation of alkyl
radical ‘R in the reactions of Ce!V with carboxylic acids:

A > 300
RCOOH + CeV + py 2220 0M

— "R+ COy + H" + Ce'l. (32)

However, *RCOO radicals were not detected. There-
fore, it appears likely that the reaction of the Ce!V* ion
photoexcited by UV light (a mercury xenon lamp) with
carboxylic acid in solutions (150—270 K) starts with the
rupture of the C—C bond in the organic molecule.
Similarly, in the photoreduction of Ce!V by normal
alcohols RCH,OH (R = Me, Et, Pr), the formation of
"R radicals was found; formic aldehyde CH,=O was
produced as the second product. Photolysis of uranyl
ions in the same media yielded R*CHOH radicals.
Thus, the difference between the behavior of photoexcited
cerium and uranyl ions is that the attack by CelV* is
normally directed on the C—C bond, while the (UO,2")"
ion attacks the C—H bond (see also Section 2.3).
Studies in frozen matrices at 77 K were carried out
for photoreactions of Ce!V with alcohols,!25 organic
acids,126 aldehydes, ketones, esters, and amides.127 The
reaction of Cel!V with alcohols at 77 K, unlike that in
liquid solutions, results in the rupture of the C—H bond
to give the R*CHOH radical. It is of interest that
methanol, which is inert with respect to photoreactions
of cerium ion in liquid solutions,124 is oxidized at
77 K125 to give *CH,OH. In reactions with carboxylic
acids at 77 K, the CelV" ion behaves!26 as in liquid
solutions. Both C—C and C—H bonds are cleaved when
Ce!V* reacts with ketones and esters, whereas aldehydes

and formamide give products indicating cleavage of only
C—H bonds.127

Somewhat different results were obtained in the pho-
tolysis of a solution of (NH4),Ce(NOj3)¢ in glacial acetic
acid128 (mercury lamp, 450 W). The presence of the
nitrate ion influences the form of existence of Ce!V in
solution and the mechanism and the products of pho-
tolysis. In addition to CO,, whose yield is even greater
than the yield of Ce!ll, fairly large amounts of HNO;,
MeNO,, and MeOH and smaller amounts of MeONO,,
CH,4, and AcOMe are also formed. A relatively simple
set of reactions that accounts for all the experimental
results on photolysis was proposed; it was noted that this
system can act as a chemical actinometer.

The problem of photoreaction of CelV with water is
significant for the photochemistry of cerium ions. Aque-
ous solutions of Ce!V are responsible for a broad absorp-
tion band with charge transfer to the metal, which
occurs in the UV region and partly extends to the visible
region. The absorption of light in this band sharply
enhances the oxidizing properties of cerium(iv). For
example, an aqueous solution of Ce!V in hydrochloric
acid, although thermodynamically unstable, still can be
stored in the dark for several months without substantial
changes. When it is irradiated by UV light, water oxida-
tion takes place. Whereas photoreduction of the uranyl
ion gives unstable UV, which tends to be oxidized again,
the reduction of CelV yields a relatively stable product,
Celll. Therefore, photolysis of CelV in water proceeds
much more efficiently, giving rise to Ce!ll and oxy-
genl21.129 5ccording to the overall reaction

4CeV+2H,0+ hv—4Cell + 4 H + 0, (33)

Apparently, the primary step of the reactionl?? is
transfer of an electron from a water molecule to the
metal atom to give OH " radicals. Detailed investigation
of the photoreaction of Ce!V with water showed!3? that
the quantum yield of Ce!V photolysis in HCIO, solutions
using light with A = 254 nm increases with an increase in
the Ce!V concentration and decreases upon an increase
in the Ce!ll concentration. It does not depend on light
intensity and is 0.145 at the most. Based on the regulari-
ties found, it was concluded that the species participat-
ing in the photochemical reactions is a hydrolyzed Ce!V
dimer, while Celll serves to deactivate the excited
dimer.130 This conclusion was criticized by other re-
searchers,!3! who favored the mechanism of electron
transfer to the monomeric CelV ion to give the OH"
radical:

CeOH3* + hv — Ce3 + OH". (34)

The concentration effects of Ce!V and Celll are
attributed to the reactions

CeOH3* + OH' — Ce3* + H,0,, (35)
Ce' + OH" — CeV + OH™, (36)
H,0, + 2 CeV — 2 cel' + 2 HT + O, (fast). (37)
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Generally, this scheme can account for experimental
datal3%; however, it should be noted!3! that the OH"
radical acts in reaction (35) as the reducing agent; to the
best of our knowledge, a similar approach cannot be
found in any other publication. Later ESR studies!32 of
irradiated frozen aqueous solutions of HCIO,4 containing
Ce!V perchlorate point to the formation of trapped
H,O"* radical ions, apparently, due to electron transfer
from the hydration sphere to the CelV ion. In the
liquid phase, H,O'" radical ions rapidly dissociate
to OH® and H*. Thus, the overall reaction can be
written as

Ce** + Hy,0 + hv — Ce3" + OH" + H™. (38)

In 0.4 M aqueous H,SO,, in which Ce!V does not
form dimers and exists as a mixture of sulfate complexes,
it also undergoes photoreduction.!33—135 The quantum
yield of Ce!'l upon photolysis with light with A = 254 nm
increases in the presence of Br—, CI~, HCOOH, and TI!.
Kinetic calculations suggest!34:135 that photooxidation
of water may occur according to reaction (38). The
above-listed reagents trap the OH" radicals, thus pre-
venting the back reaction of these radicals with Ce!!l. An
effect similar to the effect of HCOOH or TI! on the
photoreduction of Ce!V is also exerted!36 by Hgl. It was
noted that the photochemical step involves the Ce#* ion
rather than its dimers. In our opinion, arguments given
by the authors of these publications are not indisputable,
and this aspect requires further studies.

The OH" radicals, resulting from the photoreaction
of CelY with water in solutions in sulfuric acid, oxidize
the anions of the medium to give SO4"~ or HSO,4". This
process has been taken into account in the discus-
sion133—135 of the photolysis of sulfuric acid solutions of
Ce!V. The HSO," radicals formed in the pulse photolysis
of sulfate solutions of Ce!V were detected directly!3’
based on the short-lived absorption at 455 nm. In nitric
acid, the reaction of OH " with NO;™ gives rise to NO;3*
radicals. They were detected upon pulse photolysis by
UV light of a solution of (NH4),Ce(NO3)g in 6 M
HNO;138,139 or K,Ce(NO;)¢ in 0.1—6 M HNO;. The
formation of the NO;° radicals is attributed to both
oxidation of nitrate ions by the OH" radicall3” and
direct electron transfer from NO;~ to Cel!V.138,139 The
question of the origin of the NO3" radical has not yet
been answered unambiguously. Studies of the photoly-
sis of frozen solutions of (NH4),Ce(NOj)¢ in an
HNO;—HCIO, aqueous mixture (88 K) appear to at-
test140 to the formation of NO;" radicals without reac-
tion between NO3;~ and OH'. Recall that a similar
pathway was preferred in the photolysis of uranyl ions
(Section 2.4).65 The photolysis of (NH4),Ce(NO;)¢ is a
simple and convenient method for the generation of
NOj® radicals in aqueous solutions at a controlled
rate. 138,139

Photolysis of Ce!V in frozen hydrochloric acid matri-
ces at 77 K results in the inner-sphere transfer of an
electron from the chloride ligand to CelV to give Cl'.

This is then converted into a Cl," ™~
was detected by ESR and spectrophotometry.

In general, in investigations of the photolysis of
aqueous solutions of CelV, reactions like (38) are as-
sumed to proceed in the majority of cases. Experiments
on the photo-evolution of oxygen from water on treat-
ment with cerium(rv) were interpreted in the same
way.142 The rate of the process sharply (by about an
order of magnitude) increased when quartz pieces had
been placed in the reaction cell. This is regarded as
being indicative of the fact that the OH " radicals arising
upon photolysis are sorbed on the quartz surface where
they recombine to give O,. Despite these results, in our
opinion, the question of the mechanism of water photo-
oxidation by cerium(iv), like that by the uranyl ion,
remains open. Indeed, when solutions are irradiated by
mercury lamps, the steady-state concentration of OH®
radicals is very low; calculations based on known rate
constants for the transformations of OH " radicals indi-
cate that the efficiency of recombination of these radi-
cals is very low. The vast majority of the OH " radicals
should be consumed in the back reaction with Celll
ions even when the concentration of the latter is
~107® mol L7, ie., Ce!ll is not accumulated under
these conditions.

The photochemical activity is peculiar not only to
CelV but to Ce!ll. Photooxidation of Ce!ll in aqueous
HCIO,4 has been detected!3? in the photolysis of CelV
with light with A = 254 nm. The reaction is accompanied
by hydrogen evolution:

radical ion, which
141

2 Cell + 2 H* + hv — 2 CelV + H,. (39)

Presumably, when g303[Celll] = g404[CelV] (g5 and
g4 are the molar extinction coefficients at the irradiation
wavelength and ¢; and ¢4 are the quantum yields of
Celll and CelV, respectively), the concentrations of Ce!ll
and Ce!V would remain invariable, although water would
decompose to H, and O,:

v (1]}
2 H,0 + hy CE/CET,

2 Hy + O,. (40)
Photoreactions (39) and (40) have been studied in
detaill43.144 in 0.114—1.05 M HClO,. Photooxidation of
Celll proceeds virtually identically in the presence and
in the absence of dissolved air. The quantum yield of
CelV increases with an increase in the Celll or HCIO,
concentration and, under optimal conditions, it is equal
to 0.0014. Based on the regularities found, a mechanism
of Celll photooxidation was proposed143:144; according
to this mechanism, the crucial role is played by the
formation of a cerium complex with the H,* ion:

CeH,03%* + hv — Ce*H,0%%, (41)
Ce*Hy03%t + Hz0" — [Ce—OH—H,*14" + H,0, (42)

[Ce—OH—H,"1%* + CeH,0%" —
— 2 CeOH3* + H, + H*. (43)



1936  Russ.Chem.Bull., Int.Ed., Vol. 49, No. 12, December, 2000

Yusov and Shilov

The symbols CeH,03* and [Ce—OH™—H,*]** des-
ignate the (H,0)sCe3* - H,0 and (H,0)sCe**OH™—H,™"
hydrated ions, respectively. According to the current
views, the first hydration sphere of the Ce!!l jon contains
nine rather than six H,O molecules. The potential of the
H,"/H, pair was calculated!44 to be 2.3 V, which stipu-
lates the possibility of reaction (43). Another possible
reaction mechanism is the formation of H atoms in the
primary step. This is indicated by the fact that cerium(iir)
initiates photopolymerization of vinylic monomers; this
would be impossible without participation of H at-
oms.145 The characteristic features of quenching of Celll
luminescence also indicate!45 that transformations of
Ce! in acid media yield H atoms. These results were
obtained for solutions in sulfuric acid.

Critical analysis of the data on the mechanisms of
cerium photoreactions in acid media has been reported.146
It was noted that the estimated potential for the Hy*/H,
pair presented above is markedly overestimated. It was
established reliably that the H," ion serves as the oxidant
only when contacting with a partner whose redox poten-
tial does not exceed 1 V. For example, H atoms (per-
haps, via the formation of H,") oxidize Fe?" ions!47 as
well as Np!!! and U!V jons in aqueous solutions of
HCIO4 or H,SO,4. However, they are inert with respect
to NpY and reduce UYL, PuVl PulV, and Np"! in
aqueous HCIO, 148 and Ce!V in aqueous H,S0,.147
The standard potentials of the Felll/Fell, UVI/UV,
Np!V/Np!L, pulV/Pulll, PuVl/PuV, and NpVl/NpV pairs
are equal to 0.771,149 0.17, 0.15, 1.01, 1.02, and 1.24 V,
respectively, 150 while that of Ce!V/Celll is 1.7 V.144
Thus, reaction (43) is hardly possible.

In a neutral aqueous solution of Ce!ll perchlorate,
photolysis results!5! in the precipitation of CeO, (more
precisely, apparently, CeO, - xH,O).

Unlike in solutions in hydrochloric acid, in an aer-
ated solution of K,CO; without redox additives, Ce!ll is
quantitatively oxidized to Ce!V.152 In solutions of so-
dium or potassium bicarbonates, the oxidation rate is
lower, and in (N Hy4),COj3, the reaction does not occur at
all.152 In solutions saturated with argon, this reaction
did not take place; hence, it was concluded that photo-
oxidation of cerium is accomplished by dissolved oxygen
rather than by water. The proposed mechanism includes
the dark formation and photochemical decomposition of
peroxide—carbonate complexes, giving rise to Ce!V. More
recent studies!33 showed that cerium(ir) photooxidation
occurs equally effectively both in aerated and deaerated
carbonate solutions; in both cases, water molecules serve
as the oxidizing species. The degree of photooxidation of
Ce!ll under optimal conditions reaches 85%. Photo-
irradiation of the initial Ce!V induces its slight (to
several percent) photoreduction.

Photolysis of Ce!l in 4 M H,SO, in the presence of
an oxidant, persulfate ions, results in the formation of
Cel!V, irrespective of the presence of dissolved oxygen.154
Simultaneous measurements of Ce!ll fe—d-luminescence
led to the conclusion that luminescence quenching by

the persulfate ion is due to irreversible electron transfer
by the reaction

Cell™ + 5,042 — CeV + S0,2” + SO, (44)

As opposed to the above data,!45 no noticeable forma-
tion of H atoms as a product of Ce!'I" quenching by H*
ions was detected, although this might be due to the fast
reaction of H* with SO, ™.

3.3. Europium and other lanthanides. Whereas most
studies of photoreactions of cerium ions are devoted to
the reduction of CelV, in the case of europium ions,
greater attention was devoted to photooxidation of Eull.
In both cases, the most stable valence state of the
lanthanide is generated and the photoreaction occurs in
a high yield.

The Eu?" ion is quite stable in acidic solutions in the
absence of oxygen.155 The absorption spectrum of this
ion contains two broad bands with maxima at ~250 and
~320 nm,!56 corresponding to 4f—5d electron transi-
tions.157 The tail of the long-wave band extends to
~400 nm. Light excitation to these absorption bands
results in a sharp acceleration of Eu?* oxidation accom-
panied by hydrogen evolution. For example, in a so-
lution of HCI virtually devoid of oxygen, Eu2*
(2.5:1073 mol L7!) was oxidized!38 to 50% over a
period of ~40 min; the same percentage of eu-
ropium oxidation was induced by UV irradiation
(8-1015 quanta s™1) for ~1 min. According to the first
estimate, 159 the quantum yield of Eu?* photooxidation
in 0.5 M HCI using light with A = 360 nm was
~0.15—0.20. The reaction affords Eu3* and H,. Subse-
quently, the quantum yield of this reaction was mea-
sured repeatedly156,158,160 ynder different conditions and,
generally, it can be stated that the yield varies from
several hundredths to unity and increases with an in-
crease in the HCI concentration and with a decrease in
the excitation wavelength.

The scheme of the process includes activated
phototransfer of an electron from the europium atom to
a water molecule158:

(Eu?taq)” + HgOt — Eutyq + H + Hy0. (45)

Then the formation of H,, able to react with both Eu2*
and Eu3*, is assumed160;

H+ HY — Hyo*, (46)
Hot + Eudt — Eu?t + 2 HY, (47)
Hp™ + Eu2t — Eudt + Hy. (48)

Ultimately, Eu?" is oxidized with hydrogen evolution
and Eu3* inhibits the reaction. Instead of reactions
(46)—(48), the intermediate complex (Eu2*...H) might
be formed,; it reacts with HT to give!5¢ Eu3* and H,. In
this case, the mechanism of Eull photooxidation is
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similar to the photooxidation of Fell.5:156 Reaction (45)
is followed by the transformations

H + Eu2* — (Eu2*...H) + H* — Eud* + H,, (49)
H+ H — Hy, (50)
H + Eus* — Eu2* + H*. (51)

The reaction can take place not only from the lower
excited state (Ao = 365 nm) but from a higher state
(Mexcit = 250 nm),156 the quantum vyield being 0.22
higher in the latter case.

Large amounts of Eu3* (more than 1072 mol L71)
decrease the quantum yield of the reaction.156 However,
the influence of Eu3* becomes less pronounced with an
increase in the HCI concentration and disappears when
[HCI] = 6 mol L~1.156,160 Apparently, the back reduc-
tion of Eu3* by reaction (51) is insignificant. Reaction
(47) is also relatively unlikely because reaction (48)
would rather be expected in view of the ratio of the
redox potentials of the Eu3*/Eu?™ and H,"/H, pairs
(see Section 3.2).

In frozen (77 K) solutions of Eu?* in aqueous HCI or
HBr, the primary step gives rise to the excited (Eu?")”
ion, from which electron transfer to the H;O" ion
occurs; only after that, are H atoms formed.161,162 The
efficiency of photochemical processes at 77 K, as at
room temperature, increases with an increase in [H¥]
but still remains much lower than that in liquid solu-
tions. As opposed to liquid solutions, at 77 K, bright
fed luminescence of Eu2t is observed, i.e., at lower
temperatures, the yield of electron phototransfer de-
creases and, correspondingly, the yield of photolumines-
cence increases.158:162 These results confirm the acti-
vated character of electron phototransfer, in which the
formation of the excited Eu2" ion is followed by a
thermal stage.

In the presence of europium(ii), photolysis of
europium(ir) in a hydrogen chloride matrix follows a
different pathway.163 The first step may be fast electron
transfer from the excited (Eu?*,,)" aqua complex to the
Eu!ll chloride complex:

(Eu2*yq)" + Eud*..CI" — Eudt,, + Eu2*...CI", (52)

which is followed by photooxidation of europium(ir)
chloride complexes:

Eu2"..CI" + HgO0" + hv - Eu3T..CI" + H+ H,0.  (53)

Apparently, the europium(ir) chloride complex
Eu?*...Cl", formed upon reaction (52), occurs in a
nonequilibrium reactive state.163 A similar formation of
nonrelaxed forms of halide complexes has also been
observed’ for Fell and Cu! ions.

It was proposed to use photoirradiation of Eu?* in
frozen solutions of HCI for controlled generation of H
atoms and subsequent investigation of their behavior.164
Unlike the radiation method, which gives rise to lots of

diverse radical products, the photochemical method pro-
vides more selective treatment.

Photolysis of Eu?* ions in perchloric acid solutions
at room temperature!®? is similar to the photolysis of
solutions in hydrochloric acid. The quantum yield of H,
is proportional to [H*]!/2 and increases upon decrease
in the light wavelength. An assumed mechanism implies
the reaction of (Eu?*)” with H* as the primary step,
giving rise to the (Eu3"...H") radical pair. The radical
pair reacts with H*, which prevents recombination and
creates conditions for the oxidation of another euro-
pium(11) ion with H,™. In frozen solutions of Eu?™ with
9 mol L™! of HCIO, at 77 K, the formation of the *CIO,
radical was detected!%5 in addition to the above-de-
scribed photoreactions. Evidence was obtained indicat-
ing that these radicals result from photoreduction of
HCIO4 by (Eu?™)* ions rather than from secondary
reactions. The ESR spectrum of the irradiated matrix
showed the presence of other chlorine-containing radi-
cals, “ClO, and " ClO. For [HCIO4] = 0.2 mol LI, the
formation of *ClO, radicals was not observed.

The photoreduction of europium(iir) upon excitation
with light to the CTB from a water molecule to the Eu3*
atom (250—330 nm) was first detected!%6 in an HCIO,
solution. The photoreactions of europium(iir) were ac-
companied by luminescence of unknown nature in the
region of 320—460 nm consisting of two components. It
was shown that the primary step is the formation of a CT
state (Eu?2t*—H,0™"), which can decompose to give ei-
ther the initial fragments, (Eu3*)" and H,0, or (Eu?")",
OH", and H*; the latter pathway is possible only for a
relatively high quantum energy, A < 270 nm. One com-
ponent of the luminescence corresponds to the (Eu3*)”
ion formed, while the other one is due to (Eu2™)". It is
of interest that the photoexcited Eu?* ion virtually does
not luminesce due to quenching by water or H;O™ (see
above). Thus, the excited state of europium(ii) in this
processl06 differs from the typical europium(i) photo-
excited state, although some (Eu2*)* still reacts
with H30+Z

(Eu?")* + HgO" — Eud* + H + Hy0. (54)

The subsequent transformations of H atoms may give
rise to H, molecules; however, in the overall reaction,
no evolution of H, was observed. This occurs only in the
presence of acceptors of H atoms such as EtOH, 155,166
PriOH, HCOOH, and HCOONa.155 Upon irradiation of
a solution of Eu3* containing the above-listed sub-
stances, a steady-state Eu?* concentration is attained,
which can be 5% of [Eu3*]. Hydrogen evolution is due
to the photolysis of the europium(ir) formed. The reac-
tions of the acceptors with H atoms result in the genera-
tion of CH3"CHOH, "COOH, and other radicals, which
are capable of additional reduction of Eu3™ to Eu2". The
evolution of hydrogen was also detected!55 in the pho-
tolysis of ions of trivalent Sm and Yb, which are also
capable of being transformed into the oxidation state 2+.
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These results confirmed the mechanism proposed for the
photolysis of Eu3*. The formation of Eu?* as an inter-
mediate product in the photolysis of Eu3* has also been
noted by other researchers.167:168 The highest quantum
yield of hydrogen in the photolysis of a solution of Eu3*
in the presence of formate ions was observed at pH 1—2,
and the highest steady-state concentration [Eu2+]St was
found at pH 3—5.3.168 Owing to the extensive absorp-
tion of light by Eu2" ions in the UV region, even small
amounts of these ions, formed in the photolysis of Eu3",
start participating efficiently in photochemical reactions
with water. This is why photolysis of Eu3* is accompa-
nied by hydrogen evolution.

Thus, the final outcome of the photolysis of Eu3™ in
the presence of acceptors of H atoms is the same as that
of the photolysis of Eu2™, i.e,. evolution of molecular
hydrogen, except that in this case, the acceptor rather
than Eu?* is consumed. This interesting finding stimu-
lated attempts to use photolysis of europium(ii) for
chemical accumulation of solar energy.16? In irradiation
of solutions of Eu3*, even rather long-wave light with
wavelengths of up to 400 nm is photoactive and the
quantum yield of H, at A = 365 nm is 5%.170 Neverthe-
less, the use of photoreactions of Eu3* 169 or Ey2* 160
for this purpose can hardly be expected to give rise to a
practically useful process!7! due to the low efficiency of
the photolysis of europium by visible and mild UV light.
The yield of hydrogen under conditions of this irradia-
tion can be appreciably increased by using sensitizers,
for example, benzophenone,!’2 although in this case,
europium ions do not participate in primary reac-
tions. The reaction occurs on exposure to light with
A = 365 nm; benzophenone is not consumed in the
process. The first step is excitation of the benzophenone
molecule, which reacts with alcohol. The resulting radi-
cals reduce Eu®*, benzophenone being thus regenerated.

The photo-evolution of hydrogen from solutions of
alcohols in the presence of Eu3™ and Sm3* ions is
markedly accelerated by colloidal platinum.!73 As in the
processes discussed above, the photochemical formation
of M2* occurs initially (M = Eu, Sm). Presumably, after
that, (M2")" directly reduces the alcohol rather than
reacts with water (reaction (54)). However, in anhydrous
alcohols or in neutral media, no hydrogen evolution
takes place, i.e., the presence of H™ ions is required.
These processes occur only on exposure to light with a
wavelength of <250 nm.

The quantum yield of Eu3* photoreduction by
alcohols increases as the light wavelength decreases within
one absorption band.17’4 Presumably, the primary spe-
cies formed in the reaction is the intra-cage pair
(Eu2*RHOH™)", which can either emit a light quantum
or recombine, or dissociate to Eu?™ and RHOH™. An
increase in the excitation energy increases the probabil-
ity of the last-mentioned process. If we compare CTB of
various natures in methanolic solutions of EuCls, the
highest quantum yield of europium photoreduction
(¢ = 1) is observed in the CI~ — Eu3* CTB (272 nm).175

A less efficient reaction takes place on excitation of the
MeOH — Eu3™ CTB (228 nm). Thus, the Cl° radicals
virtually do not recombine with the Eu2* ions but react
effectively with the surrounding alcohol molecules.

When pressed KBr pellets containing EuCl; - 6H,0
are exposed to the radiation of an XeCl laser
(A = 308 nm),!76 transfer of an electron from the matrix
to the Eu!l ion takes place. The Eu!! ion thus formed
was detected by the short-lived absorption at 410 nm
and by f«-d luminescence with a maximum at ~420 nm.

Photolysis of Eulll complexes with macromolecular
ligands based on acrylic acid results in the destruction
of the macroligand. Interestingly, this is accompa-
nied177—179 by an increase in the intensity of euro-
pium(m) photoluminescence. The photolysis was per-
formed by the full light of a high-pressure mercury lamp.
Neither the mechanism of photolysis nor the nature of
the photoactive sites were elucidated.

The photoreduction can also be carried out for other
lanthanides, for example, Sm!!! and Dy!ll. This occurs
on irradiation of Sm and Dy trichlorides in anhydrous
methanol with the light of a Kr—F excimer laser.180 The
lifetimes of both divalent ions are several hours; they
markedly increase in the presence of macrocyclic ethers.
This might be a multiquantum process because irradia-
tion with a mercury lamp does not give products.

A study dealing with photooxidation of Tb3* in an
alkaline solution of KIO,4 under the action of light with
A = 366 nm was published.!8! The absorption by the
photolysis products at 420 nm was attributed to an
unstable Tb!V complex. The formation of Tb!V was
observed!82 in the photolysis of Tb!!! complexes with the
heteropolytungstate anion PyW ;704,107 in the presence
of S,042~ ions. In this case, oxidation of terbium(iu) is
not related to its excitation but is performed by SO, ~
radical ions, arising upon photodecomposition of the
persulfate ion.

3.4. Photochemistry of lanthanide ions with photo-
excitation to the f—f transition bands. The photochemi-
cal reactions of lanthanide ions considered above are
induced by excitation to the CTB or to f—d transition
bands. This type of excitation changes the redox proper-
ties of the lanthanide ion. As for d-elements, photolysis
to the ligand field bands (these are f—f transitions for
lanthanides) can change the ability of the metal ion to
replace the ligand. In view of the fact that lanthanide
complexes are much more labile than coordination com-
pounds of d-elements, it can be concluded that the
influence of irradiation does not manifest itself so clearly.
Nevertheless, photo-substitution of the ligand was ac-
complished after excitation of the Pr3*, Eu3*, or Ho3"
ion complexed with a B-diketone (2,2,6,6-tetramethyl-
heptane-3,5-dione).120 Irradiation of solutions of com-
plexes of the three elements in coordinating solvents
(pyridine, ethanol, acetone) in the presence of dissolved
oxygen with a frequency-controlled argon laser gives rise
to a new absorption band. This indicates photo-
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Table 1. Stability constants (K) and thermodynamic parameters of adduct formation by Eu(fod); in the ground (A4) and excited (B)

states with ketones!83 in benzene solutions at 300 K

Ketone K/L mol™! AH/KJ mol~! AS/kJ mol~! K~! AG/KJ mol™!

A B A B A B A B
Acetophenone 134 1090 —10.9 —17.2 1.2 0.4 —12.2 —17.6
Benzophenone 104 2700 —27.2 —21.4 —12.7 —1.2 —11.7 —19.7
Adamantanone 122 157 —21.0 28.1 —-7.2 33 —11.7 —13.4
Acetone 109 750 —22.2 24.3 —8.5 32 —-11.7 —16.3
Acetone-dg 120 360 —10.5 1.2 12 —12.2 —14.7

substitution of a solvent molecule for the B-diketone
molecule. The latter reacts with O, to give a peroxide,
which decomposes to give triketone (the product of
photolysis).

In a series of studies,!83—187 the influence of f—f
excitation of lanthanides on the stability of complexes
has been studied. Thus the stability constants of the
adducts of the [Eu(fod);]" (fod is heptafluorodimethyl-
octanedione) chelate excited to the f—f transition band
with aliphatic and aromatic ketones were measured.
Table 1 contains thermodynamic parameters for the
adduct formation of Eu(fod); with ketones.

In the excited state, adducts with aromatic ketones
(acetophenone, benzophenone) are much more stable
than in the ground state. For aliphatic ketones, excita-
tion of Eu(fod); changes the thermodynamics of adduct
formation; this is an exothermic process in the ground
state and an endothermic process in the excited state.

Dissociation of the complex of excited “Eu3*™ with
2-thenoyltrifluoroacetone (TTA) was considered as one
of the mechanisms of quenching of europium lumines-
cence.!88 Thermodynamic characteristics for the disso-
ciation of [(EuTTA)2*]" were calculated. In this case, no
difference between the dissociation ability of excited and
nonexcited complexes was noticed. The data on the
activation energy of ligand substitution in the first coor-
dination sphere of the Tb3" ion provided the conclusion
that the stability of the Tb3T complex with 2,2’-di-
adamantane 2,2’"-dioxide in acetonitrile decreases upon
excitation and the equilibrium shifts toward the *Tb3*
solvate with acetonitrile.189

In aqueous solutions of EuBr3, the *Eu(H,0),3" ion
(n = 8, 9) photoexcited to the 5D, level can form190 the
["Eu(H,0);Br|%" exciplex, in which relaxation to the
lower excited state Dy occurs. The thermodynamic
parameters of the formation of the exciplex were deter-
mined. The hydrated Gd(H,0)g3" ion abstracts upon
excitation!®! two water molecules and is thus trans-
formed into *Gd(H,0)¢3". The changes are attributed to
different degrees of compression of the sphere of
4f-electrons in the ground and excited states.

No data on redox transformations of lanthanides
induced by excitation to the f—f transition bands are
available to date, although quenching of the lumines-
cence of variable-valence lanthanide ions by an electron
transition mechanism will be considered in Section 4.8.

The bands of f—f transitions can be used for multi-
quantum excitation in which the state with CT is ulti-
mately populated. Thus in KBr pellets containing
EuCl; - 6H,O, the electron transfer from the matrix to
the Eu!ll ion is induced not only by light with
A = 308 nm!76 but also by a focused laser beam with
A = 455—475 nm.192 This points to a two-photon
mechanism of the last-mentioned process. In the case of
one-photon absorption, only f—f luminescence of
europium(1n) arises.192 The use of the second harmonics
of the titanium-sapphire laser (A = 394 nm, pulse dura-
tion 2 ps) made it possible to perform photochemical
reduction of Eu®* by alcohol through multiphoton ab-
sorption in the f—f transition excitation band.193:194 The
efficiency of pumping of the europium ion to a CT state
drops sharply on passing to nanosecond pulses with the
same frequency.

3.5. The use of photochemistry for separation and
isolation of lanthanides. Photochemical reactions pro-
vide the possibility of separating lanthanides.!!® This is
done either by selective oxidation of Ce3* to Ce#*,195,196
or by selective reduction of Eu3® to Eu2*.197.198 The
reaction product is removed from the reaction mixture
as a precipitate. To precipitate Ce**, iodate ions are
used. The quantum yield of Ce!'l photooxidation in the
presence of 105~ using light with A = 250 nm reaches193
0.1. Presumably, intra-complex electron transfer from
Celll to the iodate ion is the primary photochemical step
in this reaction. A disadvantage of the method is that it
cannot be realized using light with wavelengths of
>300 nm. This restricts the range of suitable media; for
example, photo-evolution of cerium is impossible in
solutions in nitric acid, which markedly absorb the
short-wave light. This limitation can be overcome!% by
oxidizing cerium by the photoexcited uranyl ion. As a
result, photo-evolution of cerium from solutions in ni-
tric acid was performed even by visible light. Europium(ir)
is precipitated by sulfate ions. In aqueous alcohols,
separation is much more efficient than in aqueous solu-
tions.198:199 The potential and prospects of laser photo-
chemical methods for purification of rare earth elements
in the liquid phase have been surveyed in reviews.119,200

Photochemical precipitation of europium was used201
to process an industrial concentrate containing Sm, Eu,
and Gd. Photoreductive precipitation of europium can
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be combined with extraction methods for separation of
other rare earth elements (REE).202 For example, EuSOy4
is selectively precipitated from a solution of alkyl
dihydrogen phosphate in xylene containing Sm, Eu, and
Gd. For photochemical isolation of EuSQOy, the presence
of Celll or Fell in the solution is undesirable. Both ions
can be photochemically oxidized and then Ce** or Fe3*
oxidize Eu?*, thus decreasing its yield and increasing the
induction period of the reaction.203 A substantial in-
crease in the efficiency and in the degree of reduction of
europium(ir) by isopropyl alcohol can be attained by
adding acetone to the sulfuric acid solution.294 Appar-
ently, acetone prevents back photooxidation of euro-
pium(1) by water or protons.

Photoreduction in the presence of sulfate ions was
used2%5 to precipitate not only Eu but also Nd and Sm.
Isopropyl formate served as the acceptor of OH " radi-
cals (or directly as the reducing agent); irradiation was
performed by a mercury lamp in a nitric acid solution.
No precipitation of Gd was observed. Thus, Nd was
separated almost completely from Gd in 0.5 M HNOj5 in
the presence of (NH4),SOy4. In 1 M HNO3, no precipi-
tation of Nd was observed. Note that no other informa-
tion on the photoreduction of Nd!!! is available from the
literature and these results look surprising if one takes
into account the exceptional instability of Nd!! in aque-
ous solutions.

The photooxidation of Ce!ll to Ce!V in carbonate
solutions can be used to separate cerium from trivalent
lanthanides after they have been co-precipitated with
La(OH);.152 The optimal concentration of K,COj; is
5% in this case, the fraction of Ce precipitated from the
irradiated solution was 10.3%, whereas 92.6% of Ce
precipitated without irradiation.

3.6. Photocatalysis and photosensitization by rare earth
metal ions. Chemiluminescence of REE. Photocatalysis
and photosensitization are phenomena related rather
closely but not identical. Fairly detailed consideration of
the types of photocatalytic reactions of metal ions,
mainly d-elements, can be found in the literature.5:11
We will not now focus attention on the problems of
terminology but will consider examples of photoreac-
tions in which the REE ions surely do not change their
chemical state, but the change of other components of
the system would occur much more slowly or not at all
without REE ions.

It has been noted above that cerium(ii) ions initiate
photopolymerization of vinylic monomers. The primary
step includes!43 electron transfer and formation of an H
atom. Many other REE ions, namely, Pr!!l, Sm!ll
EullL.HT EplT ypHI gl YT and Lalll) also exhibit
photocatalytic activity with respect to this reaction.3
Most of these ions appear to sensitize polymerization of
vinylic monomers by a different mechasnism, i.e., by
energy transfer from the REE ion to the acceptor (like
the uranyl ion).

Another class of photocatalytic reactions of lan-
thanides is decomposition of dioxetanes.183,206,207 Thyg

decomposition of adamantylideneadamantane-1,2-
dioxetane is accelerated by 7—10 orders of magnitude in
the presence of photoexcited Eu!ll, PrIII, Tl or Celll
compounds. The first three ions are excited to the f—f
states, and the mechanism of photocatalysis consists in
the transfer of the electron excitation energy to the
vibrational levels of dioxetane, which induces its decom-
position. The energy evolved upon decomposition of
dioxetane is, in turn, consumed for the excitation of
lanthanides. This phenomenon was called a quantum-
chain process. Unlike trivalent europium, praseodymium,
or terbium, cerium(iin) is excited in the f—d transition
band; this stipulates another mechanism of photocataly-
sis. The first step is the transfer of an electron to
dioxetane, which is followed by back electron transfer
from the radical anion to the cerium ion.

Chemiluminescence should be regarded as a phe-
nomenon reverse to photochemical reaction. Indeed, in
photochemical reactions, the energy of light induces
chemical changes, whereas in the former case, the evo-
lution of chemical energy in the reaction results in
excitation of the reaction products or energy acceptors,
and this is followed by emission of a light quantum. In
some cases, chemiluminescence helps to study fine
mechanisms of photochemical reactions. Data on the
chemiluminescence of lanthanides and uranyl have been
surveyed in monographs,208:209 dissertations,183:210 and
in a recent review.211

4. Photochemistry of compounds of transuranium
elements

4.1. Characteristic features of the photochemistry of
actinides. The first observations of the photochemistry of
neptunium and plutonium compounds. Most of the data
on the photochemistry of transuranium elements refer to
two elements, neptunium and plutonium. Only in recent
years, did publications on the photochemistry of ameri-
cium appear. The NpO,2* or PuO,2* actinide ions differ
from uranyl in that they have no equally long-lived
"triplet" state. Therefore, the quantum yields in their
photochemical reactions are much lower than in the
case of uranyl.212 Generally, the nature of the excited
states from which they enter into photochemical reac-
tions has not been reliably established. For example,
uranyl-like transitions (i.e., transitions from the highest
occupied molecular orbital to quasiatomic orbitals hav-
ing mainly 5f character) in PuO,2* and NpO,2* ions
occur at a lower energy than those in UO,%", i.e., they
are mainly located in the visible region. Their intensity is
very low?! and excitation of PuO,2* and NpO,2* with
visible light to the corresponding absorption bands does
not induce photoreactions of these ions. Photoreactions
of NpO,"t and PuO,"" might take place only from
states with higher energies. Regarding triple- and
quadruple-charged actinide ions, their known photo-
chemical reactions take place upon photoexcitation to
the bands corresponding to states with higher energies
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than f—f transitions, i.e., to electron transfer bands,
evidently, similar to those considered in Section 3.1 for
lanthanide ions.

Light sources with a broad spectrum (mercury lamps)
are normally used in the photochemistry of transura-
nium elements. This is convenient for the photolysis of
real systems because, apart from plutonium(iv), this also
activates HNO; and uranyl ions, which play an impor-
tant role in further transformations. However, the use of
polychromatic light results in simultaneous excitation of
various valence forms of Np or Pu and gives rise to
numerous photochemical (and dark) reactions. The out-
come of photoirradiation depends on many factors, viz.,
the concentrations of acids and actinides, the intensity
and time of irradiation, light wavelength, efc. Appar-
ently, this accounts for some discrepancies between
experimental data obtained by different researchers. A
specific feature of the photochemistry of transuranium
elements is the diversity of the valence forms of these
elements; therefore, photolysis often gives mixtures con-
taining simultaneously three or even four valence forms
of the same element.

Unlike the photochemistry of uranyl ions or lan-
thanides, the mechanisms of photoreactions of transura-
nium element ions have not been studied profoundly.
No data exist on the composition of primary products or
analysis of gaseous substances evolved upon photolysis,
etc. In addition, luminescence, which is a powerful
supplementary tool, cannot be used for Np and Pu.
Therefore, discussion of the mechanisms of photoreac-
tions of neptunium and plutonium is always conjectural.
This drawback is counterbalanced by the practical value
of the studies performed. Presumably, the primary steps
in the reactions of actinyl ions are the same as those in
the reactions of uranyl ions, while tri- and tetravalent
actinides react similarly to lanthanides. Now it is diffi-
cult to propose a reliable classification of photochemical
reactions of transuranium elements; we will group the
photochemistry of Np and Pu in accordance with the
solution employed.

The discovery of the effect of light on the distribution
coefficient of PuO,2* in the water—hexanone extraction
system can be regarded as the beginning of the photo-
chemistry of transuranium elements.213 This finding was
attributed to the photochemical reduction of PuY! to
PulV. Later, it was demonstrated?14 that extraction of
PuV! from acid media into a benzene solution of TTA is
accompanied by its photoreduction to PulV. Here the
plutonium(vi) ion is not excited, its reduction being
related to photodecomposition of the B-diketone. The
reduction of NpY! to NpV should apparently be consid-
ered to be the first photoreaction of an excited ion of a
transuranium element.215

Vigorous investigations into photochemical reactions
of neptunium and plutonium are related to the possibil-
ity of using them for the processing of irradiated nuclear
fuel. Naturally, most of the known data refer to acid
solutions, especially those in nitric acid.

4.2. Acidic aqueous solutions containing neptunium
and plutonium. As noted above, the greater part of
studies on the photochemistry of neptunium and pluto-
nium was carried out using mercury lamps. Therefore,
below we will specially note only those cases where
another light source was used.

4.2.1. Solutions in nitric acid. Neptunium. For
[HNOj;] < 1 mol L™1, photoirradiation of neptunium(v)
does not result in a change in its oxidation state, while
upon irradiation of neptunium(iv),(vi), NpVY is formed
quantitatively.216—220 Ag the acid concentration in-
creases, the rate of NpV! reduction decreases,216—220
while the rate of Np!V oxidation passes through a maxi-
mum?216 at [HNO;] = 0.5 mol L™!. In more concen-
trated HNO3, according to one publication?16 only NpV
is formed, while according to other data1® a mixture of
NpV and NpV! is produced. The degree of photochemi-
cal reduction of Np¥! to NpV in 3.0 M HNOj; exceeds?2!
93%. It follows from these results that photooxidation of
Np!V and photoreduction of NpV! take place in HNO;.
Since the photochemical processes in aqueous nitric
acid are accompanied by numerous dark reactions, it is
clear that the final outcome depends on several factors,
e.g., photoradiation intensity, duration, and wavelength,
neptunium concentration, etc. The influence of the first
two factors on the formation of HNO, and photoreduc-
tion of Np¥! was studied??! in 3.0 M HNOj;. Dissolved
oxygen also might play a certain role. In any case,
bubbling of air through irradiated solutions favors21? the
formation of NpVL

The quantum yields of photoreactions of neptunium
are presented in Table 2. The same reactions take place
on exposure to light with A = 300 nm but the yields are
much lower.218

Under the action of irradiation by a xenon lamp, the
result of phototransformations of neptunium(v),(vi) in
HNO; is the same as with a mercury lamp.222 Irradiation
with a Kr—F excimer laser (A = 249 nm) induces photo-
chemical transformations of neptunium in solutions of
nitric acid, which mainly proceed toward the formation
of NpV, although complete transformation is not achieved.

Table 2. Quantum yields (¢) of photoreactions of neptunium in
1.0 M (4) and 4.0 M HNOj (B) on exposure to light with
A = 254 nm in the absence of additives and in the presence of
0.5 M hydrazine?!8

Process o
A B
In the absence of additives
NpV! — NpY 0.03 0.003
Np!V - NpY 0.053 0.017
NpV — NpVI 0.015 0.022
In the presence of hydrazine
NpV - Np!v — 0.006
Np!V — Np¥ 0.023 0.01
NpV — NpV! — 0.044
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The lower the HNO;3 concentration and the higher the
temperature, the fuller the reduction of neptunium(vi) to
NpV. In general, this is in line with the results obtained
with polychromatic irradiation. In the case of low nep-
tunium concentrations (no more than 10 mol L™1), the
major role is attributed?2? to the reactions of neptunium
with the products of HNO5 photodecomposition. Irradia-
tion of a solution of Np!Y results in a partial transition of
neptunium into the pentavalent state. No neptunium(vi)
is detected in this case.

There are data on photochemical reactions of nep-
tunium in the presence of uranyl ions.219:223 In a con-
centration of ~5 g L™!, the uranyl ion has virtually no
influence on photoreactions or dark equilibria of nep-
tunium. An increase in [UO,2"] to 100 g L™! and more
increases219:223 the final NpV concentration resulting
from photoreduction of NpVYl. This effect is ascribed to
the sensitizing influence?!® of the uranyl ion on the
formation of NO,~ or to the stabilization of NpY upon
the formation of its radical cation complexes with the
uranyl ion.223 However, the overall rate of formation of
NpV decreases, obviously, due to the internal filter effect
of the uranyl ion.223

The photochemical method permits quantitative
preparation of not only NpV but also other valence forms
of neptunium in nitric acid solutions. The addition of
urea, which traps nitrite ions, to 0.1—4.0 M solutions of
HNO; gives NpV1.216,218,219,222,224 Aq the concentration
of HNOj increases, this process is accelerated.

Photochemical preparation of neptunium(iv) proved
a fairly complicated task. Photoreactions with reducing
agents such as N,H4, H,0,, and EtOH in nitric acid
solutions do not provide quantitative formation of Np!V.
The result of the photochemical reaction of neptunium
with hydrazine depends on the concentration of nitric
acid. At HNO; concentrations upward of 1 mol LI,
N,H,4 only prevents the quantitative photochemical for-
mation of NpVY, and the mixture exposed to radiation
contains Np!V (the dark reaction of hydrazine with NpV
under similar conditions occurs exceptionally slowly225
but NpY! is reduced to NpV over a period of several
minutes226). The fraction of Np!V increases with an
increase in [HNOj3]; however, 100% yield is not attained
even in 4 M HNOjs. In 0.1 M HNO3, photoirradiation
with light with A = 254 nm results in almost quantitative
formation of NpV. Under these conditions, hydrazine
does not influence?!8 the photooxidation of Np!V. In
3.0 M HNO;, neither hydrazine?!® nor a mixture of
hydrazine and hydroxylamine (1072 mol L~! each)224
prevents the formation of neptunium(vi) upon photo-
irradiation with a relatively powerful light source
(A = 250—600 nm, power 1.5 W cm™2).224 This is quite
explicable because dark reduction of NpV! with hydra-
zine is markedly retarded upon an increase in HNOj;
concentration,226 while the efficiency of photooxidation
of NpV increases. It follows from these experiments that
the outcome of irradiation is mainly determined by the
reactions of neptunium and hydrazine with the products

of HNOj photolysis, which absorb most of the excitation
light. The quantum yields of photoreactions of nep-
tunium in the presence of hydrazine are listed in Table 2.

In the presence of H,0, when [HNO5] < 1.0 mol L1,
Np!V is oxidized to NpV; this occurs much faster than in
the dark reaction. As the acid concentration increases,
the oxidation becomes incomplete; in 6 M HNO;, it
entirely stops.216 In 1.0—4.0 M HNOj; in the presence of
3.0 mol L7! of ethanol, the rate and especially the
quantum yield of the photochemical reduction of NpV!
to NpV increase.218

The quantitative photochemical formation of Np!VY
upon the photoirradiation of neptunium(v) in nitric acid
solutions is possible when hydrazine and uranyl ions are
present simultaneously in the solution.22” The essence of
the processes is the photoreduction of uranyl ions by
hydrazine to UV, which then reduces NpV:

U + 2 NpO,™ + 4 HY —>
—> 2 Np** + U0,2* + 2 H,0. (55)

As a consequence, the uranyl ion proves to be the
catalyst of photoreduction, so that the overall reaction is
written as follows:

hv

4 NpOp™ + NaHs™ + 11 HY — >
2

— 4 Np4+ + N2 +8 H20. (56)

In the absence of uranyl ions or hydrazine, Np!V is not
formed.227

Yet another photochemical pathway to Np!V is the
use of semiconductor photocatalysts (PC).228 Platinated
TiO, and SiC were used as PC, while ethanol and
hydrazine, respectively, served as the reducing agents. A
solution of NpV in 3.0 M HNO; containing a reducing
agent and a PC remained unchanged without irradiation.
When a solution of NpV without PC was exposed to the
light of a xenon lamp (the main light flux falls in the
range of A > 300 nm), no changes were observed either.
If the solution contained a solid PC, NpV was reduced
to Np!V; no NpY! or Np!!! were detected in the experi-
ments. Fast complete reduction of NpV was performed
in the SiC(Pt)—N,H, system. The first step of the
reaction is the light-induced formation of a hole h* on
the SiC surface and an electron e~. Then e~ reacts with
H* to give H and the hydrogen atom reduces NpO,™*:

H + NpOy* + 3 HT — Np#* + 2 H,0. (57)

No influence of PC (platinated TiO,) on the reduc-
tion of Np¥T to NpV was detected under similar condi-
tions.229 In the presence of urea, the PC accelerated the
reaction by ~30% and increased the degree of NpV
photooxidation to NpVI.

Plutonium. On exposure to UV light, plutonium in
solutions in rather concentrated nitric acid is oxidized to
give ultimately PuVl. In 3.0 M HNO;, Pulll is rapidly
oxidized to Pu!V and then, more slowly, to PuV1.230 The
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two reactions occur both in air and in an atmosphere of
CO,. The formation of PuV! is apparently due to dispro-
portionation of Pu!V, which is the rate-determining step
of the process. The rate of oxidation of Pulll to PulY was
found to be231 proportional to [Pu3*], [H*], and [NO5™],
although according to another publication,23? NaNO;
does not affect the rate of Pulll oxidation.

When photoreactions of plutonium (mixed with nep-
tunium) are carried out in the presence of a tenfold
excess of hydrazine and hydroxylamine,232:233 py!ll re-
sulting from the photo- and dark reduction of PulV with
hydrazine is always present in the solution. Upon in-
tense UV irradiation (0.5 W ¢cm™2) of the initial Pulll in
3 M HNOs;, its concentration decreases to a level equal
to several percent of the initial concentration as soon as
in several minutes. The main bulk of plutonium is
converted almost completely into PulV. Subsequently
PulV is slowly oxidized to PuVl. If faint fluxes are
employed (0.015 W cm™2), the process stops at the step
of formation of PulV (in ~95% yield) and PuV! + Pulll
(several percent). In 1 M and 0.17 M HNOj;, the sum of
the steady-state concentrations of PuYl and Pu!ll in-
creases to 30—50%. Presumably, the major contribution
to the conversions of plutonium is made by its reaction
with excited nitrate ions (NO37)". As for neptunium, the
influence of the reactions of excited plutonium ions
seems to be insignificant because the greater part of light
is absorbed by nitric acid. It is worth noting that HNO;
is the only acid in which PuV! is accumulated by a
photochemical route. Evidently, this is due to the photo-
formation of nitrogen compounds capable of oxidizing
plutonium to the hexavalent state.

Interestingly, the dark reduction of PulY immediately
after its photoirradiation in hydrazine-containing solu-
tions of nitric acid occurs faster than that in the normal
dark reaction with hydrazine.234 This is attributed to
peroxide complexes of PulV, which are reduced faster
than free plutonium(rv) ions. The H,0, molecule is
formed upon photolysis of HNOj in the presence of
N,H,. The photoreduction of plutonium to Pulll by
hydrogen peroxide is much faster than that in the dark
reaction.230

The quantum yields of the photoreduction of PuV! to
PulV and of Pu!V to Pulll by alcohol and hydrazine in
1.0 M HNOj; amount to 0.01 and 0.03, respectively
(A < 350 nm).220

4.2.2. Solutions in perchloric acid. Neptunium. In
0.22—1.0 M HCIOy4, neptunium(vi) undergoes photo-
chemical reduction?! to NpV in the quantum yield
o = 0.032%+0.011. Presumably, the products of water
photolysis are the reducing agents. According to other
studies, 235,236 the major reactions in relatively concen-
trated solutions of HCIO4 are photooxidation reactions
of neptunium in which any valence form of neptunium
can be quantitatively converted into NpVl. Since per-
chloric acid itself does not absorb the light of a mercury
lamp, the photooxidation of neptunium(iv),(v) is attrib-
uted220,236 to the excitation of actinide ions and their

reactions with ClO4~ ions giving rise to reduced CIO,,~
species.

In the presence of ethanol, acetaldehyde, and other
reducing agents with medium activity, the neptu-
nium(vi),(v) ions in solutions of perchloric acid undergo
photochemical reduction.235-236 Upon prolonged radia-
tion in the presence of EtOH, neptunium entirely passes
into Np!V; this can be used for analytical purposes.235

The quantum yields of photooxidation of Np!V:V and
photoreduction of NpVLV:IV are listed in Table 3.

Photooxidation of NpV with xenon trioxide in per-
chloric acid solutions gives rise237 to NpVl. The reaction
has the zero order with respect to NpV and is described
by the equation

d[NpV1/dt = k;[XeOj3].

The reaction rate is limited by photodecomposition
of XeO; and does not change upon an increase in the
acid concentration from 0.5 to 2.0 mol L™!. The &, value
depends on the irradiation intensity and the spectral
distribution of light. The average experimental value was
6.28+107% s~L. In the absence of light, the reaction
occurs very slowly and follows apparently a different
mechanism because the reaction order with respect to
neptunium changes.

Plutonium. Unlike nitric acid solutions, in HCIOy,
the final outcome of plutonium photoreactions de-
pends on its initial state. In aerated solutions with
[HCIO4] > 0.5 mol L™!, plutonium(in) is partially con-
verted into PulV, while the amount of PuY! does not
change.230 According to another study,238 reduction of
PuV! does occur under these conditions, although to a
small extent. Upon prolonged photolysis of Pu¥! or PuV,
a quasi-steady state independent of the initial oxidation
number of plutonium is established. The quantum yield
of PuV! photoreduction (A = 337 nm) increases from
5+-107* to 5- 1073 as the HCIO,4 concentration decreases
from 1.65 to 0.0077 mol L™!. The opposite pattern holds
for the photooxidation of PuV. Correspondingly, the
reaction rates and the PuV! : PuV ratio in the quasi-
steady state change. The photoreduction of Pu¥! takes

Table 3. Quantum yields (¢) of photooxidation of Np!V-V in 0.1
(4), 1.0 (B), and 4.0 M HCIO4 (C) without redox reagents
added and photoreduction of NpVLV:IV with ethanol on expo-
sure to light with A = 254 nm 236

Process ¢
A B C
Photooxidation (without additives)
Np!V - NpV 0.02 0.097 0.0049
NpV — NpVI 0.004 0.01 >0.01
Photoreduction by ethanol

NpV! - NpV 0.070 0.068 0.040
NpY - Np!V 0.006 0.008 0.011
Np!V - Npll ~0.03 0.020 0.020




1944 Russ.Chem.Bull., Int.Ed., Vol. 49, No. 12, December, 2000

Yusov and Shilov

place even in 9.4 M HCIOy; in this case, the resulting
PuV rapidly disproportionates and PulV is photoreduced.
Finally, PuV! is converted into Pu!ll by 27—28%. In the
photolysis of Pulll, it is photooxidized?38 to PuV!
to 72—73%.

The introduction of reducing agents allows quantita-
tive preparation of plutonium in low oxidation states.
Photoirradiation of a plutonium solution in the presence
of H,0, results in stabilization23? of Pulll. Oxalic acid
reduces PuY! to PulV, which forms a poorly soluble
oxalate.230 Ethanol in 1.32—1.42 M HCIO, reduces
PuVl to PuY and Pu!V to Pulll; in the presence of
hydrazine, photoreduction of PulV to Pulll was ob-
served.212,220 The quantum yields of photoreduction of
plutonium with ethanol and hydrazine amount to212,220
0.01—0.03.

Exposure to UV light sharply increases the rate and
the degree of disproportionation of PulV in perchloric
acid solutions.212,234,239 The quantum vyield of dispro-
portionation in 0.47 M HCIO,4 was found to be 0.004.
The process is reversible, i.e., after irradiation has been
terminated, the system arrives at the dark equilibrium.

Another photochemical effect discovered is a several-
fold acceleration of the destruction of colloid polymeric
hydrolyzed plutonium(iv) forms to afford hydrated Pu“aq
ions in 0.47 M HCl0,.212:234.239 [p these experiments,
Pu!V hydroxide was dissolved in HCIO,4 and exposed to
UV light. In more dilute HCIO4 (0.13—0.16 M), dark
decomposition of plutonium(1v) polymeric species does
not occur at all, only photodestruction being possible.
This effect was observed for both freshly prepared and
aged solutions.

4.2.3. Hydrochloric acid solutions. Neptunium. In
hydrochloric acid solutions, Np!V is oxidized to NpV and
then to NpVl. The higher the acid concentration, the
faster both reactions; at [HCI] > 3 mol L™!, NpY! is
formed quantitatively.24? Removal of air from the solu-
tions does not influence the course of the reaction.

In the presence of H,0,, both Np!V and NpV! are
rapidly converted into NpV, and the addition of EtOH
(2%) results in quantitative photoreduction of NpVI and
NpY to Np!V. Deaeration of the solutions does not
change the results.240

Plutonium. During UV irradiation of Pu!!l in
0.5—5.5 M solutions of HCI in air, Pu!V is gradually
accumulated; in an atmosphere of CO,, the process
occurs somewhat more slowly.230 No formation of PuV!
was observed under these conditions. A mixture of PulV
and PuV!l in hydrochloric acid is almost photochemically
inert. In the presence of H,0,, PuV! is reduced?3? first
to PulV and then (partially) to Pulll.

4.2.4. Sulfuric acid solutions. Neptunium. In 1—-2 M
solutions of H,SO,4, neptunium(1v) is photochemically
oxidized?4! to NpV and then to NpVYl. On prolonged
irradiation under these conditions, NpV¥! is formed quan-
titatively. When [H,SO4] > 2 mol L™!, an admixture of
Np!V remains in the solution; the higher the acid con-
centration, the greater its amount. If NpV is the initial

form, then NpV! is produced quantitatively, at least for
[H,SO4] <3 mol L7!, and the reaction rate increases
with an increase in the acid concentration. On pro-
longed irradiation of solutions of NpVYl, no changes are
observed.241

In the presence of small additives of EtOH, pho-
tooxidation of Np!V and NpV is suppressed; for
[EtOH] = 5% in 0.5—3 M H,SO,, neptunium(v),(vi) is
quantitatively converted24! into Np!V.

Plutonium. The behavior of plutonium in sulfuric
acid solutions is nearly the same as in hydrochloric acid
solutions. Plutonium(iir) undergoes photochemical oxi-
dation to Pu!V; PuV! is not formed.230 It is of interest
that Pu!V is formed even on exposure to daylight but not
in the dark. This indicates that the crucial role in sulfuric
acid is played by reactions of excited plutonium ions
rather than by reactions with the excited molecules and
ions of the medium. Plutonium(vi) remains unchanged
upon photoirradiation. In the presence of EtOH, pho-
toreduction of Pu¥! to PulV takes place.230

4.2.5. Mechanisms of photochemical reactions of trans-
uranium element ions in acid solutions. It is clear from the
above data that most of the valence forms of neptunium
and plutonium are photochemically active in acid solu-
tions even when no oxidants or reducing agents have
been specially added. In a study of the mechanism of the
photoreactions of neptunium in nitric acid, it was sug-
gested that the proper excited states of neptunium play a
minor role, the UV light being absorbed almost entirely
by the medium. Therefore, excited nitrate ions and the
products of photolysis of nitric acid, first of all, HNO,,
actively participate in the reactions. Nitrous acid appears
to play an important role in the stabilization of
NpV.216,221 T hydrochloric acid, photolysis of the ions
of the medium can also be significant for the oxidation
of Np!Y and NpV 240:

Cl" + hv - Cl" + e ,q, (58)
Np#t + Cl* + 2 Hy,O — NpO,* + 4 HY + CI-, (59)
NpO,* + CI* — NpO,2* + CI". (60)

Then hydrated electrons react with protons, and the
resulting hydrogen atoms recombine with evolution of H,.

Light absorption of perchloric acid in the range of
radiation of a mercury lamp is slight; therefore, in this
medium, the reactions start directly with excitation of
the actinide ions. It is assumed that236 Np!ll, Np!V, and
NpV can subsequently be oxidized by perchlorate ions.
Redox photoreactions of plutonium, like those of nep-
tunium, are obviously due to the excitation of plutonium
itself. This also applies to depolymerization, which is
confirmed by the fact that this reaction is not accelerated
on photoirradiation of solutions of Pu!¥ in HNOj3. In this
case, UV light is completely absorbed by nitric acid.239

Recently,242—244 jt was found that NpV photooxida-
tion and NpVY! photoreduction in solutions of nitric,
hydrochloric, and perchloric acids and transformations
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of PuY and Pu¥! in perchloric acid?38 in the range of H*
concentrations from 0.001 to 1 mol L™! obey common
regularities: as the acid concentration increases, the rate
and the quantum yield of the former reaction increase,
while those of the latter reaction decrease. Apparently,
apart from the above-mentioned reactions, oxidation of
NpY*, PuY* and reduction of NpVI*, PuVl* by water
molecules also play an important role in all solutions. It
is these processes that stipulate the similarity of the
photochemical behavior of neptunium in any medium
studied. During prolonged photolysis, a steady state is
established, in which the concentrations of penta- and
hexavalent forms substantially depend on [HT]. Evi-
dently, the condition for the steady state is the same as
for Celll/CelV (see Section 3.2). Calculations using the
known values of rate constants for the reactions of
radical products (H atoms, OH" radicals, and some
other) were carried out. It was noted that the formation
of products upon recombination of these species is an
ineffective process; the vast majority of radicals finally
enter into the back reaction. It was suggested that the
actinide species participating in the photooxidation—pho-
toreduction are dimers.242—244

4.3. Extraction systems containing TBP (purex pro-
cess). In Section 2.5, we have already discussed the use
of photochemical methods for the isolation of U and
Pu from irradiated nuclear fuel (see, for example,
Refs. 95—102). These studies are concerned with sys-
tems containing TBP (purex process); their main idea is
transition of plutonium into a non-extractable form,
Pulll] by virtue of UV, which is formed upon the
photoreduction of uranyl ions. The photochemical reac-
tions of plutonium itself should also be taken into
account.245,246

The photochemical method also permits more com-
plete separation of Np/Pu and Np/U pairs and isolation
of neptunium in TBP-containing systems.24” In extrac-
tion systems modeling the purex process (3 M HNO;
and a solution of TBP in dodecane), on exposure to the
light of a mercury lamp, neptunium is stabilized photo-
chemically as NpV, whereas plutonium is reduced to
PulV. This is the optimal result as regards the separation
of these two elements; the same can be attained by
adding hydrazine or hydroxylamine.232,233,248 Stabiliza-
tion of NpV is related to the photo-formation of nitrous
acid. About 90% of neptunium is separated from ura-
nium in such a system.221 Laboratory research modeling
the purex process has been carried out using an eight-
stage mixer-settler. At the second, fourth, and sixth
stages, the emulsion was fed to a photochemical reactor.
The separation gave uranium containing 10% of the
initial neptunium and neptunium with 0.3% of the initial
uranium.249 Optimization of this process might substan-
tially improve these characteristics.

When the light of a xenon lamp is employed, similar
reactions take place, namely, in solutions without redox
agents added, neptunium(v) is stabilized and can be
better separated from U and Pu.222 [t was also proposed

to use photoirradiation at the stage of neptunium(vi)
extraction with tributyl phosphate. In the presence of
urea, photoirradiation increases the extent of oxidation
of neptunium to the oxidation state +6 because it coun-
terbalances its partial dark reduction. Correspondingly,
the extent of transfer of neptunium to the organic phase
increases.222

Fairly complete formation of NpY in 0.75—3 M
HNOj was demonstrated in experiments with laser irra-
diation (Kr—F excimer laser). This is not hampered by
excess reducing agent (iron sulfamate) or oxidant (potas-
sium permanganate).250:251 When a TBP extract of NpV!
in dodecane was photoirradiated by a laser, the resulting
pentavalent neptunium was re-extracted to an aqueous
phase.252

Studies of the photochemical methods for the repro-
cessing of nuclear fuel are still in progress.253:254 Upon
photochemical stabilization of neptunium(v) and pluto-
nium(rv) in aqueous nitric acid with simultaneous or
subsequent extraction with 30% TBP in dodecane, 86%
of Pu and no more than 1% of Np pass to the organic
phase. By varying conditions, one can carry out an
equally efficient simultaneous extraction of NpVI
and PuV1253

4.4. Other extraction systems containing neptunium
and plutonium. Whereas in TBP-containing systems,
photoreduction of plutonium is usually accomplished by
special additives or uranium(iv), in other extraction
systems, effective photoreduction of plutonium can oc-
cur upon the reaction with organic extractants or prod-
ucts of their decomposition. In some cases, this results
in substantial differences between the partition coeffi-
cients of Pu found for extraction in the dark and those
found with conventional room lighting, for example, in
a water—hexanone system.213 Photoreduction of PuV! to
PulV also takes place during its extraction by a solution
of TTA in benzene,214:255 toluene, or other hydrocarbon
solvents.255 The rate of reduction depends on the sol-
vent; the presence of TBP decreases photoreduction of
PuVLY. The products of TTA photodecomposition serve
as the reducing agents for plutonium; however, their
composition was not determined.255 It was found2?56
that, if the extract is equilibrated with the aqueous
phase, plutonium photoreduction can proceed further,
i.e., to the trivalent state. The reduction takes place in
the aqueous phase; its rate increases with an increase in
the acid concentration. Neptunium(vi) is also able to be
reduced by the products of TTA photolysis in toluene.255

To conclude this section about the methods of pho-
tochemical separation of U, Np, and Pu, a study propos-
ing a new method for removing impurities from gaseous
UF; should be mentioned.257 On exposure to UV light,
the hexafluoride dissociates to give UF5 and an F atom.
In the presence of CO (fluorine atom acceptor), NpF¢
and PuFg are reduced by uranium pentafluoride to give a
solid phase, while UFg is regenerated. A 5000-fold puri-
fication from plutonium and a 40-fold purification from
neptunium were achieved in demonstration experiments.
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4.5. Carbonate alkaline solutions of neptunium and
plutonium. Neptunium. Irradiation with the light of a
mercury lamp of Np¥! in a solution containing 0.09 M
LiOH + 0.28 M K,COj3; and saturated with N,O re-
sults258 in the formation of NpVIL. In a carbonate solu-
tion containing neither LiOH nor N,O, neptunium(vi)
is partly reduced to NpY upon photoirradiation.25% In a
pure alkali saturated with N,O, no photo-formation of
NpVH is observed either. Photooxidation is described by
the following equations:

COg2™ + hv — "COg™ + € 4q, (61)
NoO + € g — Np + O, (62)
O+ Hy0 <= OH" + OH", (63)
OH" + COz2” — OH™ + CO5" ", (64)
NpY! + CO5"~ — Np¥!! + CO5>", (65)
Np¥' + OH" — NpV! + OH". (66)

Thus, photoexcited neptunium does not participate
in these reactions and NpY!l is formed due to photolysis
of carbonate ions. These results are consistent with
previous data?60 on pulse radiolysis of N,O-saturated
alkaline carbonate solutions of neptunium(vi).

It was not until recently that the transformations of
Np!Y and NpV in carbonate and hydrogen carbonate
solutions were studied. In the absence of any additives,
Np!V is slowly oxidized25? to NpV and then to NpV!l. The
same result is obtained if the initial form is NpY. How-
ever, whereas Np!V entirely vanishes under any condi-
tions studied, the oxidation of NpY to NpV! is relatively
complete (not less than 94—95%) only when the pH is 9
or lower. At higher pH, the system arrives at an equilib-
rium between NpY and NpV! after some period of time;
the same result is observed when NpVY! was taken as the
initial form. Thus, an increase in the pH decreases the
fraction of NpV! in the equilibrium mixture. This is due
to the fact that the rate and the quantum yield of NpV
oxidation decrease, while those for NpY! reduction in-
crease.259 Photolysis of the carbonate ions giving rise to
CO; "~ radicals cannot result in the reduction of NpVl.
Most likely, the primary step of this reaction, as in
photooxidation of Np!V:V, is the reaction of the excited
neptunium ion with water molecules.

When a bicarbonate—carbonate solution is saturated
with N,O, neptunium(1v),(v) photooxidation is sharply
accelerated261 and quantitative formation of NpV! can
be attained at pH 8.4—12.0. In this case, reactions of
excited actinide ions with water are relatively insignifi-
cant and neptunium is mainly oxidized by CO53" ™ radi-
cals. The photooxidation of Np!V is also substantially
accelerated?62 in the presence of Am!!! ions, i.e., they
act as a photocatalyst. This is due to the fact that in the
bicarbonate—carbonate medium, Am!!! is converted fairly
efficiently263 into Am!V (photoreactions of americium
are considered below), which acts as the direct oxidant
for Np!V because the potential of the Am!Y/Am!!! pair in

a bicarbonate—carbonate solution is higher than the
potentials of the NpY/Np!V and NpVI/NpV pairs.

Plutonium. Pulse photolysis of Pu¥! in Na,CO;
showed264 the possibility of oxidation of PuV! by the
CO;5"~ radical anion via a reaction similar to reaction
(65). In the medium in question, Pu¥!! is very unstable and
disappears with a rate constant of (7.61+0.09) - 102 s71;
this value does not depend on the pH in the range of
10—12.6, on the initial plutonium concentration, or on
the content of NayCOj; in the 5—30 mmol L™! range.
Selection of appropriate conditions, first of all, creation
of a strongly alkaline medium, might allow one to attain
photochemical stabilization of PuV!!l through oxidation of
Pu¥! by the CO;3" ~ radical anion.

The PulY ion in carbonate and bicarbonate solutions
is stable against UV irradiation; apparently, excited PulV
ions do not react with water molecules under these
conditions. However, upon saturation of a carbonate
solution (pH 11—12) with N,O, the mechanism of
photooxidation of PulV with the CO;3'~ radicals is
switched on, and PuV! can be obtained quantitatively.261
Photooxidation of Pu!V to Pu¥! also takes place265 in the
presence of Am!!! (pH 10.1—10.9), which is due to the
same reasons as in the case of Np!VY. The maximum
fraction of PuV! in the experiments performed was 24%
but, apparently, higher degrees of transformation of Pulv
into Pu¥! can also be achieved by increasing the time of
photolysis.265

4.6. Photochemical dissolution of plutonium dioxide.
Dissolution of plutonium dioxide is known to require
highly stringent conditions. Nevertheless, this process
was performed at room temperature.266 The reaction was
carried out in 5 M HCI on exposure to the radiation of a
mercury lamp in the presence of 0.015 M of uranyl and
0.2 M of hydrazine. Over a period of 5 h, 95.6% of PuO,
dissolved. As the acid concentration increases, dissolu-
tion decreases. Presumably, the action of light results in
excitation of the plutonium dioxide surface and in the
photochemical generation of UIV:

PuO," (solid) + UV — Pulll,, + UV, (67)
PuO," (solid) + NoHy — Pulll, + Na. (68)

In the photochemical method of dissolution of UO, in
nitric acid mentioned above (see Section 2.5),114 the
acceleration of the reaction was attributed to the excita-
tion of HNO;.

4.7. Photochemical reactions of americium ions. Pho-
tochemical reactions of americium were unknown before
1992. Analysis of the possibility of photochemical trans-
formations of americium(i) in acid solutions267 led to
the conclusion that several conditions should be ob-
served to obtain the result, in particular, light with
A <240 nm and, perhaps, an inert atmosphere should be
used. Apparently, the optimal medium is 0.1 M HCIO,.
The last conclusion relies, in particular, on the data of
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radiation-chemical oxidation of americium(i) in a
weakly acidic medium.268

Easier photooxidation of americium(iir) can be ex-
pected in alkaline media or in the presence of strong
ligands. Indeed, the first reactions of photoexcited
americium(i) and americium(v)263,269,270 were accom-
plished in bicarbonate—carbonate solutions. In the ab-
sence of redox reagents, americium(iil) can be oxi-
dized263,269 to Am!V on exposure to UV light from a
mercury lamp. As opposed to the nearly quantitative
photooxidation of Celll;153 the maximum fraction of
Am!V is only ~60% under the optimum conditions
(pH 9—10 and [CO327] = 1—2 mol L™1). This might be
due to the fact that the redox potential of the Am!V/Am!!!
pair is higher than that of Ce!V/Ce!!l. The quantum yield
of photooxidation of Am!!! in the initial period of the
reaction is close to 0.1. The Am!Y ion is partially
reduced upon photoirradiation. At pH >11, oxidation of
Am!!! does not occur. The AmY ion in bicarbonate—car-
bonate solutions partially disproportionates27® to Am!V
and AmV! on exposure to UV light. In addition, traces of
Am!T also appear, obviously, due to photoreduction of
Am!V. Finally, different valence forms of americium
exist as a mixture in the solution and undergo both dark
and photochemical reactions with one another. The
quantum yield of photodisproportionation of AmY was
estimated to be 0.003.

Quantitative formation of Am!V from Am!!! in bicar-
bonate—carbonate media (pH 8.5—10.5) is observed in
the presence of oxidants (persulfate,27! bromate,272 and
hypobromite ions2’3); however, in this case, the intro-
duced additives rather than the americium ions them-
selves act as photoactive substances. The quantum yields
of photooxidation at pH ~9.9 are 1.07, 0.20, and 0.56,
respectively. The mechanism of americium oxidation
includes photolysis of the oxidant as the first step, for
example,

8,052 + hv — 280, ~ (69)
or

BrO”+ hv - Br® + O™ (70)

This is followed by the reactions

Br* + Brr — Bry, (71)
BI’2_ + 0032_ == 2Br + CO3'_, (72)
SO, ™ + CO32’ — S0,2 + CO3"". (73)

Subsequently the CO; "~ radical ion oxidizes Am!!l,

Americium(iir) is also completely photooxidized in
bicarbonate—carbonate solutions containing XeO3 274 or
saturated with N,O275; in the latter case, carbonate ions
are photooxidants for americium. The oxidation starts
with reactions (61)—(64); this is followed by reactions of
Am!! with OH" or CO;3" ™ radicals. The method allows
preparation of Am!Y solutions containing no foreign
substances.

As the solution pH increases to 11—12, the outcome
of the photoreaction appreciably changes. In the pres-
ence of N,O, photooxidation of Am!!! does not occur at
all. Photooxidation of Am!II with xenon trioxide or with
S,0427, BrO3™~, or BrO™ ions does not stop under these
conditions when Am!Y has been formed; instead it pro-
ceeds until americium completely passes into the oxida-
tion state +6. The mechanism of the process includes
disproportionation of Am!Y followed by photooxida-
tion of AmV.

Quantitative photooxidation of Am!"! to Am!V by
persulfate ions is also attained?76:277 in solutions of
unsaturated HPTA, viz., PW[,03¢"", P;W{704,107, and
SiW; 03937, The process occurs both in neutral media
and in perchloric acid when its concentration does not
exceed 0.1 mol L™L. The highest stability of Am!V is
observed in solutions containing the PW;,03¢’~ anion.
The quantum yield of photooxidation is 0.1.

In ~0.1 M HNO3, photolysis of Am!!! by the light of a
deuterium lamp resulted2’8 in a slight formation of AmV!.
The concentration of americium in the experiments was
about 107 mol L~!; therefore, this result should be
confirmed for solutions with at least microquantities of
americium. In the presence of ozone, photooxidation of
Am!!! to AmV! can be rather effective.278

4.8. Electron transfer in the processes of quenching of
f—f luminescence of Th!L, prlll, Eylll Am!Il qnd CmlL,
It was noted in Section 2.3 that one of the types of
photochemical reactions of uranyl ions is intermolecular
reversible electron transfer from variable-valence metal
ions or intramolecular reversible electron transfer from
the CI—, Br—, and SCN™ ions. This process results in the
quenching of luminescence of the uranyl ion but does
not give new chemical products. The oxidized forms of
metal ions are able to quench??’? d—f luminescence of
cerium(in) in the same way. The higher the ability of the
cation to be reduced, the higher the rate constant for
quenching of the luminescence of Ce!l in aqueous
sulfate solutions by Fe3*, Cr3*, TI3*, Eu3*, or Cu?*. In
the case of the Cu2* ion, the formation of CelV and Cu!
was detected by pulse photolysis; subsequently, reverse
electron transfer occurs between these ions.

A similar phenomenon has been found for some
lanthanides and actinides excited in the f—f transition
bands. Although redox reactions are not typical of ions
excited in the ligand field band, in some cases reversible
oxidation or reduction still does occur.

Very interesting results were obtained in a
study280—284 of luminescence of europium(in) kryptates.
In the presence of cyanide complexes of some transition
metals, Fe(CN)*~, Ru(CN)g*~, Os(CN)¢*~, and
Mo(CN)g*~, the f—f luminescence of Eu3™ is quenched.
This is possible under both static and dynamic conditions.
In the former case, quenching is due to the formation of
nonluminescing ion pairs, [EuPODAT]3*—M(CN)4*~
(PODAT is 4,7,13,16,21-pentaoxo-1,10-diazabicyclo-
[8.8.5]tricosane), while in the latter case, this is due to
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the intermolecular transfer of an electron to “Eu!ll to
give Eull:

*[Eu(PODAT)]3* + M(CN)g* —
— [Eu(PODAT)]2" + M(CN)g2". (74)

The bimolecular rate constants for quenching are
close to 108—10° L mol™! s™!. The electron transfer is
confirmed by the appearance of a new absorption band
in the visible region and also by the absence of a strong
quenching effect in the case of Co!ll and Cr!I! cyanide
complexes. This is due to the fact that the re-
dox potentials of the Co(CN)g3~/Co(CN)g*~ and
Cr(CN)g3~/Cr(CN)g* pairs are too high.280—282 Simj-
lar luminescence quenching was discovered2?83,284 for
hydrated europium(ii) ion. The above-listed reactions
are apparently the only example of outer-sphere electron
transfer to an f—f excited lanthanide ion.

The inner-sphere electron transfer resulting in
quenching of europium f—f luminescence takes place in
Eu!ll thiocyanate complexes.285 The charge transfer gives
rise to the Eull—SCN" state.

In the case of excited Tb!I, Prlll, AmIl and Cm!I
ions, electron transfer increases the oxidation numbers
of these ions. They all exhibit f—f luminescence in
aqueous solutions, 116,286,287 the Jyminescence quantum
yields being fairly high for terbium and curium. Quench-
ing of luminescence of these ions in aqueous solutions is
usually considered to occur via the mechanism of energy
dissipation through vibrational modes of water mol-
ecules.116:286 The Juminescence of these ions is en-
hanced in complexes with many inorganic ligands due to
the displacement of water molecules from the f-element
coordination sphere. Specific properties are displayed by
PI-III,288 TbIlI,289,290 and Cml!l 291—-294 complexes with
polytungstate ligands, namely, the decatungstates
MW,,03°~ (M = Pr, Tb, Cm) and complexes with
unsaturated HPTA. Luminescence of the above-listed
f-element ions in this type of complexes is markedly
attenuated and is subject to a substantial temperature
dependence. Complexes of Tb!!'l with HPTA luminesce
only in the frozen state,289 and luminescence of Am!!! is
not observed at all. As shown for terbium2%0 and cu-
rium,293 this is due to the electron transfer from MM
to WYI (M = Cm, Tb) to form a state with the
MIV—_WV CT. Electron transfer is an activated process;
quenching is attenuated at low temperatures. The differ-
ences in the quenching efficiency of terbium and curium
luminescence are, apparently, due to the difference in
the excitation energy of these ions; the complete quench-
ing of Am!!! luminescence is due to the fact that the
potential of the Am!Y/Am!!! pair is much lower than
those of the Cm!V/Cm!!! or TbIV/Tb!!l pairs. A similar
phenomenon, even more pronounced than that in com-
plexes with HPTA, is observed in Cm!! complexes with
heteropolymolybdotungstate anions in which no curium
luminescence is observed.2?5 This is due to the fact that
MoV! is a much stronger oxidant than WVI,

5. Conclusions

Photochemistry of ions and compounds of f-ele-
ments underlies many practically valuable methods for
the separation, isolation, and utilization of these ele-
ments. An indisputable advantage of these methods is
the possibility of selective action on one component of a
complex mixture. Technological processes in which the
purex process is combined with photochemical stages
were designed. Practical engineering along this line is
still in progress. Increasing attention is devoted to the
use of lasers. However, many problems in the photo-
chemistry of uranyl, lanthanides, and, especially, transu-
ranium elements are still to be solved; most of them are
related to the mechanisms of the primary steps of photo-
reactions. Elucidation of the characteristic features of
photochemical transformations of ones ions with water
requires new detailed investigations including ones mak-
ing use of modern pulse equipment. The photochemistry
of f-elements in the presence of various ligands is an
undoubtedly interesting field; original results have been
already obtained along this line and further progress
should be expected.
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