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Chapter 1

Introduction

One of the largest issues of human beings in the 21st century is the energy source. Still
now, nuclear power is one of the most powerful energy sources in spite of the disasters of
the atomic bombs. However, after the use of the nuclear power, a large amount of “dirty
wastes” is left. Here, “dirty” means chemically and radioactively toxic. To develop optimal
techniques for treating such dirty wastes from the nuclear fuel cycle, accumulation of basic
data of actinoid chemistry is essential. Especially, in reprocessing process of spent nuclear
fuel and geological disposal of high level radioactive wastes, the knowledges on actinoid
chemistry must be necessary, because their main processes are exactly chemical. Thus, basic
properties and behaviors of the actinoid elements must be important and should be under-
stood. In this chapter, the details of background, motivation, and objectives of this doctoral
thesis are presented.

11



12 Chapter 1. Introduction

1.1 Actinyl Ions

The word “actinoid” refers elements with atomic number from 89 (actinium) to 103
(lawrencium), which are lying at the lowest row of the periodic table. At the ground state of
the neutral atom of each actinoid element, valence electrons occupy 5f, 6d, and 7s orbitals
as follows. For a comparison, the electronic configurations of lanthanoid elements with the

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
5d6s2 4f15d6s2 4f36s2 4f46s2 4f56s2 4f66s2 4f76s2 4f75d6s2 4f96s2 4f106s2 4f116s2 4f126s2 4f136s2 4f146s2 4f145d6s2

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
6d7s2 6d27s2 5f26d7s2 5f36d7s2 5f46d7s2 5f67s2 5f77s2 5f76d7s2 5f97s2 5f107s2 5f117s2 5f127s2 5f137s2 5f147s2 5f146d7s2

corresponding number of the valence electrons are also shown here. From this table, most
lanthanoid elements havenfm−2 (n + 2)s2 electronic configuration at ground state (n = 4,
m= Z−54, whereZ is the atomic number) with some exceptions; La (5d6s2), Ce (4f15d6s2),
Gd (4f75d6s2), Lu (4f145d6s2). In the actinoids, most elements has similar electronic config-
uration to that of the lanthanoid elements in the same column. On the other hand, one can
find that the valence electrons of Pa, U, and Np also occupy the 6d orbital in spite of the
same number of them with Pr, Nd, and Pm, respectively. Such an aspect is also observed in
the difference between the electronic configurations of Ce (4f15d6s2) and Th (6d27s2). These
facts imply that the energy difference between the 5f and 6d orbitals is smaller than that be-
tween 4f and 5d ones. Thus, the 5f orbitals are not shielded by outer shells as largely as the
4f orbitals. Actually, it is known that the 5f orbitals can participate to the bonding with other
elements.

As a result of the weakly shielded 5f orbital, the lighter actinoid elements from Pa to Am
can exist at pentavalent or higher oxidation states. The electronic configurations of these
species are summarized in Table 1.1. In aqueous solution, the actinoid elements in such
high oxidation states (V, VI, and VII) is hydrolyzed, and consequently, forms an actinyl ion
(AnOn+

2 ; n = 1,2,3) as follows.1)

An(n+4) + 2H2O −→ AnOn+
2 + 4H+ (1.1)

As can be seen from Eq. 1.1, the actinoid elements in the high oxidation states act as strong
acids in water. The actinyl ions of Pa, U, Np, Pu, and Am are named with suffix “-yl” instead
of “-ium”, i.e., protoactinyl, uranyl, neptunyl, plutonyl, and americyl, respectively. Essen-
tially, the actinyl ions have linear O=An=O structure. Thus, the bare actinyl ions belong to

Table 1.1. Electronic configuration of actinoid elements at various oxidation states
An III IV V VI VII
91Pa [Rn]5f2 [Rn]5f1 [Rn] − −
92U [Rn]5f3 [Rn]5f2 [Rn]5f1 [Rn] −
93Np [Rn]5f4 [Rn]5f3 [Rn]5f2 [Rn]5f1 [Rn]
94Pu [Rn]5f5 [Rn]5f4 [Rn]5f3 [Rn]5f2 [Rn]5f1

95Am [Rn]5f6 [Rn]5f5 [Rn]5f4 [Rn]5f3 −
* [Rn]: closed electronic configuration of radon.

[Rn] = 1s22s22p63s23p63d104s24p64d104f145s25p65d106s26p6.

** Bold: most stable oxidation state.
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Figure 1.1. Schematic shapes of real function of f orbitals.

D∞h point group. The linearity of actinyl ions is considered to be due to a contribution of
the 5f orbitals. The schematic shapes of real functions of f orbitals are shown in Figure 1.1.
The axial oxygen atoms in the actinyl ions have a total of six possible linear combinations of
their 2p orbitals (σu, σg, 2× πu, and 2× πg). All of the atomic orbital combinations allowed
by symmetry with either 5f or 6d orbitals in the actinoids are shown in Figure 1.2.2) It should
be noted that the ungerade (u) symmetry combinations (σu, 2×πu) in Figure 1.2 are not pos-
sible in use of any d orbitals. For example, the axial oxygen atoms in the uranyl compounds
adopt atrans- (linear) configuration, while the structures of VO+2 (vanadyl ion) and MoO2+2
(molybdenyl ion) havecis- (bent) geometry.3)
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Figure 1.2. Scheme of symmetry allowed combinations of atomic orbitals in actinyl ions.
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Figure 1.3. MO diagram of bare UVI O2+
2 by Matsikaet al.4)

Because of the participation into the bonding between the axial oxygen and center ura-
nium, it can be predicted that the 5fσu, 5fπu, 6dσg, and 6dπg orbitals have anti-bonding
characters. Figure 1.3 shows the molecular orbital diagram calculated by Matsikaet al.4) As
predicted, the 5fσu, 5fπu, 6dσg, and 6dπg orbitals become the anti-bonding MO, while the
5fδu, 5fφu, and 6dδg orbitals which are not participated in the formation of the actinyl ion
remain as non-bonding orbitals.

X-ray diffraction studies of a number of crystalline uranium(VI) salts have experimen-
tally demonstrated the existence of uranyl(VI) ion in solid state. They were summarized
by King.5) In UO2Cl2(OPPh3)2, [UO2(O2C2H4CO2)·H2O], and UO2(NO3)2(OPPh3)2, it was
found that a linear O–U–O group existed. Furthermore, it was clarified that each uranium
atom in BaUO4, α-SrUO4, β-SrUO4, MgUO4, PbUO4, CuUO4, Li2UO4, α-Na2UO4, β-
Na2UO4, CaUO4, UO3, U3O8, and so on is surrounded by oxygen atoms; four or six of
such oxygen atoms (O(II)) lie in a plane with the uranium atom all at a distance longer than
the remaining two oxygens (O(I)), which lie above and below the uranium atom on a straight
line perpendicular to the plane of the O(II) oxygen atoms. In CaUO4, the U–O(II) distance
is 2.30 Å, while the U–O(I) distance is 1.96 Å. It seems likely that the U–O(II) bonds are
principally of ionic character, and crystals of CaUO4 are composed of Ca2+, UVIO2+

2 , and
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O2− ions. Further, UO3 can readily dissolve in an acidic aqueous solution according to the
following reaction.

UO3(s)+ 2HA(aq)−→ UO2+
2 + 2A− + H2O (1.2)

where HA and A− are the arbitrary acid and its conjugate base (e.g., A = Cl, NO3 and so
on), respectively. This phenomenon indicates the existence of the uranyl(VI) moiety in UO3.
Crandall has studied the formula of uranyl ion in solution by using18O-enriched water as a
tracer in the exchange reaction of oxygen atoms coordinated to uranium.6) As a result, it has
been showed that the uranyl ion exists as UVIO2+

2 even in diluted hydrochloric acid solution.
Nowadays, it is well accepted that the actinyl ions has the linear [O=An=O]n+ structure in
both solid and solution states.

1.2 Uranyl(VI), the Most Popular Actinyl Ion

The most well-known actinyl ion is the uranyl(VI), UVIO2+
2 , which has the radon-like

closed shell electronic configuration, [Rn]5f0. The hexavalent state is the most stable oxida-
tion state of uranium. Thus, a large number of studies on uranyl(VI) have been reported.

The uranyl(VI) ion also has characteristic linear structure as described above. The U=O
distance (RUO) in the uranyl(VI) ion has been measured for a large number of compounds.
The values is ranging from 1.5 Å (uranyl–8-hydroxyquinolinate) to 2.08 Å (α-UO3), and
the average is 1.77 Å. Since bare uranyl(VI) ion belongs toD∞h point group, the O=U=O
symmetric stretching (ν1) is Raman-active, while the asymmetric stretching (ν3) is IR-active.
The ν1 andν3 peaks of the uranyl(VI) ion generally appear in the ranges of 800–880 cm−1

and 900–960 cm−1, respectively.7) The force constants of the U=O bond (FUO) range from
2.60 mdyne·Å−1 (α-UO3) to 10.8 mdyne·Å−1 (UO2Br2−

4 ). The average values are in the range
of 6.0–7.3 mdyne·Å−1. There seems to be a relationship betweenRUO andFUO. Actually,
Jones8) has rationalizedRUO with FUO by using Badger’s law9) as follows.

RUO = βF
− 1

3
UO + dUO (1.3)

In Eq. 1.3,β is about 1.08 for all pairs of elements if one element has atomic number greater
than 18, anddUO is intrinsic value for each uranyl(VI) compound. McGlynnet al.10) have
corrected Eq. 1.3 to explain their results systematically obtained as follows.

RUO = 1.993F
− 1

3
UO + 0.666 (1.4)

Furthermore, Vealet al.11) has expressedRUO with theν3 frequency in cm−1 (Eq. 1.5).

RUO = 81.2ν
− 2

3
3 + 0.895 (1.5)

These empirical relationships betweenRUO and FUO or ν3 are standing on the systematic
investigations for vibrational spectra of widely various uranyl(VI) compounds.

The uranyl(VI) ion can play a role as an acid in aqueous solution even after the formation
of UVIO2+

2 in Eq. 1.1 as follows.

mUVIO2+
2 + nH2O −→←− (UVIO2)m(OH)2m−n

n + nH+ (1.6)

In fact, uranyl(VI) salts are distinctly acid in the aqueous solution and it has also been known
that large amounts of UO3 can be dissolved in aqueous solutions of uranyl(VI) salts. The
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Table 1.2. Equilibrium constants (K◦hydro) for the hydrolysis of uranyl(VI) ion at 298.15 K, 0.1 MPa, and zero

ionic strength12, 13)

Reaction logK◦hydro
a

UVI O2+
2 + H2O −→←− UVI O2(OH)+ + H+ −5.250± 0.240

UVI O2+
2 + 2H2O −→←− UVI O2(OH)2 + 2H+ −12.150± 0.070

UVI O2+
2 + 3H2O −→←− UVI O2(OH)−3 + 3H+ −20.250± 0.420

UVI O2+
2 + 4H2O −→←− UVI O2(OH)2−4 + 4H+ −32.400± 0.680

2UVI O2+
2 + H2O −→←− (UVI O2)2(OH)3+ + H+ −2.700± 1.000

2UVI O2+
2 + 2H2O −→←− (UVI O2)2(OH)2+2 + 2H+ −5.620± 0.040

3UVI O2+
2 + 4H2O −→←− (UVI O2)3(OH)2+4 + 4H+ −11.900± 0.300

3UVI O2+
2 + 5H2O −→←− (UVI O2)3(OH)+5 + 5H+ −15.500± 0.120

3UVI O2+
2 + 7H2O −→←− (UVI O2)3(OH)−7 + 7H+ −32.200± 0.800

4UVI O2+
2 + 7H2O −→←− (UVI O2)4(OH)+7 + 7H+ −21.900± 1.000

a Logarithmic equilibrium constant of the hydrolysis of uranyl(VI) ion at 298.15 K,

0.1 MPa, and zero ionic strength.

hydrolytic reactions of uranyl(VI) have been exhaustively studied. Grentheet al.have sum-
marized a series of the equilibrium constants of the hydrolysis of the uranyl(VI) ion as shown
in Table 1.2.12, 13) In this table, the largest value of logK◦hydro is −2.700± 1.000 of the reac-
tion: 2UVIO2+

2 + H2O −→←− (UO2)2(OH)3+ + H+. This data suggests that the hydrolysis of the
uranyl(VI) ion will start from pH 3–4.

A very large number of inorganic and organic anions and electron donating neutral
molecules coordinate to the uranyl(VI) ion by strong (probably covalent) bonds to form
uranyl(VI) complexes. Normally, such ligands are positioned in the equatorial plane of the
uranyl(VI) ion. The number of coordination sites in the equatorial plane of the uranyl(VI) ion
varies from 3 to 6 as shown in Figure 1.4. In these geometries, the pentagonal and hexagonal
bipyramidal ones are most popular. The simplest uranyl(VI) complex is its hydrated perchlo-
rate salt; UVIO2(ClO4)2·nH2O. The crystal structures of UVIO2(ClO4)2·nH2O (n = 5,7) were
analyzed by Alcocket al.14) and refined by Fischer.15) In their reports, the linear uranyl(VI)
ion was surrounded by 5 water molecules,i.e., the geometry of this uranyl(VI)aqua com-
plex is pentagonal bipyramidal. Interestingly, Fischer has also found that the perchlorate
anion (ClO−4), which is generally known to have little coordination ability to metal ions,
can also interact with the uranyl(VI) ion. The resulting pentagonal bipyramidal complex is
UVIO2(ClO4)2(H2O)3. The uranyl(VI) ion can also form its complex with various chelat-
ing ligands. The typical ligands for uranyl(VI) are, for example,β-diketonates,16–22) Schiff
bases,23–39)phthalocyanines,40, 41) macrocycles,42–49)and so on.
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Figure 1.4. Schematic geometries of uranyl(VI) complexes.
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N

O

N-Cyclohexyl-2-pyrrolidone (NCP)

Figure 1.5. Structure of UVI O2(NO3)2(NCP)2 (NCP= N-cyclohexyl-2-pyrrolidone) drawn as thermal ellipsoid
plot at 40% probability level reported by Vargaet al.58)

Traditionally, a series of the uranyl(VI) nitrates have been studied in detail, because this
species is quite important in the nuclear engineering, especially in the purification of uranium
to prepare the nuclear fuel and to reprocess the spent fuel from the power plant. The compre-
hensive review in such an engineering field was published previously.50) In this field, the ura-
nium species is normally purified by using the solvent extraction in the hydrocarbon/HNO3

aq. biphasic system from the crude materials, and the most popular extractant is tri-n-butyl-
phosphate (TBP), which works as shown in Eq. 1.7.

UVIO2+
2 (aq)+ 2NO−3(aq)+ 2TBP(aq)−→←− UVIO2(NO3)2(TBP)2(org) (1.7)

More chemically detailed review was written by Casellatoet al.51) The authors’ focus was
especially in the molecular structures and vibrations of the actinide nitrates. According to
them and the references in this review, the nitrate anion (NO−

3) generally coordinates to the
uranyl(VI) ion as a bidentate ligand, resulting the hexagonal bipyramidal uranyl(VI) nitrate
complexes as shown in Figure 1.4. When two NO−

3 coordinate to the uranyl(VI) ion, this
uranyl(VI) nitrate complex has more two unidentate ligandse.g., H2O, (UVIO2(NO3)2(H2O)2)
at trans-position in the hexagonal equatorial plane. From some structural characteriza-
tions for UVIO2(NO3)2L2 (L = tri-n-butylphosphine oxide, di-n-butylphosphate, trimethyl-
phosphate, triisobutylphosphate),52–55) the resulting UVIO2(NO3)2(TBP)2 in Eq. 1.7 is also
considered to have such atrans-geometry. Auweret al.have studied the coordination sphere
in various U, Np, and Pu nitrates in HNO3 aqueous solution containing TBP with X-ray ab-
sorption spectroscopy, in which the oxidation states of these actinoid elements were VI for
U, Np, and Pu and IV for Np and Pu.56) In their analyses for the X-ray absorption spectra,
each actinyl(VI) ion coordinates two NO−3 and two TBP molecules. Recently, Vargaet al.
have found the new unidentate ligand for the uranyl(VI) nitrate,N-cyclohexyl-2-pyrrolidone
(NCP), which functions as a selective precipitant for the uranyl(VI) ion from its nitric acid
aqueous solution.57, 58) The molecular structure of UVIO2(NO3)2(NCP)2 determined by the
X-ray crystallography is shown in Figure 1.5. The selectivity of NCP and its derivatives to
the uranyl(VI) ion rather than other metal ions and their capabilities as precipitants in the
reprocessing process have been confirmed by Koshinoet al.59)

One of the environmentally important uranyl(VI) complex is the carbonate, because of
the sufficiently high concentration of CO2−3 in natural environment and the large stability
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of this complex. The equilibrium constants for the formation of the uranyl(VI) carbonate
complexes at 298.15 K, 0.1 MPa, and zero ionic strength are shown below.13)

UVIO2+
2 + CO2−

3

K1−−−→←−− UVIO2(CO3)(aq) (1.8)

logK◦1 = 9.940± 0.030

UVIO2+
2 + 2CO2−

3

β2−−→←−− UVIO2(CO3)
2−
2 (1.9)

logβ◦2 = 16.610± 0.090

UVIO2+
2 + 3CO2−

3

β3−−→←−− UVIO2(CO3)
4−
3 (1.10)

logβ◦3 = 21.840± 0.040

From these data, the third stepwise formation constant of UVIO2(CO3)2−
2 + CO2−

3
−→←− [UVIO2-

(CO3)3]4− is calculated as logK◦3 = 5.230± 0.037. This logK◦3 value indicates that the major
species of the uranyl(VI) carbonate under a condition with a presence of sufficient amount
of CO2−

3 is [UVIO2(CO3)3]4−. An ortep view of K4[UVIO2(CO3)3] reported by Brittainet
al.60) is shown in Figure 1.6. The uranium atom in [UVIO2(CO3)3]4− is surrounded by the
hexagonal bipyramidal coordination environment. In Figure 1.6, theRUO value is 1.80 Å
close to its average and U–O(1), U–O(2), and U–O(3) distances in its equatorial plane is
2.43 Å. To neutralize the highly negative charge of [UVIO2(CO3)3]4−, the counter cations are
located in interconnected vacancies between the coordinated CO2−

3 , and as a result, form-
ing continuous chains. Such a phenomenon is also confirmed in the crystal structures of
Na2Ca[UVIO2(CO3)3]· xH2O by Codaet al.61), Cs4[UVIO2(CO3)3] by Mereiter.62) Differing
from most other heavy metal carbonates, sodium salt of [UVIO2(CO3)3]4− is water-soluble.
Therefore, the sodium salt of [UVIO2(CO3)3]4− is important for the separation of the uranium
from ores.

Figure 1.6.ortep view of K4UVI O2(CO3)3 reported by Brittainet al.60)
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Generally, the axial oxygen of the uranyl(VI) ion is quite inert in acidic aqueous media
unless irradiated by UV light.6, 63) Gordon and Taube proposed that the exchange reaction be-
tween the oxygen atoms of the uranyl(VI) ion and water in 1 M (=mol·dm−3) perchloric acid
solution is catalyzed by the uranyl(V) ion (UVO+2 ) generated by UV irradiation as follows.

UO2+
2 + e−

hν−→ UO+2 (1.11)

UO+2 + H2O
∗ −→ UO∗+2 + H2O (1.12)

UO∗+2 + UO2+
2 −→ UO+2 + UO∗2+2 (1.13)

where O∗ denotes the isotope labeled oxygen atom. The half-life for the axial oxygen in
the uranyl(VI) ion in 1 M HClO4 aq. was estimated as 40 000 h. On the other hand, Clark
et al. has found that the axial oxygen in the uranyl(VI) ion can easily exchange with the
water oxygen in 3.5 M tetramethylammonium hydroxide.64) In such a medium, the major
uranyl(VI) species is UVIO2(OH)(2−n)

n (n = 4,5). They analyzed the17O NMR spectra of
this sample solution at different temperatures by using NMR line-broadening method,65) and
obtained the activation enthalpy (∆H‡), entropy (∆S‡), and the apparent first-order rate con-
stant (kex) of the oxygen exchange reaction in this basic medium as∆H‡ = 41± 1 kJ·mol−1,
∆S‡ = −75± 17 J·mol−1·K−1, andkex = 18± 6 s−1 at 283 K. For the significant acceleration
of the oxygen exchange between the uranyl(VI) ion and water in the basic aqueous media,
Clark et al. have proposed two mechanisms; (1) direct mechanism in which the proton in
the coordinated OH− transfers to the axial oxygen, (2) water assisted mechanism in which
one of the protons in the water molecule binding to the coordinated OH− through a hydrogen
bond transfers to the axial oxygen. In nonaqueous solvents, the axial oxygen is generally
considered to be stable, because theν3 peak due to the uranyl(VI) moiety can be observed
even in the IR spectrum of such a system.

On the other hand, the exchange reaction of the equatorial ligands of the uranyl(VI)
complexes may occur more readily than that of the axial oxygen atoms. To investigate such
an exchange reaction in the uranyl(VI) complexes, the NMR spectroscopy has been used
frequently.66–82) Fratielloet al. have estimated lifetimes of the water molecule coordinating
to the uranyl(VI) ion in water–acetone and water–dimethyl sulfoxide–acetone mixtures asca.
5× 10−3 s.66, 67) Ikedaet al.68) also studied the H2O exchange reaction in the uranyl(VI) aqua
complex in mixtures of water, acetone, and/or DMSO (dimethyl sulfoxide), and obtained the
first-order rate constant (kH2O = 9.80× 105 s−1 at 298 K)1 and activation parameters (∆H‡ =
41.4 ± 2.1 kJ·mol−1, ∆S‡ = 8 ± 11 J·mol−1K−1). In the reports by Fratielloet al.,66, 67) the
hydration number in the uranyl(VI) aqua complex has been evaluated as 4 from the peak area
in the1H NMR spectra. In these literatures, the authors mentioned “The addition of acetone
procudes a reduction of the dielectric constant of the medium, eventually to that of acetone,
about 20 at 25◦C, at high concentrations of this component. Even though the1H NMR
measurements are made at−85 to−100◦C, the bulk dielectric constant should still be only
about 35, a much lower value than that of pure water. Thus, if inner-shell complex formation
is induced in solution, a decrease in the cation hydration number should be noted.” Actually,
the hydration number in the crystal structure of the perchlorate salt was determined as 5,
i.e., UVIO2(H2O)2+5 .14, 15) Bardinet al.have also estimated the hydration number surrounding
the uranyl(VI) ion in the H2O/acetone mixture as 5 from the1H NMR spectrum.75) They
considered that such a difference between the hydration numbers estimated from the NMR

1This rate constant was calculated for UVI O2(H2O)2+4 by Ikedaet al.68)
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peak area should be caused by the accuracy of the measurements,i.e., the higher magnetic
field instruments (300 and 400 MHz) used by Bardinet al. would produce more accurate
result than the previous ones66–68) (maximum 200 MHz). The first-order rate constant at
298 K and activation parameters in the exchange reaction of water molecule in UVIO2(H2O)2+5
evaluated by Bardinet al. fluctuated askH2O = 104 ∼ 105 s−1, ∆H‡ ≈ 30 kJ·mol−1, and
∆S‡ ≈ 19 or 800 J·mol−1K−1.75) Farkaset al. further investigated the H2O exchange reaction
in UVIO2(H2O)2+5 from 17O NMR spectra measured by the 500 and 800 MHz instruments,
and obtained the first-order rate constant (kH2O = (1.30 ± 0.05) × 106 s−1 at 298 K) and
the activation parameters (∆H‡ = 26.1 ± 1.4 kJ·mol−1, ∆S‡ = −40 ± 5 J·mol−1K−1).76)

Additionally, they also performed the quantum chemical calculation for the uranyl(VI) aqua
complexes and combined the experimental and theoretical results. Recently, Valletet al.
estimated the energies of the activation and the intermediate in the water exchange reaction
of UVIO2(H2O)2+5 by using the quantum chemical calculation.83) Their results suggested that
such a reaction in UVIO2(H2O)2+5 proceeds through the associative mechanism in which the
additional ligand (water) will bind to UVIO2(H2O)2+5 in the intermediate.

Tóth et al. have studied the CO2−3 exchange reaction in [UVIO2(CO3)3]4− by using13C
NMR spectroscopy.71) According to their result, the CO2−3 exchange reaction in [UVIO2-
(CO3)3]4− occursvia the dissociative mechanism in which the coordination number of the
ligand will decrease in the intermediate, that is, the intermediate should be [UVIO2(CO3)2]2−

as follows.

[UVIO2(CO3)3]
4− k1−−→←−−

k−1

[UVIO2(CO3)2]
2− + CO2−

3 (1.14)

The estimated values of∆H‡,∆S‡, andk1 of Eq. 1.14 were 82±11 kJ·mol−1, 50±30 J·mol−1·K−1,
and 13± 3 s−1, respectively. Thek−1 value was derived from the relationship,k−1 = K3k1, re-
sultingk−1 ' 107 M−1·s−1 In the further investigation by T́othet al.,72) it was found that there
is the second path involving H+ other than Eq. 1.14. The proton-catalyzed CO2−

3 dissociation
from [UVIO2(CO3)3]4− was proposed for an alternative path.

The exchange reactions of unidentate ligands (L) in the uranyl(VI) complexes, UVIO2(L)2+
5

and UVIO2(β-diketonato)2L (L = N,N-dimethylformamide,N,N-dimethylacetoamide,N,N-
diethylformamide, trimethyl phosphate, triethyl phosphate, dimethyl sulfoxide, tetrahydro-
furan;β-diketonato= acetylacetonato, 1,1,1-trifluoroacetylacetonato, 1,1,1,5,5,5-hexafluoro-
acetylacetonato) in nonaqueous solvents have also been investigated and discussed the details
concerning the rate constants and mechanisms.69, 70, 78–82)

For the properties of the actinyl ions and related species, many kinds of studies, not
only experimental, but also theoretical and computational, have been reported.3, 4, 10, 84–116)

According to Denninget al.3) and Matsikaet al.4), the ground state of the uranyl(VI) ion is,

(1πu)
4(1πg)

4(1σ+g)2(1σ+u)2; 1Σ+g (1.15)

In this configuration of the uranyl(VI) ion at the ground state, it is unusual that the energy lev-
els of the occupiedσ MOs are higher than those of the occupiedπ MOs. This phenomenon
has been explained by anti-bonding overlap between theσ-oriented oxygen 2pz orbitals and
the toroidal lobes of the uranium 6dz2 and 5fz3 orbitals.3)

Essentially, uranyl(VI) compounds have intense yellow color. This is considered to be
due to the following electronic excitation in the uranyl(VI) ion.

(1πu)
4(1πg)

4(1σ+g)2(1σ+u)2; 1Σ+g −→ (1πu)
4(1πg)

4(1σ+g)2(1σ+u)1(φu, δu)
1; 1Φg or 1∆g (1.16)
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Figure 1.7. UV-visible absorption spectrum of uranyl(VI) perchlorate in 1-butyl-3-methylimidazolium
nonafluorobutanesulfonate ionic liquid at room-temperature.117)

This transition is classified into the ligand-to-metal charge transfer (LMCT) from the 2p or-
bitals in the axial oxygen atom to the 5fδu and/or φu orbitals in the center uranium. The
typical absorption spectrum of the uranyl(VI) ion is shown in Figure 1.7.117) As can be seen
from this spectrum, the absorption bands due to such LMCT in the uranyl(VI) ion appear
at 350∼500 nm with vibronic structures. The excited states (configuration) in this transi-
tion are predicted as1Φg (σuφu) or 1∆g (σuδu). These LMCT transitions,1Σ+g → 1Φg and
1Σ+g → 1∆g are spin-allowed, but forbidden because of the transitions between the energy
states with same parity (g→ g, g: gerade). Therefore, the molar absorptivity (ε; M−1·cm−1)
of the LMCT absorption bands is low (0.3∼20 M−1·cm−1) and their intensities should be bor-
rowed from the vibrinic coupling. G̈orller-Walrand and Vanquickenborne discussed which
coupling scheme is suitable to describe the spin-orbit effect in the uranyl(VI) ion. In their
conclusion, a molecular Russell-Saunders ((Λ,S)) coupling scheme is most appropriate, and
other schemes ((ω, ω) and intermediate) cannot rationalize the energy splittings and the spec-
tral intensities. G̈orller-Walrandet al.95, 96) and McGlynnet al.84) reported that a large num-
ber of the uranyl(VI) complexes with widely different ligands, coordination numbers, and
symmetries exhibits remarkably similar LMCT absorption bands, and concluded that the
perturbation order in the uranyl(VI) compounds is,

Vax� e2/r i j ≥ HSO > Veq (1.17)

whereVax, e2/r i j , HSO, andVeq are the axial ligand field potential, the electrostatic potential,
the spin-orbit hamiltonian, and the equatorial ligand field potential, respectively.

Today, comprehensive reviews for the physical and chemical properties of various uranyl(VI)
compounds are available, for example, “The Chemistry of the Actinide Elements” by Katz
et al.1) and “Chemical Thermodynamics of Uranium” by Grentheet al.12) These reviews are
summarizing not only for uranyl(VI), however even limiting in the uranyl(VI) species, their
ranges are quite vast.
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1.3 Actinyl Ions with 5f1 Configuration

Uranyl(VI), which is the most popular actinyl ion as described above, has no unpaired
electron in its 5f orbital. Therefore, in the study on the uranyl(VI) species, it is not possible
to observe the properties caused by the 5f electron directly. In the actinyl ions, uranyl(V)
(UVO+2 ), neptunyl(VI) (NpVIO2+

2 ), and plutonyl(VII) (PuVII O3+
2 ) have [Rn]5f1 configuration,

which is the simplest electronic configuration in 5fn system. Thus, these species are most
essential for the systematic interpretation for the properties of whole actinyl species with 5fn

configuration. From Figures 1.1 and 1.2, the 5f orbitals being free from the interaction with
the 2p orbitals in the axial oxygen atoms are 5fφu and 5fδu. Hence, the unpaired electron in
thebareactinyl ions with the 5f1 configuration should be located in one of these non-bonding
5f orbitals,i.e., its predicted ground state is,

(1πu)
4(1πg)

4(1σ+g)2(1σ+u)2(δu)
1; 2∆u (1.18)

(1πu)
4(1πg)

4(1σ+g)2(1σ+u)2(φu)
1; 2Φu (1.19)

It may be expected that the 5fδu orbital is positioned lower in energy than 5fφu, because
the former (δ: λ = 2) has the lower angular momentum around thez axis than latter (φ:
λ = 3). In fact, according to the quantum chemical calculation by Matsikaet al.,4) the 5fδu

orbital is located at slightly lower energy level than 5fφu as shown in Figure 1.3. However,
their positions may invert with the equatorial ligand field and/or the spin-orbit coupling.
Actually, the electronic configuration of a neptunyl(VI) compounds, NaNpVIO2(CH3COO)3
and RbNpVIO2(NO3)3, was determined as2Φ5/2u (Eq. 1.19) by experimental values of their
magnetic susceptibilities.89)

1.3.1 Uranyl(V) ion; UVO+2
The pentavalent state is the most unstable oxidation state of uranium in solution.1) In

order to observe the uranyl(V) species, electrochemical and photochemical reduction of
uranyl(VI) to uranyl(V) were attempted by many researchers.118–153)However, the uranyl(V)
species are generally unstable in acidic aqueous system, because of the disproportionation
(Eq. 1.20).120–124)

2UVO+2 + 4H+ −→←− U4+ + UVIO2+
2 + 2H2O (1.20)

The following mechanism has been suggested for Eq. 1.20.

UVO+2 + H+ −→ UOOH2+ (1.21)

UVO+2 + UOOH2+ −→ UVIO2+
2 + UOOH+ (1.22)

UOOH+ −→ stable U(IV) (1.23)

The rate-determining step is considered to be Eq. 1.22. The logarithmic equilibrium constant
of Eq. 1.20 has been evaluated as 6.23± 0.08154) and 6.07± 0.06,12) which are quite larger
than that of the corresponding disproportionation of neptunyl(V),−6.40 in 1 M HClO4 and
−1.62 in 1 M H2SO4.1) Furthermore, one must consider the pH region in which these uranium
species are stable towards their hydrolyses. According to Krauset al.,118, 119) the optimum
pH range for stable presence of the uranyl(V) species in aqueous solution is from 2 to 4,
which is narrower than that of plutonyl(V) (pH= 2∼6). Due to the unusual instability of the
uranyl(V) species, any data have not been accumulated systematically.
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Sipos and co-workers have studied the electrochemical reaction mechanism of uranyl(VI),
uranyl(V), U4+, and U3+ ions in perchloric acid aqueous solutions by using polarography
and cyclic voltammetry.126) They proposed the reaction mechanisms including the dispro-
portionation in acidic aqueous system (Eq. 1.20). Even in nonaqueous system, Gritzner and
Selbin129) reported that a brown colloidal precipitate expected as UO2 was produced after the
reduction of uranyl(VI) to uranyl(V) in dimethyl sulfoxide (DMSO). Ikeda and co-workers
have studied the electrochemical properties of [UVIO2(L)5]2+ (L = DMSO, N,N-dimethyl-
formamide (DMF)), UVIO2(β-diketonato)2L (β-diketonato= acetylacetonato, 1,1,1-trifluoro-
acetylacetonato, 1,1,1,5,5,5-hexafluoroacetylacetonato, thenoyltrifluoroacetonato, benzoyl-
trifluoroacetonate, and dibenzoylmethanato), and UVIO2(salen)L (salen=N,N’-disalicylidene-
ethylenediaminato) in L as solvent.140–143)As a result, they have proposed that the uranyl(V)
complexes including multidentate ligand(s) can exist more stably than those having only
unidentate ones. However, there are no reports of the nonaqueous system of the stable
uranyl(V) species.

The attempts to clarify the spectroscopic properties of uranyl(V) species in aqueous me-
dia127) and organic solvents have been performed previously.129–135)Such studies suggested
that the uranyl(V) species have characteristic absorption bands at around 750, 950, and
1500 nm in visible and near infrared regions. However, the sample solutions in these re-
ports were mixtures of uranium(IV), uranyl(V), and uranyl(VI) species, and the absorption
bands of uranyl(V) were assigned only by comparing the absorption spectra of such sample
solutions with those of uranium(IV) and uranyl(VI).

On the other hand, it has been known that some uranyl(V) species might be produced
stably in molten alkali and alikaline-earth chloride mixtures.144, 145) Adamset al. reported
that the uranyl(V) species in LiCl–KCl, LiCl–MgCl2, and NaCl–KCl–MgCl2 eutectics show
similar electronic spectra at around 690, 870, and 1510 nm.144) Furthermore, Khokhryakov
also observed that the uranyl(V) speceis in CsCl–NaCl and NaCl–KCl melts have absorption
bands at around 615, 715, and 1560 nm and tried to assign them.145) However, the structures
of the uranyl(V) species in these molten salt systems have not been identified. Although
the knowledges of the spectrum of the pure uranyl(V) species and its exact structure are
necessary to interpret its electronic spectrum, the spectroscopic properties of the uranyl(V)
species are still uncertain.

A uranyl(V) carbonato complex in basic carbonate aqueous solutions is known as only
one system that the uranyl(V) complex can exist stably.147–153) This system was found by
Cohen.147) According to his report, the uranyl(V) species is stable in the aqueous system at
pH ≥ 11 and Na2CO3 ≥ 1 M. Ferri et al. have determined the stoichiometry of CO2−

3 per
uranyl(V) ion in this complex by using a potentiometric titration.149) The result was 3,i.e.,
its chemical formula is [UVO2(CO3)3]5−. The logarithmic formation constant of Eq. 1.24
was evaluated as logβ◦3 = 6.950± 0.360.2

UVO+2 + 3CO2−
3

β3−−→←−− [UVO2(CO3)3]
5− (1.24)

According to a study of extended X-ray absorption fine structure (EXAFS) by Docratet
al.,153) the structure of [UVO2(CO3)3]5− can be considered to be similar to that of [UVIO2-
(CO3)3]4−, i.e., the coordinated CO2−3 in [UVO2(CO3)3]5− are equivalent each other. Cohen

2This is the corrected value at 298.15 K, 0.1 MPa, and zero ionic strength from the most recent report, “Up-
date on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium”13).
The original value of logβ3 reported inInorg. Chem.1983, 22, 3162–3165. is 13.3±0.4 in 3 M NaClO4 aq.149)
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has also reported that [UVO2(CO3)3]5− shows its characteristic absorption bands at around
765, 980, and 1120 nm in visible-NIR region, and that the solution of [UVO2(CO3)3]5− is
almost colorless.147) Mizuguchi and co-workers have measured the UV-visible absorption
spectra of [UVO2(CO3)3]5−/[UVIO2(CO3)3]4− redox couple (Eq. 1.25)3 at various potentials
with spectroelectrochemical technique.152)

[UVIO2(CO3)3]
4− + e− −→←− [UVO2(CO3)3]

5− (1.25)

As a result, the decolorization with the reduction from [UVIO2(CO3)3]4− to [UVO2(CO3)3]5−

was spectrophotometrically confirmed as the disappearance of the LMCT absorption bands
of [UVIO2(CO3)3]4− at around 450 nm. Unfortunately, the electronic spectrum of [UVO2-
(CO3)3]5− in the wavelength region longer than 1350 nm has not been observed, because of
the strong absorption of H2O as the solvent. Since no stable uranyl(V) species with iden-
tified structures other than [UVO2(CO3)3]5− are known, the spectroscopic properties of the
uranyl(V) complexes cannot be discussed systematically.

The structural properties of the uranyl(V) species are also uncertain. With the reduction
from uranyl(VI) to uranyl(V), it has been predicted theoretically that the U=O bond distance
(RUO) lengthens about 0.05∼0.08 Å, and that theν1 andν3 stretching in the uranyl moiety
show red-shifts.108, 110) In fact, Docratet al. have clarified that theRUO value increases with
the reduction of [UVIO2(CO3)3]4− (1.80 Å) to [UVO2(CO3)3]5− (1.90 Å) in their EXAFS
study.153) Furthermore, Madicet al.have observed the red-shift of theν1 peak in the Raman
spectra with the reduction from [UVIO2(CO3)3]4− (ν1 = 812 cm−1) to [UVO2(CO3)3]5− (ν1 =

759 cm−1).151) However, these structural data of the uranyl(V) species are limited only in
[UVO2(CO3)3]5−. Additionally, no data concerning theν3 peak, which will be observed
in IR spectra, are available.4 Jones and Penneman have studied the IR properties of the
alternative actinyl(V/VI) species (neptunyl(V/VI) and americyl(V/VI)).155) They reported that
the reduction from AnVIO2+

2 to AnVO+2 causes the red-shift of theν3 peak of O=An=O, i.e.,
An=O bond strength is weakened. The shifts for An= Np and Am are 145 and 107 cm−1,
respectively. Thus, in the case of An= U, it is expected that theν3 peak in O=U=O is shifted
to lower wavenumber byca.100∼150 cm−1 with the reduction from uranyl(VI) to uranyl(V).

On the other hand, some compounds containing UVX5−n
n species (X= F, Cl, OC2H5;

n = 5, 6), which have no axial oxygen atoms, have been reported previously, and Selbin
and Ortego reviewed them.125) According to them, the UVX5−n

n species have characteristic
absorption bands in visible and NIR regions as shown in Figure 1.8. Generally, the crystal
field surrounding the center uranium in the UVX5−n

n species was treated as an octahedral one
(Oh).5 The electronic configuration, 5f1, allows only the2F5/2 and2F7/2 term level which is
split by spin-orbit coupling into two levels. Moreover, the crystal field in UVX5−n

n will further

3Various formal potential (E◦′) values of Eq. 1.25 were reported such as−0.714,−0.730,−0.7459,−0.749,
−0.815, and−0.859 Vvs.Ag/AgCl, which were summarized by Grentheet al. in “Chemical Thermodynamics
of Uranium”12). In this thesis, theE◦′ value of Eq. 1.25 under the present experimental condition has been
re-evaluated by using spectroelectrochemical technique. Details are in Section 3.1.

4Even for [UVO2(CO3)3]5−, it should be difficult to measure its IR spectrum, because the solvent H2O is a
strong absorber of IR rays.

5Since there are no axial oxygens, the perturbation order shown in Eq. 1.17 cannot be applied. Therefore,
the crystal fields surrounding the center uranium in UVX5−n

n were treated by usingOh point group. Furthermore,
the spin angular momentum of U5+ is half-integer (1/2) because of the 5f1 configuration. This means that the
introduction of “double group” is required in the discussion including both crystal field and spin-orbit coupling.
Here,O∗h (or O∗) double group corresponds to theOh single group. Details are presented in Chapter 6.
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Figure 1.8. Visible and near-infrared electronic absorption spectra of UVX5−n
n species. Left: (a) UVCl5·SOCl2

in CCl4 and (b) [UV(OC2H5)5]2 in CCl4. Right: (C3H7)4NUVCl6 in SOCl2.125)

split the foregoing degenerate levels as follows.

2F5/2 −→ Γ7 + Γ8

2F7/2 −→ Γ6 + Γ
′
7 + Γ

′
8

Hence, one should predict at least four transitions to be possible in the UVX5−n
n species,

namelyΓ7 → Γ8, Γ7 → Γ′7, Γ7 → Γ′8, andΓ7 → Γ6, in which the odd electron resides in the
lowestΓ7 level in the ground state. In Figure 1.8, not just four bands, but rather at least four
groups of the absorption bands were observed. The additional bands were suggested to be
the result of different vibronic transition and/or removal of the degeneracy arising from the
lowering of the symmetry.6

Selbin and Ortego also included the matter of the uranyl(V) species in their review.125)

However, they described that the knowledge of uranyl(V) is extremely limited and a great
deal more work needs to be done before uranyl(V) may even be considered as well char-
acterized. This was stated in 1969, but still now no sufficient information of uranyl(V) has
been available.

1.3.2 Other 5f1 Systems: Neptunyl(VI) and Plutonyl(VII)

The neptunyl(VI) (NpVIO2+
2 ) is one of the alternative 5f1 actinyl ions. Structural properties

of the neptunyl(VI) ion are almost identical with those of uranyl(VI). On the other hand, the
stability of the neptunyl(VI) ion is completely different from that of uranyl(V) in spite of
the isoelectronic configuration. The neptunyl(VI) ion is stable in both acid and basic media.
Thus, pure sample of the neptunyl(VI) species can be prepared and studied. The absorption

6Some of the pertinent theoretical predictions were predicted by the authors of the references in the review
by Selbin and Ortego;125) (1) The doublet levels (Γ7, Γ′7, Γ6) arising from Kramer’s degeneracy are predicted
to be stabilized by spin-orbit coupling and would be unaffected by Jahn-Teller distortions. (2) Jahn-Teller
effects are important in the behavior of the quadruply degenerateΓ8 leveles. These levels are predicted to split
into two doublets when the octahedron distorts. TheΓ8 levels may also interact with the vibration modes.
(3) Vibrational selection rules indicate that the totally symmetric vibrational mode,A1g, can couple with the
electronic transitions. (4) The odd vibrational modes of the molecule are predicted to couple most strongly
with the electronic transitions.
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Figure 1.9. Absorption spectrum of the neptunyl(VI) ion in 1 M H(D)ClO4 aq. summarized by McGlynn and
Smith.89)

spectra of the neptunyl(VI) ion in HClO4 aqueous solutions have been reported by Sjoblom
et al.,156) Waggener,157) and Haganet al.158) According to their papers, the neptunyl(VI) ion
shows its characteristic absorption bands at around 1223 and 1480 nm in NIR region. Fried-
man and Toth have reported that the neptunyl(VI) ion in 0.1, 0.5, 1.0, and 4.0 M HNO3 also
has the characteristic bands atca. 1200 nm, which does not show any significant depen-
dences on the acid concentration.159) Figure 1.9 shows the typical absorption spectrum of the
neptunyl(VI) ion in aqueous system summarized by McGlynn and Smith.89) According to
their assignment, the neptunyl(VI) ion in 1 M H(D)ClO4 aq. has the characteristic absorption
bands due to f–f transition at∼2000 (2Φ5/2u→ 2∆3/2u), 6752 (2Φ5/2u→ 2Φ7/2u), 8168 (2Φ5/2u

→ 2∆5/2u), 18180 (2Φ5/2u → 2Π1/2u), 21100 (2Φ5/2u → 2Π3/2u), and∼24000 cm−1 (2Φ5/2u →
2Σ+u).7 Leung and Wong studied the absorption spectrum of the neptunyl(VI) ion doped into
a CsUVIO2(NO3)3 single crystal cooled at liquid nitrogen or liquid helium temperature. They
observed very complicated absorption peaks including Zeeman effects by Kramer’s dou-
blets in [NpVIO2(NO3)3]−, and assigned 6 peaks at 4802.9, 6212.1, 6220.8, 7185.2, 10613,
15480 cm−1 to the f–f transitions in the neptunyl(VI) ion with 5f1 configuration. Further
investigations for the polarized absorption spectra of [NpVIO2Cl4]2− and [NpVIO2(NO3)3]−

doped into single crystals of the corresponding uranyl(VI) compounds were performed by
Denninget al.101, 102)They also reported that the absorption peaks attributable to the f–f tran-
sitions in the neptunyl(VI) ion appear at∼1000, 6880.4,∼7990, 17241.4, and 20080.8 cm−1

for [NpVIO2Cl4]2−, and 6459.0, 9420.2, 17843.6, and 20816.3 cm−1 for [NpVIO2(NO3)3]−.
Therefore, if the electronic spectrum of pure uranyl(V) species is recorded, it can be com-
pared with those of the neptunyl(VI) species.

The plutonyl(VII) species is also isoelectronic with the uranyl(V). However, this species
is presented only in the strongly basic aqueous system ([OH−] > 7 M), and considered to ex-
ist as PuVII O3−

5 rather than PuVII O3+
2 . The anion of plutonyl(VII) is a very powerful oxidizing

agent, for example, it oxidizes water to oxygen when [OH−] < 7 M. Available data concern-
ing the properties of the plutonyl(VII) species is limited only in the characteristic absorption
peak at 635 nm withε = 530 M−1·cm−1.1)

7Wavenumber (˜ν /cm−1) and wavelength (λ /nm) have a relationship, ˜ν = 107/λ.
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1.4 Objectives in This Doctoral Thesis

As described above, the chemistry of uranyl(VI) is well understood, while that of uranyl(V)
is almost unknown. However, the knowledges of basic properties of uranyl(V) must be es-
sential to complete the actinoid chemistry, because uranyl(V) has the 5f1 electronic configu-
ration which is simplest in the actinyl species with 5fn configuration. Thus, the elucidation
of the chemistry of uranyl(V) is the most important objective of this doctoral thesis.

The most probable candidate of the stable uranyl(V) complex is [UVO2(CO3)3]5−, of
which the stability has already been confirmed. Therefore, [UVO2(CO3)3]5− in the aqueous
system was selected in this study. Based on the proposal by Ikedaet al.,140–143) N,N’-di-
salicylidene-o-phenylenediaminate (saloph) and dibenzoylmethanate (dbm) were selected as
multidentate ligands expected to stabilize the uranyl(V) species in nonaqueous systems. The
saloph ligand is one of the most popular tetradentate Schiff bases reported by Pfeifferet al.23)

It has been known that the uranyl(VI) complex coordinated with saloph generally contains a
unidentate ligand (L). Indeed, Bandoliet al. reported a single crystal X-ray analysis for the
uranyl(VI) complex with saloph and ethanol (EtOH); UVIO2(saloph)EtOH.24) To study the ef-
fect of L on the stabilities of [UVO2(saloph)L]−complexes, two kinds of the uranyl(VI) saloph
complexes with DMF and DMSO as L, UVIO2(saloph)DMF and UVIO2(saloph)DMSO, were
prepared here. Moreover, to examine the effects of multidentate ligand type on the proper-
ties of the uranyl(V) and -(VI) complexes, dbm which is bidentate was used as an alternative
ligand. The resulting uranyl(VI) dbm complex was UVIO2(dbm)2DMSO. In this study, the
electrochemical techniques were used to prepare the uranyl(V) complex from the uranyl(VI)
one in both aqueous and nonaqueous systems. Therefore, the electrochemical redox behavior
of each uranyl(VI) complex has been studied. Furthermore, to discuss the properties of the
uranyl(V) complexes, it must be necessary to know those of the corresponding uranyl(VI)
complexes. Hence, the characterizations of the uranyl(VI) complexes were also performed.

In this thesis, I have tried to elucidate the properties concerning molecular structures,
electronic spectra, and reactivities of uranyl(V) and -(VI) complexes in aqueous and non-
aqueous systems with an especial interest in uranyl(V). This doctoral thesis is composed by
7 chapters as follows.

Chapter 1 Introduction.

Chapter 2 Syntheses and characterizations of uranyl(VI) complexes, Na4[UVIO2(CO3)3],
UVIO2(saloph)DMF, UVIO2(saloph)DMSO, and UVIO2(dbm)2DMSO, using single crys-
tal X-ray analysis, IR (Raman) spectroscopy, and NMR spectroscopy.

Chapter 3 Spectroelectrochemistry of [UVIO2(CO3)3]4− in aqueous carbonate solution with
an optical transparent thin-layer electrode cell and ligand exchange reaction of [UVO2-
(CO3)3]5− using13C NMR spectroscopy.

Chapter 4 Electrochemistries and spectroelectrochemistries of UVIO2(saloph)DMF, UVIO2-
(saloph)DMSO, and UVIO2(dbm)2DMSO in nonaqueous systems.

Chapter 5 Structural changes of uranyl moiety with reduction from U(VI) to U(V) using IR
spectroelectrochemical technique.

Chapter 6 Electronic spectra of uranyl(V) complexes.

Chapter 7 Conclusion.





Chapter 2

Syntheses and Characterizations of
Uranyl(VI) Complexes1

1In this chapter, the oxidation state of uranium in all compounds is VI. Thus, to simplify the writing, the
superscript roman number indicating the oxidation state on U was abbreviated.

29
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2.1 Na4[UO2(CO3)3]

2.1.1 Experimental Details

Synthesis of Na4[UO2(CO3)3]. Aqueous solution (10 ml) of UO2(NO3)2·nH2O (3.5 g) was
mixed with saturated aqueous solution of Na2CO3 (50 ml, Kanto Chemical Co. Ind.). After
the stirring at 80◦C for 10 min, the mixture was cooled to room temperature. The yellow
powder of Na4[UO2(CO3)3] was filtered off and washed with 40 vol.% EtOH aqueous solu-
tion.

Other Materials. Deuterium oxide (ACROS, 99.8 atom% D) and13C-enriched Na2CO3

(ISOTEC, 99 atom%13C) were used as received. All other chemical used in this section
were of reagent grade.

Methods. Characterization of Na4[UO2(CO3)3] was performed by using an IR spectropho-
tometer (SHIMADZU FTIR-8400S), a Raman spectrophotometer (JASCO RMP-200), a UV-
visible absorption spectrophotometer (SHIMADZU UV-3150), and an NMR spectrometer
(JEOL JNM-LA300WB FT NMR SYSTEM,1H: 300.4 MHz,13C: 75.45 MHz).

2.1.2 Results and Discussion

An IR spectrum of the yellow product in KBr was measured by a diffuse reflectance
method. The resulting IR spectrum was depicted by a black solid line in Figure 2.1. Char-
acteristic peaks of CO2−3 were observed at 703, 736 cm−1 (ν4), 1064 cm−1 (ν1) and 1348,
1560 cm−1 (ν3). These assignments were performed on the basis of the previous report by
Nakamoto.160) Overlapping of two peaks at 829 and 852 cm−1 was observed. The peak at
852 cm−1 might be attributable to the O=U=O asymmetric stretching (ν3) in the uranyl(VI)
moiety, which usually appears in a region from 900 to 950 cm−1. Thus, the peak at 852 cm−1

might be too low to assign it to theν3 one of the uranyl(VI) moiety. On the other hand, these
peaks also have possibility of the out-of-plane deformation (ν2) of CO2−

3 in [UO2(CO3)3]4−,
because theν2 peak of CO2−

3 in its salts is observed in a region from 850 to 879 cm−1.160)
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Figure 2.1. Vibrational spectra of Na4[UO2(CO3)3]. Black line: IR, red line: Raman. Black dotted line is the
Raman spectrum of Na2CO3 for a comparison.
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Therefore, the presence of the uranyl(VI) ion in the yellow product cannot be concluded only
from the IR spectrum.

Since the uranyl(VI) species also shows the O=U=O symmetric stretching (ν1) in a
Raman spectrum, such a spectroscopy should be one of the good tool to confirm the presence
of the uranyl(VI) ion in the product. The Raman spectrum of the yellow product was drawn
by a red line in Figure 2.1 with that of Na2CO3 in a black dotted line. The characteristic peaks
of CO2−

3 were also observed at 734, 702, and 693 cm−1 (ν4), 1075 cm−1 (ν1), and 1364 cm−1

(ν3) for the product (red solid line) and 699 cm−1 (ν4), 1079 cm−1 (ν1), and 1421, 1430 cm−1

(ν3) for Na2CO3 (black dotted line). Theν2 peak in CO2−
3 was not be detected in both Raman

spectra. The assignments of these Raman peaks agree with those of the corresponding IR
peaks (black solid line) and the Raman peaks reported previously.151) The peak at 806 cm−1

in the red line can be attributed toν1 of the uranyl(VI) moiety in Na4[UO2(CO3)3]. This
Raman peak is comparable with that observed in an aqueous solution (0.18 M UO2+

2 , 2 M
Na2CO3) at 812 cm−1 by Madicet al.151).

As a result, it is most likely to assign the IR peak at 852 cm−1 to ν3 of the uranyl(VI)
moiety and the other one at 829 cm−1 to ν2 of CO2−

3 in Na4[UO2(CO3)3]. The similar over-
lapping was also observed in the systems of (gua)4[UO2(CO3)3], (gua)2[UO2(CO3)2], and
(gua)6[(UO2)3(CO3)6]·6.5H2O (gua= C(NH2)+3 , guanidinium cation) by Allenet al.161) They
reported that the uranyl(VI)ν3 peak was generally “masked” by the strongν2 CO2−

3 out-of-
plane deformation.

The presence of the uranyl(VI) ion could also be confirmed by means of the UV-visible
absorption spectroscopy. The UV-visible absorption spectrum of an aqueous solution pre-
pared by dissolving the yellow powder of Na4[UO2(CO3)3] (5.5 × 10−2 M) and Na2CO3

(1.0 M) is shown in Figure 2.2. As can be seen from this figure, the characteristic absorption
bands due to the charge transfer from the axial oxygen to the center uranium (LMCT) in the
uranyl(VI) ion was observed at around 450 nm with a resolved vibronic structure. The spec-
tral features and the molar absorptivities (ε) are comparable that of [UO2(CO3)3]4− reported
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Figure 2.2. UV-visible absorption spectrum of the aqueous solution dissolving Na4[UO2(CO3)3] (5.5×10−2 M)
and Na2CO3 (1.0 M).
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170.0 169.5 169.0 168.5 168.0 ppm 

Figure 2.3.13C NMR spectrum of D2O solution dissolving Na4[UO2(CO3)3] (4.09× 10−2 M) and Na213CO3

(5.74× 10−1 M).

by Mizuguchiet al.152)

Furthermore, the13C NMR spectrum of a D2O solution dissolving Na4[UO2(CO3)3]
(4.09× 10−2 M) and Na213CO3 (5.74× 10−1 M) was measured at room temperature. The
resulting NMR spectrum is shown in Figure 2.3. The signals due to the free and coordinated
CO2−

3 were detected at 169.10 and 168.48 ppm, respectively.71, 72, 162)The area ratio indicates
that the coordination number of CO2−

3 around the uranyl(VI) ion is 2.89± 0.03. In conclu-
sion, the uranyl(VI) species exists as [UO2(CO3)3]4− even in the aqueous solution with the
presence of the excess amount of free CO2−

3 , which is obvious from its quite large stability
constant (logβ3 = 21.840± 0.040 atI = 0).13)
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2.2 UO2(saloph)DMF

2.2.1 Experimental Details

Synthesis of UO2(saloph)DMF. Ethanol (EtOH) solution ofo-phenylenediamine (5.4 g,
Kanto) was mixed with hot ethanol solution containing salicylaldehyde (11.72 g, Aldrich,
98%). This mixture was stirred and refluxed at 78◦C for 3 h. The resulting orange pre-
cipitate ofN,N’-disalicylidene-o-phenylenediamine (H2saloph, see Figure 2.4) was filtered
off, and washed with EtOH. This product was recrystallized from ethyl acetate. The EtOH
solution containing UO2(NO3)2·nH2O (2.0 g) was added to the hot EtOH solution contain-
ing H2saloph (1.3 g) under vigorous stirring. The mixture was refluxed for 2 h at 78◦C, and
cooled at−18◦C for 1 week. The orange precipitate of UO2(saloph)EtOH was filtered off and
washed with EtOH. The UO2(saloph)EtOH (0.3 g) was dissolved inN,N-dimethylformamide
(4 ml, DMF, Kanto). The solution was heated at 80◦C with stirring for 3 h. The excess DMF
was removed by evaporation at 100◦C under vacuum. The deposited orange needle crys-
tals of UO2(saloph)DMF were filtered off and washed with mixture of dichloromethane and
ether (1 : 4 vol.). Single crystals of UO2(saloph)DMF suitable for X-ray crystallography
were obtained from a solution of UO2(saloph)DMF in a mixed solvent of dichloromethane
and DMF.

Synthesis of [UO2(saloph)]2. Dichloromethane solution dissolving UO2(saloph)DMF or
UO2(saloph)DMSO (see Section 2.3) was concentrated by slow evaporation of the solvent
at ambient condition until crystals of [UO2(saloph)]2 deposited. The resulting crystals of
[UO2(saloph)]2 were suitable for the single crystal X-ray analysis.

OH

N N

HO

Figure 2.4. Schematic structure ofN,N’-disalicylidene-o-phenylenediamine (H2saloph).

Other Materials. Dichloromethane-d2 (ACROS, 99.8 atom% D) and chloroform-d (ACROS,
99.8 atom% D) were used for NMR measurements without further purification. All other
chemicals used were of reagent grade.

Methods. Characterizations of UO2(saloph)DMF and [UO2(saloph)]2 were performed by
using the IR spectrophotometer, NMR spectrometer, and single crystal X-ray diffractmeter
(Rigaku RAXIS RAPID).

Details in Single Crystal X-ray Analyses. The single crystal X-ray analyses for UO2-
(saloph)DMF and [UO2(saloph)]2were performed with the following procedure. Single crys-
tal of each uranyl(VI) complex was mounted on a glass fiber, and put into the low tempera-
ture nitrogen gas flow. Intensity data were collected by using imaging plate area detector in
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Rigaku RAXIS RAPID with graphite monochromated Mo-Kα radiation (λ = 0.71075 Å).
The structures of these uranyl(VI) complexes were solved by direct (SIR 92)163) or heavy-
atom Patterson methods164) and expanded using Fourier techniques.165) All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were refined using the riding model
(C–H bond, aromatic: 0.95 Å, methyl: 0.98 Å). The final cycle of full-matrix least-squares
refinement onF2 was based on observed reflections and parameters, and converged with
unweighted and weighted agreement factors,R andwR. The weighing schemes for the re-
finements of UO2(saloph)DMF·CH2Cl2, [UO2(saloph)]2, and [UO2(saloph)]2·0.5CH2Cl2 by
shelxl-97166) werew = 1/[σ2F2

o + (0.0262P)2 + 5.3741P], w = 1/[σ2F2
o + (0.0256P)2 +

46.5808P], andw = 1/[σ2F2
o + (0.0396P)2 + 60.3343P], respectively (P = F2

o + 2F2
c)/3).

Plots of
∑

w(|Fo| − |Fc|)2 versus|Fo|, reflection order in data collection, sinθ/λ, and various
classes of indices showed no unusual trends for these uranyl(VI) complexes. The maximum
(minimum) peaks on the final difference Fourier maps for UO2(saloph)DMF·CH2Cl2, [UO2-
(saloph)]2, and [UO2(saloph)]2·0.5CH2Cl2 corresponded to 0.964 (−0.740), 1.726 (−2.211),
and 2.490 (−2.984) e−·Å−3, respectively. Neutral atom scattering factors were taken from
Cromer and Waber.167) Anomalous dispersion effects were included inFc

168); the values for
∆ f ′ and∆ f ′′ were those of Creagh and McAulley.169) The values for the mass attenuation
coefficients were those of Creagh and Hubbell.170) All calculations were performed by the
CrystalStructure crystallographic software package.171) Crystal data and other data collection
parameters of UO2(saloph)DMF·CH2Cl2 and [UO2(saloph)]2 are summarized in Tables 2.1
and 2.2, respectively. The crystallographic information files of UO2(saloph)DMF·CH2Cl2,
[UO2(saloph)]2, and [UO2(saloph)]2·0.5CH2Cl2 are in Appendixes A, B, and C, respectively.

2.2.2 Results and Discussion

In the diffuse reflectance IR spectrum of UO2(saloph)DMF in KBr (Figure 2.5), the typi-
cal peaks due to O=U=O asymmetric stretching (ν3) of the uranyl(VI) moiety, C=N stretch-
ing in saloph, and C=O stretching in DMF were observed at 905, 1609, and 1651 cm−1,
respectively. Since the corresponding IR peaks of the free H2saloph and DMF appear at
1615 and 1720 cm−1, respectively, such red shifts of these peaks indicate the coordination
of saloph and DMF to the uranyl(VI) ion. Furthermore, IR peaks due to -OH stretching of
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Figure 2.5. IR spectrum of UO2(saloph)DMF in KBr.
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H2saloph at around 3500 cm−1 were not observed for the present uranyl(VI) complex. This
means the deprotonation from H2saloph. As a consequence, the formation of UO2(saloph)-
DMF was confirmed.

To analyze the molecular structure of UO2(saloph)DMF, the single crystal X-ray anal-
ysis was carried out. The crystallographic data andortep view of UO2(saloph)DMF are
shown in Table 2.1 and Figure 2.6, respectively. The resulting crystal of UO2(saloph)DMF
contained one molecule of dichloromethane used as the solvent in the recrystallization. It
was found that UO2(saloph)DMF has the pentagonal bipyramidal geometry with the axial
O=U=O moiety, which is one of the most popular structures of the uranyl(VI) complexes.
Because of the completely conjugatedπ electron system of saloph with three benzene rings
bridged by two azomethine groups, usually this ligand has been known to have large pla-
narity in its metal complexes.172–174)However, the coordinated saloph in UO2(saloph)DMF
is largely distorted about 35◦ as seen from Figure 2.6. This is due to the bulky size of
the center uranium. Such distortion was also reported for the analogous uranyl(VI) saloph
complex with ethanol, UO2(saloph)EtOH, by Bandoliet al.24) The U=O bond distances in
UO2(saloph)DMF are 1.776(2) and 1.788(2) Å and the uranyl(VI) moiety is almost linear

Table 2.1. Crystallographic data of UO2(saloph)DMF·CH2Cl2
Empirical formula C24H23Cl2N3O5U Temparature (◦C) −150.0
Formula weight 742.38 Dcalc (g·cm−3) 1.969
Crystal system monoclinic Crystal size (mm) 0.30× 0.30× 0.30
Space group P21/n (#14) Crystal color and shape orange, block
a (Å) 10.667(4) F000 1416
b (Å) 9.608(3) 2θmax (◦) 55.0
c (Å) 24.859(10) Observed data 5734
β (◦) 100.65(3) R a 0.0258
V (Å3) 2503.9(16) wRb 0.0650
Z 4 S (Goodness of fit)c 1.119
a R= Σ||Fo| − |Fc||/Σ|Fo|, b wR= [Σ(w(F2

o − F2
c)2)/Σw(F2

o)2]1/2, c S = [Σw(F2
o − F2

c)2/(No − Nv)]1/2,

w = 1/[σ2F2
o + (0.0262P)2 + 5.3741P)] whereP = (F2

o + 2F2
c)/3)

O(1)

O(4)

O(3)

N(1)

O(5)

N(3) O(2) N(2)

U(1)

Cl(1)

Cl(2)

Figure 2.6. ortep view of asymmetric unit of UO2(saloph)DMF·CH2Cl2. Probability: 50%. Bond dis-
tances (Å); U(1)–O(1): 1.776(2), U(1)–O(2): 1.788(2), U(1)–O(3): 2.410(3), U(1)–O(4): 2.260(3), U(1)–O(5):
2.275(3), U(1)–N(2): 2.549(3), U(1)–N(3): 2.539(3). Bond angle (◦); ∠O(1)–U(1)–O(2)= 176.94(11).
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(∠O(1)–U(1)–O(2)= 176.94(11)). These results are characteristics of uranyl(VI) complexes
as described in Chapter 1. The U(1)–O(4) and U(1)–O(5) bond distances (2.26–2.28 Å) are
shorter than U(1)–N(2) and U(1)–N(3) (2.54–2.55 Å). Such a difference implies that the co-
ordination of the oxygen atoms in saloph are stronger than the nitrogen atoms. The bond
distance between the oxygen atom in DMF and the center uranium is 2.410(3) Å, which is
longer than U(1)–O(4) and U(1)–O(5). It seems that the coordination of DMF through its
oxygen atom in UO2(saloph)DMF is not so strong as those of saloph.

To investigate behavior of UO2(saloph)DMF in solution,1H NMR spectroscopy was uti-
lized. The1H NMR spectra of dichloromethane-d2 solution dissolving the crystals of UO2-
(saloph)DMF·CH2Cl2 are shown in Figure 2.7. The very complicated signals in a region
from 6.7 to 8.0 ppm are due to the phenyl groups of saloph (12H). At−60◦C, two doublet
signals due to the methyl groups in the free and coordinated DMF2 appeared at 2.83 and
3.36 ppm, respectively, which coalesced into one peak with an increase in temperature. The
existence of the free DMF and such a coalescence of the signals indicate the partial disso-
ciation of the coordinated DMF from UO2(saloph)DMF and the exchange reaction between
the free and coordinated DMF. The same phenomena were also observed in the case of the
formyl groups of the free and coordinated DMF which showed the NMR signals at 7.92
and 9.14 ppm at−60◦C, respectively. Furthermore, two singlet signals attributable to the
azomethine group of saloph were observed at 9.39 and 9.66 ppm. Both azomethine signals
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Figure 2.7.1H NMR spectra of dichloromethane-d2 solution dissolving UO2(saloph)DMF at various tempera-
tures.

2The doublet signals are due to the following chemical exchange between the methyl groups nearer to and
further from the carbonyl oxygen in DMF.
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where asterisk is a typographical distinction only.
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are in lower field than that of free H2saloph (8.65 ppm). Thus, the uranyl(VI) complexes
coordinated with saloph have two different forms in this system. At−60◦C, the peak ar-
eas of the azomethine signals (2H) at 9.39 and 9.66 ppm correspond to those of the methyl
signals (6H) of the coordinated (3.36 ppm) and free (2.83 ppm) DMF in 1 : 3 ratios, re-
spectively. Therefore, these azomethine signals in Figure 2.7 can be assigned to those in
UO2(saloph)DMF (9.39 ppm) and the DMF dissociated uranyl(VI) species (9.66 ppm). With
an increase in temperature from−60 to 20◦C, the intensities of the azomethine signals at 9.39
and 9.66 ppm decreased and increased, respectively. Additionally, when a small amount of
free DMF was added into the sample solution of Figure 2.7, the azomethine signal due to the
DMF dissociated uranyl(VI) species was vanished, whereas that due to UO2(saloph)DMF did
not show any changes. Therefore, an equilibrium reaction between UO2(saloph)DMF and
the DMF dissociated uranyl(VI) species should occur in this system. It must be noted that the
line-widths of the azomethine signals at 9.39 and 9.66 ppm have no significant temperature
dependences in spite of the line-broadening of the signals due to the free and coordinated
DMF for their exchange reaction. This means that the equilibrium between UO2(saloph)-
DMF and the DMF dissociated uranyl(VI) species is independent of the DMF exchange
reaction in UO2(saloph)DMF. The similar phenomena were also observed in chloroform-d
solution dissolving UO2(saloph)DMF.

From the dichloromethane solution dissolving UO2(saloph)DMF, some red crystals de-
posited. The single crystal X-ray analysis was also performed for this crystal. As a result, this
crystal was found to be a dinuclear uranyl(VI) complex consisting of two UO2(saloph) frag-
ments, [UO2(saloph)]2. The crystallographic data andortep views of the asymmetric units
of [UO2(saloph)]2 are shown in Table 2.2 and Figure 2.8, respectively. The geometry around
each uranyl(VI) ion is also pentagonal bipyramidal. The bond distances between the center
uranium and the bridging oxygen atom in each UO2(saloph) fragment, U(1)–O(4), U(2)–
O(8), U(3)–O(11), and U(4)–O(15), are 2.39–2.40 Å, which is longer than those including
the non-bridging oxygen atom; 2.20–2.23 Å (U(1)–O(3), U(2)–O(7), U(3)–O(12), and U(4)–
O(16)). Such difference of U–O bonds should be caused by bridging between UO2(saloph)
fragments. The lengths of the bridges, U(1)–O(8), U(2)–O(4), U(3)–O(15), and U(4)–O(11),
are 2.46–2.49 Å, which are longer than the bond distance between the uranium and the oxy-
gen atom in DMF of UO2(saloph)DMF (2.410(3) Å). The saloph ligands are distorted in a
similar manner to that in UO2(saloph)DMF (Figure 2.6). The distortion of saloph results the

Table 2.2. Crystallographic data of [UO2(saloph)]2
Empirical formula C40H28N4O8U2 Z 4
Formula weight 1168.72 Temparature (◦C) −180.0
Crystal system triclinic Dcalc (g·cm−3) 1.945
Space group P1̄ (#2) Crystal size (mm) 0.20× 0.10× 0.10
a (Å) 15.689(7) Crystal color and shape red, block
b (Å) 16.044(5) F000 2176
c (Å) 17.642(7) 2θmax (◦) 55.0
α (◦) 67.00(3) Observed data 17643
β (◦) 78.25(3) Ra 0.0578
γ (◦) 81.72(3) wRb 0.1082
V (Å3) 3992(3) S (Goodness of fit)c 1.022
a R= Σ||Fo| − |Fc||/Σ|Fo|, b wR= [Σ(w(F2

o − F2
c)2)/Σw(F2

o)2]1/2, c S = [Σw(F2
o − F2

c)2/(No − Nv)]1/2,

w = 1/[σ2F2
o + (0.0256P)2 + 46.5808P)] whereP = (F2

o + 2F2
c)/3)
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Figure 2.8.ortep views of racemic units of [UO2(saloph)]2. Probability: 50%. Bond distances (Å); U(1)–O(1):
1.769(7), U(1)–O(2): 1.774(7), U(1)–O(3): 2.233(7), U(1)–O(4): 2.387(6), U(1)–O(8): 2.463, U(1)–N(1):
2.540(8), U(1)–N(2): 2.540(8), U(2)–O(5): 1.779(7), U(2)–O(6): 1.784(7), U(2)–O(7): 2.217(6), U(2)–O(8):
2.400(6), U(2)–O(4): 2.475, U(2)–N(3): 2.546(7), U(2)–N(4): 2.495(8), U(3)–O(9): 1.771(7), U(3)–O(10):
1.773(7), U(3)–O(11): 2.389(7), U(3)–O(12): 2.202(6), U(3)–O(15): 2.491(6), U(3)–N(5): 2.560(8), U(3)–
N(6): 2.535(8), U(4)–O(13): 1.779(7), U(4)–O(14): 1.784(6), U(4)–O(15): 2.392(7), U(4)–O(16): 2.207(7),
U(4)–N(7): 2.512(7), U(4)–N(8): 2.524(9), U(1). . .U(2): 3.8807(14), U(3). . .U(4): 3.8718(19).

enantiomeric pair of the units of [UO2(saloph)]2 as shown in Figure 2.8. The crystal lattice
contains same number of the enantiomers of [UO2(saloph)]2, i.e., the racemic compound.
The distance between the uranium atoms in each unit are 3.87 or 3.88 Å, which are too far to
interact the uranium atoms each other. It was found that there is a solvent-accessible void in
the crystal lattice of [UO2(saloph)]2. In fact, some crystals of [UO2(saloph)]2 involving the
dichloromethane molecules in such a void were obtained with the identical cell parameters
as shown in Table 2.2. Theortep view of the crystal lattice of [UO2(saloph)]2·0.5CH2Cl2 is
depicted in Figure 2.9. It is obvious that [UO2(saloph)]2 is one of the candidates of the DMF
dissociated uranyl(VI) species observed in Figure 2.7, because [UO2(saloph)]2 is produced
from the dichloromethane solution.

For the reactions of UO2(saloph)DMF accompanied by the dissociation of DMF in di-
chloromethane and chloroform observed in the1H NMR spectra (Figure 2.7), the following
dimerization and dissociation equilibria can be proposed.

Dimerization of UO2(saloph)DMF:

2UO2(saloph)DMF−→←− [UO2(saloph)]2 + 2DMF (2.1)

Kdim =

[
[UO2(saloph)]2

]
[DMF]2[

UO2(saloph)DMF
]2

(2.2)
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Figure 2.9.ortep view of crystal lattice of [UO2(saloph)]2·0.5CH2Cl2.

Dissociation of DMF from UO2(saloph)DMF:

UO2(saloph)DMF−→←− UO2(saloph)+ DMF (2.3)

Kdis =

[
[UO2(saloph)]2

]
[DMF][

UO2(saloph)DMF
] (2.4)

To determine which reaction is correct, the dependence of UV-visible absorption spectra on
the DMF concentration was examined. As initial conditions, the crystals of [UO2(saloph)]2
(ca.10−5 M) were dissolved in dichlromethane or chloroform solvents. Then, DMF diluted
by the corresponding solvent was added stepwise into the sample solution dissolving [UO2-
(saloph)]2. The resulting spectra of the dichloromethane and chloroform solutions at 298 K
are shown in Figures 2.10(a) and (b), respectively. In these figures, isosbestic points were ob-
served at 293, 392, and 518 nm in Figure 2.10(a) and 287 and 385 nm in Figure 2.10(b). The
equilibrium constants assuming Eq. 2.1 (Kdim) and Eq. 2.3 (Kdis) were calculated from the ab-
sorbancies at 430 nm in Figures 2.10(a) and (b). As a result, in the dichloromethane system,
theKdim value at 298 K was evaluated as (3.00± 0.08)× 10−3 M (log Kdim = −2.52± 0.01)
in average and almost constant within 3% error, whileKdis varied from 3.49× 10−4 M to
1.63× 10−4 M with the increase in the DMF concentration. This result concludes that the
dimerization reaction of UO2(saloph)DMF (Eq. 2.1) occurs in the dichloromethane solu-
tion, i.e., the DMF dissociated uranyl(VI) species is [UO2(saloph)]2. In the chloroform sys-
tem (Figure 2.10(b)), the calculatedKdim values also agreed with (1.80± 0.06)× 10−2 M
(logKdim = −1.74± 0.01) within 3% error. Therefore, the azomethine signal at 9.66 ppm in
the1H NMR spectra (Figure 2.7) is assigned to that of [UO2(saloph)]2.
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Figure 2.10. UV-visible absorption spectra of (a) dichloromethane and (b) chloroform solutions containing
[UO2(saloph)]2 ((a): 1.26× 10−5 M, (b): 1.19× 10−5 M) and various total concentration of DMF ((a): 0∼
2.32× 10−3 M, (b): 0 ∼ 5.95× 10−3 M) at 298 K.

In Figure 2.7, the temperature dependence of the intensities of the1H NMR signals at
9.39 and 9.66 ppm was observed. Hence, the thermodynamic parameters of Eq. 2.1 can be
estimated by using theKdim values at different temperatures and the van’t Hoff relationship
(Eq. 2.5).

Kdim = exp

(
−∆Hdim

R
· 1

T
+
∆Sdim

R

)
(2.5)

where∆Hdim, ∆Sdim, R, and T are the formation enthalpy and the formation entropy in
Eq. 2.1, the gas constant (8.314 J·mol−1·K−1), and the absolute temperature (K), respec-
tively. The resulting van’t Hoff plot for Eq. 2.1 in the dichloromethane-d2 and chloroform-d
solutions are shown in Figure 2.11. The values of∆Hdim, ∆Sdim, and logKdim at 298 K were
calculated as 33.0±0.7 kJ·mol−1, 68±3 J·mol−1·K−1, and−2.21±0.03 for the dichlorometh-
ane system and 11.3±0.6 kJ·mol−1, 8.0±2.4 J·mol−1·K−1, and−1.56±0.02 for the chloroform
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Figure 2.11. Semi-logarithmic plots ofKdim vs. the reciprocal temperature for dimerization of UO2(saloph)-
DMF (Eq. 2.1) in dichloromethane-d2 (red) and chloroform-d (black).
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Figure 2.12.1H NMR spectra of [UO2(saloph)]2 in dichloromethane-d2 at different temperatures.

system, respectively. The logKdim values of both systems at 298 K from the1H NMR data
are consistent with those from the UV-visible absorption spectral data in Figure 2.10.

The1H NMR spectra of [UO2(saloph)]2 in dichloromethane-d2 were measured at differ-
ent temperatures. The results are shown in Figure 2.12. The peak attributable to the azome-
thine group in [UO2(saloph)]2 appears at 9.67 ppm, which is much close to that at 9.66 ppm
in Figure 2.7. Thus, it was confirmed that the assignment for the signal at 9.66 ppm to the
azomethine group in [UO2(saloph)]2 described above is correct. The phenyl signals in the
range from 6.7 to 8.0 ppm are well-resolved at−60◦C. With elevating temperature, such
signals are broadened and finally coalesced. This phenomenon means occurrence of the in-
tramolecular exchange reaction between the enantiomers of [UO2(saloph)]2 as shown in Fig-
ure 2.13. According to Cortet al.,175) it has been suggested that the monomeric UO2(saloph)
and its derivatives, which have not been identified in both solid and solution states, show
the intramolecular exchange reactions through a flipping of the distorted saloph ligand. If
such a flipping model is also true in the case of [UO2(saloph)]2, the bridged and non-bridged
phenoxide groups in [UO2(saloph)]2 do not exchange each other as shown in Figure 2.14,
i.e., no aspects of the chemical exchange of the phenyl groups in [UO2(saloph)]2 should be
observed in1H NMR spectra. Therefore, the flipping model cannot explain the experimental
result observed in Figure 2.12. Another candidate for the exchange mechanism is the sliding
model as shown in Figure 2.15. In this model, the bridged and non-bridged phenoxide groups
exchange each other. As a result, the line-broadening of the phenyl signals as found in Fig-
ure 2.12 will be observed. Hence, the intramolecular exchange reaction of [UO2(saloph)]2
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Figure 2.13. Scheme of intramolecular exchange between enantiomers of [UO2(saloph)]2.
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Figure 2.14. Scheme of flipping model for the intramolecular exchange in [UO2(saloph)]2. Red, blue, and
purple colors of capital letters “A” and “B” mean bridged and non-bridged phenoxide groups and that in inter-
mediate, respectively.

Figure 2.15. Scheme of sliding model for the intramolecular exchange in [UO2(saloph)]2. Red, blue, and purple
colors of capital letters “A” and “B” mean bridged and non-bridged phenoxide groups and that in intermediate,
respectively.

can be considered to proceed through the sliding model.
If the UO2(saloph) fragments in [UO2(saloph)]2 completely dissociate at the intermediate

in the sliding mechanism, the competition between DMF and UO2(saloph) to enter another
UO2(saloph) should take place. In this case, the azomethine signals of UO2(saloph)DMF and
[UO2(saloph)]2 are no longer independent of the DMF exchange reaction in UO2(saloph)-
DMF. However, the NMR line-widths of the azomethine signals due to UO2(saloph)DMF
and [UO2(saloph)]2 did not show any dependences on the DMF exchange reaction in UO2-
(saloph)DMF. Thus, the UO2(saloph) fragments in [UO2(saloph)]2 should bind each other
even at the intermediate in Figure 2.15. The kinetic analysis for the intramolecular exchange
reaction of [UO2(saloph)]2 observed in Figure 2.12 could not be performed, because the
multiplet phenyl signals of [UO2(saloph)]2 are too complicated and it is undistinguishable
which sites exchange each other.

Determining the mechanism of the DMF exchange reaction in UO2(saloph)DMF (Eq. 2.6)
may also be a probe to valid this matter.

UO2(saloph)DMF+ DMF∗
kex−−−→←−−− UO2(saloph)DMF∗ + DMF (2.6)

wherekex is the apparent first-order rate constant and the asterisk is a typographical distinc-
tion only. If this DMF exchange reaction in UO2(saloph)DMF proceeds through the dissocia-
tive mechanism and the UO2(saloph) fragments in [UO2(saloph)]2 are completely divided at
the intermediate of its sliding intramolecular exchange (Figure 2.15), the azomethine signals
at 9.39 and 9.66 ppm are no longer independent of the DMF exchange reaction.

To estimate the rate constant of the DMF exchange reaction in UO2(saloph)DMF (Eq. 2.6),
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Figure 2.16. (a)1H NMR spectra of dichloromethane-d2 solution containing UO2(saloph)DMF (1.6× 10−2 M)
and DMF (1.02× 10−1 M) measured at various temperatures and (b) temperature dependence ofkex. Symbols;
circle: [UO2(saloph)DMF]= 1.37× 10−2 M, [DMF] = 7.49× 10−2 M; square: [UO2(saloph)DMF]= 1.37×
10−2 M, [DMF] = 1.12× 10−1 M; triangle: [UO2(saloph)DMF]= 1.37× 10−2 M, [DMF] = 1.56× 10−1 M; and
diamond: [UO2(saloph)DMF]= 1.6× 10−2 M, [DMF] = 1.02× 10−1 M. Smooth line is the best fit of Eq. 2.8
for the experimental data.

the NMR line-broadening method was utilized. The temperature dependences of the1H
NMR spectra of the dichloromethane-d2 solution containing UO2(saloph)DMF (1.6×10−2 M)
and free DMF (1.02× 10−1 M) are shown in Figure 2.16(a). From theKdim value of UO2-
(saloph)DMF in the dichloromethane system, the presence of [UO2(saloph)]2 in this system
is negligible. To determine the mechanism of Eq. 2.6, the dependence of the NMR line-
broadening on the DMF concentration was tested. The experimental NMR spectra involving
the DMF exchange reaction in UO2(saloph)DMF at the different temperatures were simu-
lated by usinggNMRprogram.3 The resultingkex values from the NMR spectrum simulation
are plotted in Figure 2.16(b). As can be seen from these plots, it seems likely that there are
no remarkable dependences ofkex on [DMF]. This indicates that Eq. 2.6 proceeds through a
dissociative mechanism as shown in Eq. 2.7.

UO2(saloph)DMF+DMF∗
slow−→ UO2(saloph)+DMF+DMF∗

fast−→ UO2(saloph)DMF∗+DMF
(2.7)

This fact also suggests that the UO2(saloph) fragments in [UO2(saloph)]2 are not dissociated
completely even at the intermediate in the sliding intramolecular exchange reaction of [UO2-
(saloph)]2 (Figure 2.15) as described above. In the next section, the similar dissociative
ligand exchange reaction was also observed in the system of the analogous uranyl(VI) saloph
complex which contains dimethyl sulfoxide (DMSO) instead of DMF, UO2(saloph)DMSO.
The details of UO2(saloph)DMSO will be discussed later.

Thekex value of Eq. 2.7 is expressed by Eyring equation (Eq. 2.8).

kex =
kBT

h
exp

(
−∆H‡

R
· 1

T
+
∆S‡

R

)
(2.8)

3The program,gNMR,176) uses the standard Liouville representation of quantum mechanics to evaluate
dynamic NMR spectra, as described by Binsch.177) This formalism easily lends itself to treatment of general
inter- and intra-molecular permutations of nuclei.
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wherekB, h, ∆H‡, and∆S‡ are the Boltzmann constant (1.3807× 10−23 J·K−1), the Planck
constant (6.6261×10−34 J·s), the activation enthalpy, and the activation entropy, respectively.
The least-squares fit of Eq. 2.8 to the experimental plots shown in Figure 2.16(b) gave the
activation parameters of Eq. 2.7 as∆H‡ = 19±1 kJ·mol−1 and∆S‡ = −118±4 J·mol−1·K−1.
The large negative value of∆S‡ of Eq. 2.7 might be caused by a rearrangement of solvent
molecules around UO2(saloph) and the dissociated DMF. Thekex value at 298 K for the DMF
exchange reaction in UO2(saloph)DMF was calculated as 1.68× 103 s−1.

Consequently, the whole reaction mechanisms starting from UO2(saloph)DMF in di-
chloromethane and chloroform solutions are depicted in Figure 2.17.
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Figure 2.17. Whole reaction mechanism starting from UO2(saloph)DMF including the DMF exchange
(Eq. 2.7), the dimerization (Eq. 2.1), and the intramolecular exchange between the enantiomers of [UO2-
(saloph)]2 (Figure 2.15) in dichloromethane and chloroform solutions.
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2.3 UO2(saloph)DMSO

2.3.1 Experimental Details

Synthesis of UO2(saloph)DMSO. This uranyl(VI) complex was synthesized by the same
procedure as that of UO2(saloph)DMF, in which DMF was replaced by dimethyl sulfoxide
(DMSO, Wako Pure Chemical Ind., Ltd.). Single crystals of UO2(saloph)DMSO for X-ray
crystallography were obtained from a DMSO solution containing UO2(saloph)DMSO.

Other Materials. Dichloromethane-d2 (ACROS, 99.8 atom% D) and chloroform-d (ACROS,
99.8 atom% D) were used for NMR measurements without further purification. All other
chemicals used in this section were of reagent grade.

Methods. Characterization of UO2(saloph)DMSO was performed by using the IR spec-
trophotometer, the NMR spectrometer, and the single crystal X-ray diffractmeter in the sim-
ilar manners to Section 2.2.

In the X-ray crystallography, the weighing scheme for the refinement of UO2(saloph)-
DMSO byshelxl-97166) wasw = 1/[σ2F2

o + (0.0356P)2+ 4.8982P] (P = F2
o + 2F2

c)/3). The
maximum (minimum) peaks on the final difference Fourier maps for UO2(saloph)DMSO
corresponded to 0.955 (−0.918) e−·Å−3. Crystal data and other data collection parameters
are summarized in Tables 2.3. The crystallographic information of UO2(saloph)DMSO is in
Appendix D.

2.3.2 Results and Discussion

The IR spectrum of UO2(saloph)DMSO in KBr (Figure 2.18) showed the characteristic
peaks at 897, 999, and 1605 cm−1, which were assigned to theν3 of the uranyl(VI) moiety,
S=O stretching of DMSO, and the C=N stretching of saloph, respectively. The C=N stretch-
ing of saloph indicates its coordination to uranyl(VI) ion as well as UO2(saloph)DMF. It is
known that the DMSO molecule is an ambidentate ligand. According to Nakamoto,160) the
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Figure 2.18. IR spectrum of UO2(saloph)DMSO in KBr.
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Table 2.3. Crystallographic data of UO2(saloph)DMSO
Empirical formula C22H20N2O5SU Temparature (◦C) −160.0
Formula weight 662.50 Dcalc (g·cm−3) 2.047
Crystal system monoclinic Crystal size (mm) 0.27× 0.15× 0.07
Space group P21 (#4) Crystal color and shape yellow, block
a (Å) 13.303(7) F000 1256
b (Å) 9.422(4) 2θmax (◦) 55.0
c (Å) 17.205(8) Observed data 9110
β (◦) 94.45(5) R a 0.0267
V (Å3) 2149.9(17) wRb 0.0677
Z 4 S (Goodness of fit)c 1.088
a R= Σ||Fo| − |Fc||/Σ|Fo|, b wR= [Σ(w(F2

o − F2
c)2)/Σw(F2

o)2]1/2, c S = [Σw(F2
o − F2

c)2/(No − Nv)]1/2,

w = 1/[σ2F2
o + (0.0356P)2 + 4.8982P)] whereP = (F2

o + 2F2
c)/3)
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Figure 2.19. ortep view of asymmetric unit of UO2(saloph)DMSO. Probability: 50%. Bond distances (Å);
U(1)–O(1), 1.780(4), U(1)–O(2), 1.788(5), U(1)–O(3), 2.416(4), U(1)–O(4), 2.255(4), U(1)–O(5), 2.274(4),
U(1)–N(1), 2.541(5), U(1)–N(2), 2.545(5), U(2)–O(6), 1.781(4), U(2)–O(7), 1.784(5), U(2)–O(8), 2.408(4),
U(2)–O(9), 2.270(4), U(2)–O(10), 2.276(4), U(2)–N(3), 2.580(5), U(2)–N(4), 2.551(5).

coordination of DMSO through its oxygen atom to a metal ion shows the S=O stretching at
lower frequency than that of the free DMSO at 1055∼1100 cm−1. Therefore, the observed
S=O stretching of DMSO at 999 cm−1 indicates its coordination through the oxygen atom to
the uranyl(VI) ion.

The single crystal X-ray analysis for UO2(saloph)DMSO was performed to obtain its
molecular structure. The crystallographic data andortep view of UO2(saloph)DMSO are
shown in Table 2.3 and Figure 2.19, respectively. The geometry around the uranium atom
in UO2(saloph)DMSO is also pentagonal bipyramidal. The U=O bond lengths in the ax-
ial O=U=O moiety, U(1)–O(1): 1.780(4), U(1)–O(2): 1.788(5), U(2)–O(6): 1.781(4), and
U(2)–O(7): 1.784(5) Å, are usual. Furthermore, the bond distances between the donor atoms
in saloph and the center uranium and the distortion of saloph in UO2(saloph)DMSO are
quite similar to those in UO2(saloph)DMF. The bond distance between the oxygen atom in
the unidentate ligand (DMSO) and the uranium is 2.416(4) or 2.408(4) Å, which is com-
parable with that in UO2(saloph)DMF. It is likely that there are no remarkable differences
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Figure 2.20.1H NMR spectra of dichloromethane-d2 solution dissolving UO2(saloph)DMSO at various tem-
peratures.

between the coordination strengths of DMSO and DMF to the UO2(saloph) fragment from a
viewpoint of the bond length.

To examine whether the dimerization of UO2(saloph)DMSO preceded by the DMSO
dissociation also occurs in dichloromethane and chloroform systems, the1H NMR spectra of
solutions dissolving UO2(saloph)DMSO were measured at various temperatures. The results
for the dichloromethane-d2 solution are shown in Figure 2.20. As a result, the quite similar
spectral features to Figure 2.7 were observed,i.e., the presence of the DMSO dissociated
uranyl(VI) species and the DMSO exchange reaction in UO2(saloph)DMSO. The methyl
signals of the free and coordinated DMSO were detected at 2.54 and 3.14 ppm, respectively.
Two signals due to the azomethine group in the coordinated saloph appeared at 9.38 and
9.67 ppm. Because of the consistencies of the peak area ratios, the former corresponds
to UO2(saloph)DMSO, and the latter can be assigned to the DMSO dissociated uranyl(VI)
species. The intensities of the azomethine signals depend on the temperature. Whereas,
their line-widths do not change remarkably in spite of the DMSO exchange reaction in UO2-
(saloph)DMSO. Furthermore, the red crystals of [UO2(saloph)]2 were also obtained from
the dichloromethane solution dissolving UO2(saloph)DMSO. The same phenomena were
also confirmed in the chloroform system dissolving UO2(saloph)DMSO. Needless to say,
the most probable candidate of the DMSO dissociated uranyl(VI) species is [UO2(saloph)]2.
This is supported by the chemical shift of its azomethine signal at 9.67 ppm which agrees
with that of [UO2(saloph)]2 shown in Figure 2.12. Hence, the following equilibrium should
be presented in this system.

2UO2(saloph)DMSO−→←− [UO2(saloph)]2 + 2DMSO (2.9)

Kdim =

[
[UO2(saloph)]2

]
[DMSO]2[

UO2(saloph)DMSO
]2

(2.10)

The dependence of the UV-visible absorption spectra on the free DMSO concentration
were measured in a similar manner to Figure 2.10. The resulting spectra of the dichloro-
methane and chloroform solutions are shown in Figure 2.21. The isosbestic points were
confirmed at 297 and 382 nm in Figure 2.10(a), and 295 and 383 nm in Figure 2.10(b). The
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Figure 2.21. UV-visible absorption spectra of (a) dichloromethane and (b) chloroform solutions containing
[UO2(saloph)]2 ((a): 1.26 × 10−5 M, (b): 1.15 × 10−5 M) and various total concentration of DMSO ((a):
0 ∼ 4.76× 10−4 M, (b): 0 ∼ 1.04× 10−3 M) at 298 K.

Kdim values in Eq. 2.10 were evaluated by using the absorbancies at 430 nm in Figure 2.21.
The resultingKdim (logKdim) values at 298 K were (5.3 ± 0.8) × 10−5 M (−4.28± 0.06) for
the dichloromethane system and (8.2± 1.4)× 10−4 M (−3.09± 0.08) for the chloroform one.

The thermodynamic parameters for Eq. 2.9 were estimated by using Eq. 2.5 and the
concentrations of UO2(saloph)DMSO, [UO2(saloph)]2, and the free DMSO derived from the
peak areas in Figure 2.20. The van’t Hoff plots for the dimerization of UO2(saloph)DMSO
in dichloromethane-d2 and chloroform-d are shown in Figure 2.22. Consequently, the values
of ∆Hdim, ∆Sdim, and logKdim at 298 K for Eq. 2.9 were calculated as 39± 1 kJ·mol−1,
52± 6 J·mol−1·K−1, and−4.0 ± 0.5 for the dichloromethane system and 22± 1 kJ·mol−1,
14± 4 J·mol−1·K−1, and−3.1 ± 0.3 for the chloroform system, respectively. The logKdim

values of both systems at 298 K showed the agreements with those obtained from the UV-
visible absorption spectra.
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Figure 2.22. Semi-logarighmic plots ofKdim vs.reciprocal temperature for dimerization of UO2(saloph)DMSO
(Eq. 2.9) in dichloromethane-d2 (red) and chloroform-d (black).
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Figure 2.23. (a)1H NMR spectra of dichloromethane-d2 solution containing UO2(saloph)DMSO (1.37 ×
10−2 M) and DMSO (3.29×10−2 M) measured at various temperatures and (b) temperature dependences ofkex.
[UO2(saloph)DMSO]= 1.37× 10−2 M (fixed). Symbols; circle: [DMSO]= 3.29× 10−2 M; square: [DMSO]
= 5.89× 10−2 M; diamond: [DMSO]= 7.30× 10−2 M; and triangle: [DMSO]= 8.77× 10−2 M. Smooth line is
the best fit of Eq. 2.8 for the experimental data.

Further support for validity of Eq. 2.9 can be obtained by determining the mechanism of
the DMSO exchange reaction in UO2(saloph)DMSO (Eq. 2.11) observed in Figure 2.20.

UO2(saloph)DMSO+ DMSO∗
kex−−−→←−−− UO2(saloph)DMSO∗ + DMSO (2.11)

where the asterisk is a typographical distinction only. If the exchange reaction of DMSO in
UO2(saloph)DMSO proceeds through the dissociative mechanism and the DMSO dissoci-
ated uranyl(VI) species is the monomeric one, UO2(saloph), the azomethine signals at 9.38
and 9.67 ppm are no longer independent of the DMSO exchange reaction. Thus, to determine
the mechanism of Eq. 2.11, dependences of thekex value on the temperature and DMSO con-
centration were examined. The typical1H NMR spectra of the dichloromethane-d2 solution
containing UO2(saloph)DMSO (1.37× 10−2 M) and DMSO (3.29× 10−2 M) at various tem-
peratures are shown in Figure 2.23(a). The resulting NMR spectra at the different DMSO
concentration (3.29× 10−2, 5.89× 10−2, 7.30× 10−2, and 8.77× 10−2 M) were analyzed
by usinggNMRcomputer program.176) The temperature dependence ofkex at the different
DMSO concentrations are plotted in Figure 2.23(b). As can be seen from these plots, it is
obvious that there are no dependences ofkex in Eq. 2.11 on the DMSO concentration. This
result indicates that the DMSO exchange reaction in UO2(saloph)DMSO proceeds through
the dissociative mechanism as follows (Eq. 2.12).

UO2(saloph)DMSO+DMSO∗
slow−→

UO2(saloph)+ DMSO+ DMSO∗
fast−→

UO2(saloph)DMSO∗ + DMSO (2.12)

Therefore, the possibility of the monomeric UO2(saloph) as the DMSO dissociated uranyl(VI)
species has been neglected completely, and the validity of Eq. 2.9 has been confirmed con-
sequently. By using the Eyring equation (Eq. 2.8) and the data in Figure 2.23(b), the ac-
tivation parameters,∆H‡ and∆S‡, of Eq. 2.12 were evaluated as 29.7 ± 0.8 kJ·mol−1 and
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−83± 3 J·mol−1·K−1, respectively. The negative value of∆S‡ of Eq. 2.12 might be caused
by a rearrangement of solvent molecules around UO2(saloph) and the dissociated DMSO at
the transition state. Thekex at 298 K was calculated as 1.63× 103 s−1 by using Eq. 2.8.

In a comparison between thekex values in both systems of UO2(saloph)DMSO (1.63×
103 s−1) and UO2(saloph)DMF (1.68× 103 s−1), no significant difference is found. However,
the∆H‡ value of Eq. 2.12 (29.7±0.8 kJ·mol−1) is larger than that of Eq. 2.7 (19±1 kJ·mol−1).
Furthermore, the equilibrium constants (Kdim) of the dimerization of UO2(saloph)DMSO
(Eq. 2.9) were found to be smaller than those of UO2(saloph)DMF (Eq. 2.1) in both di-
chloromethane and chloroform systems. Such differences in∆H‡ and Kdim indicate that
DMSO coordinates to the UO2(saloph) fragment more strongly than DMF.
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2.4 UO2(dbm)2DMSO

2.4.1 Experimental Details

Synthesis of UO2(dbm)2DMSO. Dibenzoylmethane (0.5 g, Hdbm, Kanto, see Fig-
ure 2.24) and UO2(NO3)2·nH2O were mixed in EtOH (20 ml) with vigorous stirring and
heating. After refluxing for 3 h in the dark, water (40 ml) was added into this reaction
mixture. The resulting orange precipitate was collected by filtration. This orange powder
was dissolved in hot EtOH, and then DMSO (1 ml) was added with stirring. Water was
mixed with this solution until precipitate was produced. The golden yellow powder of UO2-
(dbm)2DMSO was filtered off, washed by EtOH and ether, and dried under vacuum. The
product was recrystallized from dichloromethane andn-pentane. Single crystals of UO2-
(dbm)2DMSO for X-ray crystallography were obtained from its dichloromethane solution
with slow evaporation at 0◦C.

O O

Figure 2.24. Schematic structure ofketo-form of dibenzoylmethane (Hdbm).

Other Materials. Dichloromethane-d2 (ACROS, 99.8 atom% D) was used for NMR mea-
surements without further purification. All other chemicals used in this section were of
reagent grade.

Methods. Characterization of UO2(dbm)2DMSO was performed by using the IR spec-
trophotometer, the NMR spectrometer, and the single crystal X-ray diffractmeter in the sim-
ilar manners to Section 2.2.

In the X-ray crystallography, the weighing scheme for the refinement of UO2(dbm)2-
DMSO by shelxl-97166) wasw = 1/[σ2F2

o + (0.0312P)2 + 38.5857P] (P = F2
o + 2F2

c)/3).
The maximum (minimum) peaks on the final difference Fourier maps for UO2(dbm)2DMSO
corresponded to 1.481 (−1.404) e−·Å−3. Crystal data and other data collection parameters
are summarized in Tables 2.4. The crystallographic information of UO2(dbm)2DMSO is in
Appendix E.

2.4.2 Results and Discussion

The IR spectrum of UO2(dbm)2DMSO in KBr is shown in Figure 2.25. The charac-
teristic peaks due to theν3 in the uranyl(VI) moiety, S=O stretching in DMSO, C=O and
C=C stretchings in dbm were observed at 906, 1000, 1537, and 1590 cm−1, respectively.160)

These IR peaks suggest the coordination of dbm and DMSO through its oxygen atom to the
uranyl(VI) ion.

The crystallographic data of UO2(dbm)2DMSO were summarized in Table 2.4. Fig-
ure 2.26 shows theortep view of the asymmetric unit of UO2(dbm)2DMSO. From this
figure, it was found that UO2(dbm)2DMSO also has the pentagonal bipyramidal geometry
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Figure 2.25. IR spectrum of UO2(dbm)2DMSO in KBr.

which consists of two molecules of dibenzoylmethanate (dbm) and one molecule of DMSO
around the axial uranyl(VI) ion. Such a structure is quite similar to the analogous com-
plexes (UO2(dbm)2L, L = benzylmethyl sulfoxide, dibenzyl sulfoxide, diphenyl sulfoxide,
and (±)camphor) reported by Kannanet al.19, 21) The U=O bond lengths in the uranyl(VI)
moiety are U(1)–O(1): 1.789(5), U(1)–O(2): 1.791(5), U(2)–O(8): 1.768(5), and U(2)–
O(9): 1.788(6) Å, which are the usual values. In the equatorial plane, the bond distances
between the oxygen atoms in dbm and the center uranium (U(1)–O(4), U(1)–O(5), U(1)–
O(6), U(1)–O(7), U(2)–O(11), U(2)–O(12), U(2)–O(13), and U(2)–O(14)) are quite similar
each other, 2.34–2.36 Å. The bond distance between the oxygen atom in DMSO and the
uranium atom is U(1)–O(3): 2.435(6) or U(2)–O(10): 2.440(5) Å, which is slightly longer
than that in UO2(saloph)DMSO (2.41–2.42 Å).

It is necessary to confirm whether UO2(dbm)2DMSO in solution also shows some reac-
tions in a similar manner to UO2(saloph)DMF and UO2(saloph)DMSO or not. Thus, the1H
NMR spectra of the dichloromethane-d2 solution dissolving UO2(dbm)2DMSO were mea-
sured at various temperatures. The results are shown in Figure 2.27. The sharp singlet signal
due to the methyl group of DMSO was observed at 3.12 ppm (6H). Since the free DMSO

Table 2.4. Crystallographic data of UO2(dbm)2DMSO
Empirical formula C32H28O7SU Dcalc (g·cm−3) 1.835
Formula weight 794.63 Crystal size (mm) 0.10× 0.10× 0.10
Crystal system orthorhombic Crystal color and shape yellow, block
Space group Pna21 (#33) F000 3072.00
a (Å) 16.090(6) 2θmax (◦) 55.0
b (Å) 9.975(3 Observed data 13170
c (Å) 35.845(8) R a 0.0340
V (Å3) 5753(3) wRb 0.0776
Z 8 S (Goodness of fit)c 1.024
Temparature (◦C) −180.0
a R= Σ||Fo| − |Fc||/Σ|Fo|, b wR= [Σ(w(F2

o − F2
c)2)/Σw(F2

o)2]1/2, c S = [Σw(F2
o − F2

c)2/(No − Nv)]1/2,

w = 1/[σ2F2
o + (0.0312P)2 + 38.5857P)] whereP = (F2

o + 2F2
c)/3)
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Figure 2.26. ortep view of asymmetric unit of UO2(dbm)2DMSO. Probability: 50%. Bond distances (Å);
U(1)–O(1): 1.789(5), U(1)–O(2): 1.791(5), U(1)–O(3): 2.435(6), U(1)–O(4): 2.350(6), U(1)–O(5): 2.337(5),
U(1)–O(6): 2.348(5), U(1)–O(7): 2.346(5), U(2)–O(8): 1.768(5), U(2)–O(9): 1.788(6), U(2)–O(10): 2.440(5),
U(2)–O(11): 2.340(6), U(2)–O(12): 2.361(5), U(2)–O(13): 2.351(5), U(2)–O(14): 2.346(5).

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 ppm

methyl
in DMSO

Impurity
of CD2Cl2

methine

m, p-H phenyl

o-H phenyl

Figure 2.27.1H NMR spectra of dichloromethane-d2 solution dissolving UO2(dbm)2DMSO at room tempera-
ture.

shows its signal at 2.54 ppm and the broad peak in Figure 2.20 of Section 2.3 is the result of
the DMSO exchange reaction in UO2(saloph)DMSO, a sharp signal of DMSO at 3.12 ppm
indicates that the DMSO molecule coordinates to the UO2(dbm)2 fragment strongly even in
the dichloromethane solution.

For the dbm ligands in UO2(dbm)2DMSO, the methine group showed the sharp singlet



54 Chapter 2. Syntheses and Characterizations of Uranyl(VI) Complexes

8.8 8.7 8.6 8.5 8.4 8.3 8.2 ppm

-60 

-40 

-20 

0 

20 

T / °C 

Figure 2.28.1H NMR spectra of UO2(dbm)2DMSO in dichloromethane-d2 focused on the signals due to the
o-proton in dbm.

signal at 7.28 ppm (2H). Furthermore, the sharp signals due to the protons of the phenyl
groups atm- and p-positions also appeared at in the range of 7.60–7.70 ppm as multi-
plet peaks (12H). On the other hand, theo-protons of the phenyl groups were observed
at 8.51 ppm (8H) as a broad signal. Such features may suggest the dynamic behavior of
dbm, especially concerning theo-protons, in UO2(dbm)2DMSO. Thus, the temperature de-
pendence of the1H NMR spectra was measured. The results are shown in Figure 2.28.
Since there were no remarkable changes of the signals except for that ofo-proton with the
temperature variation, this figure focuses on theo-proton signals in the region from 8.2 to
8.8 ppm. With a decrease in the temperautre from 20 to−20◦C, the signal ofo-protons
was split into two peaks, and in the temperature below−20◦C, these two signals were fur-
ther split into the multiplet peaks. The first splitting shows that there are two distinguish-
able sites in this temperature range (20∼ −20◦C). The second splitting below−20◦C indi-
cates that the multiplet signals are involved in the two signals at−20◦C. From the splitting
schemes, the reaction mechanism corresponding to the first step may be the intramolec-
ular exchange reaction of the phenyl ring position nearer to and further from the coordi-
nated DMSO. Presence of such a reaction has already been confirmed in the systems of the
analogous uranyl(VI) bis(β-diketonato) complexes, UO2(acac)2L (acac= acetylacetonato, L
= DMSO, DMF, andN,N-diethylformamide) and UO2(1,1,1-trifluoroacetylacetonato)2THF
(THF = tetrahydrofuran).79, 80) The intramolecular reactions of these uranyl(VI) complexes
are proposed to be initiated by the L dissociation. For the reaction mechanism of the sec-
ond step (−20 ∼ −60◦C), the phenyl ring rotation will be most probable. The schematic
mechanisms of UO2(dbm)2DMSO are shown in Figure 2.29. Unfortunately, it was diffi-
cult to perform the kinetic analysis for the behavior of theo-protons themselves in dbm,
because their NMR signals are essentially complicated multiplets as shown in Figure 2.28
at−60◦C. Limiting the first step in Figure 2.28, the apparent first-order rate constant of the
intramolecular exchange reaction (kintra) at the coalescence temperature (0◦C) was evaluated
as 9.2× 101 s−1 by Eq. 2.13.

kintra =
π δν
√

2
(2.13)

whereδν is the peak separation between two sites in s−1.
Ikedaet al.80) have determined the reaction mechanism of such an intramolecular ex-

change in UO2(acac)2L by relating it with the L exchange reactions. According to them, the
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Figure 2.29. Scheme of intramolecular exchange of the phenyl ring positions and the rotation of the phenyl
ring. Red and blue colors of the capital letters “A” and “B” indicate the phenyl groups nearer to and further
from the coordination site for DMSO, respectively.

L exchange reaction proceed through the dissociative mechanism and the uranyl(VI) species
at the intermediate of the intramolecular exchange should also be the L dissociated one such
as UO2(acac)2. In that case, the free L molecule can coordinate to both sides of UO2(acac)2
at the transition state. Since the coordination sites for L in UO2(acac)2 should be equivalent,
the probabilities of the re-coordination of L to either vacant sites in the intermediate must be
equal. Therefore, the rate constant of the intramolecular exchange in UO2(acac)2L should be
one half of that of the L exchange reaction. Actually, their proposal has been evidenced in
the experiments. This theory can also be applied to the present system of UO2(dbm)2DMSO.

To confirm the reaction mechanism shown in Figure 2.29, the following DMSO exchange
reaction in UO2(dbm)2DMSO were studied.

UVIO2(dbm)2DMSO+ DMSO∗
kex−−−→←−−− UVIO2(dbm)2DMSO∗ + DMSO (2.14)

where the asterisk is a typographical distinction only. If the rate-determining step of the
intramolecular exchange in UO2(dbm)2DMSO is the dissociation of the coordinated DMSO
and the DMSO exchange reaction in UO2(dbm)2DMSO occurs in the dissociative mech-
anism, one half of thekex value at 273 K will equals tokintra (9.2 × 101 s−1). Thus, the
dependences of the1H NMR spectrum of UO2(dbm)2DMSO (1.3 × 10−2 M) on the tem-
perature and concentration of the free DMSO (2.8 × 10−2, 4.6 × 10−2, and 6.7 × 10−2 M)
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Figure 2.30. (a)1H NMR spectra of dichloromethane-d2 solution containing UO2(dbm)2DMSO (1.3×10−2 M)
and DMSO (2.8× 10−2 M) measured at different temperatures and (b) temperature dependence ofkex.
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were measured for UO2(dbm)2DMSO in dichloromethane-d2. The typical NMR spectra are
shown in Figure 2.30(a). Thekex values were obtained by simulating the spectra usinggNMR
program176) and plotted against the reciprocal temperatures. The results are shown in Fig-
ure 2.30(b). Thekex value at each temperature was found to be independent of the DMSO
conccentration, indicating the dissociative mechanism of the DMSO exchange reaction in
UO2(dbm)2DMSO as follows.

UO2(dbm)2DMSO+DMSO∗
slow−→

UO2(dbm)2 + DMSO+ DMSO∗
fast−→

UO2(dbm)2DMSO∗ + DMSO (2.15)

By using Eq. 2.8, the activation parameters,∆H‡ and∆S‡, for Eq. 2.15 were evaluated as
30±2 kJ·mol−1 and−88±5 J·mol−1·K−1, respectively. Thekex values at 273 K was calculated
as 2.0× 102 s−1. As a result, one half ofkex at 273 K is almost comparable withkintra at the
same temperature (9.2 × 101 s−1). Therefore, it can be suggested that the intramolecular
exchange reaction in UO2(dbm)2DMSO occurs through the formation of the intermediate
such as UO2(dbm)2.

Interestingly, with addition of the free DMSO into the dichloromethane-d2 solution con-
taining UO2(dbm)2DMSO, both of the phenyl rotation and the intramolecular exchange re-
action of UO2(dbm)2DMSO in Figure 2.29 become slower than those in the system without
the free DMSO. Such a feature was confirmed in the1H NMR spectra of the sample so-
lutions containing free DMSO shown in Figure 2.31. In the system without free DMSO
(Figure 2.28), theo-proton signals are coalesced at 273 K because of the intramolecular
exchange of UO2(dbm)2DMSO. On the other hand, in the case of the presence of the free
DMSO (2.8× 10−2 M, Figure 2.31), such signals are still split into the essential multiplets of
theo-proton at the same temperature.

To explain such a slowdown of the intramolecular exchange reaction in UO2(dbm)2-
DMSO caused by the addition of the free DMSO, a mechanism shown in Figure 2.32 may
be proposed. At the intermediate of the intramolecular exchange reaction in UO2(dbm)2-
DMSO, the geometry in UO2(dbm)2 just after the dissociation of the coordinated DMSO
should not be regularly tetragonal bipyramidal, but a bipyramid with a trapezoidal equa-
torial plane, because the UO2(dbm)2 fragment also has such a structure at the initial state.

8.8 8.7 8.6 8.5 8.4 8.3 8.2 ppm 
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  0  

Figure 2.31. 1H NMR spectra of dichloromethane-d2 solution containing UO2(dbm)2DMSO (1.3 × 10−2 M)
and free DMSO (2.8× 10−2 M).
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Figure 2.32. Schematic mechanism of the intramolecular exchange reaction in UO2(dbm)2DMSO. Red and
blue colors of the capital letters “A” and “B” indicate the phenyl groups nearer to and further from the coordi-
nation site for DMSO, respectively. The letters in purple means the equivalent phenyl groups.

To occur the intramolecular exchange in UO2(dbm)2DMSO, a structure relaxation process
from the distorted UO2(dbm)2 to the regularly tetragonal bipyramidal one must take place,
because of the steric hindrance in the approach of entering DMSO to either vacant sites in
UO2(dbm)2. Therefore, the slower intramolecular exchange reaction of UO2(dbm)2DMSO
in the presence of the free DMSO observed in Figure 2.31 can be considered to be a result
that the re-coordination of DMSO occurs before the achievement of the structure relaxation
at the intermediate. The rate constant of the structure relaxation should be twice larger than
kintra under the presence of the free DMSO, because the product in the relaxation will be
re-coordinated by DMSO from either sides in 50% probability, respectively. Unfortunately,
the kinetic analyses forkintra and the structure relaxation at the transition state could not be
performed for the complexity of the experimental spectra as shown in Figure 2.31. Further-
more, it can be postulated that the additional free DMSO interacts with UO2(dbm)2DMSO
in some manners and hence the slow phenyl rotation results. However, the details why the
phenyl rotation also becomes slower with the addition of the free DMSO are still uncertain.

For the system of UO2(dbm)2DMSO, it was found that the DMSO molecule coordinates
to the UO2(dbm)2 fragment even in the dichloromethane solution. Furthermore, the calcu-
latedkex value of the dissociative DMSO exchange reaction in UO2(dbm)2DMSO at 298 K
is 6.8× 102 s−1, which is one-order smaller than that in UO2(saloph)DMSO (1.63× 103 s−1).
These results imply that the coordination of DMSO to UO2(dbm)2 is stronger than that to
UO2(saloph).





Chapter 3

Uranyl(V) Carbonate Complex in
Aqueous System

Uranyl(V) carbonate is known as only one stable uranyl(V) complex in the aqueous sys-
tem, which exists as [UVO2(CO3)3]5−. Thus, it can be expected to obtain useful informa-
tion concerning chemical properties of [UVO2(CO3)3]5−. In fact, some researchers have
already studied its spectroscopic,147, 148) electrochemical,148, 150) thermodynamic,149) struc-
tural properties,151, 153)and so on. One of the most important properties to prepare [UVO2-
(CO3)3]5− is its electrochemical data, especially the standard redox potential (E◦) of the
[UVO2(CO3)3]5−/ [UVIO2(CO3)3]4− couple. However, variousE◦ values of this redox cou-
ple were reported such as−0.714, −0.730, −0.7459,−0.749, −0.815, and−0.859 V vs.
Ag/AgCl as summarized by Grentheet al.12) Therefore, it was necessary to know the correct
E◦ value of the [UVO2(CO3)3]5−/[UVIO2(CO3)3]4− couple under the experimental condition
in the present study.

The advantages of study on properties of [UVO2(CO3)3]5− in aqueous system are the
stability of the simple ligand like CO2−3 to redox reaction and the high conductivity of the
sample solution. These will make it possible to prepare [UVO2(CO3)3]5− with a bulk elec-
trolysis. The bulk solution of [UVO2(CO3)3]5− allows to investigate its kinetics such as the
ligand exchange reaction. The study on the reactivity of the uranyl(V) complex is also the
important issue in this study.

59
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3.1 Spectroelectrochemistry of [UVIO2(CO3)3]4− in Aque-
ous Solution

3.1.1 Experimental Details

UV-visible Spectroelectrochemical Measurements. In this study, spectroelectrochemical
techniques178, 179)were used to study electrochemical processes of the uranyl(VI) complexes
and to obtain data concerning properties of the uranyl(V) complexes. To observe absorption
spectra in UV and visible regions, quartz cells with optical transparent Pt minigrid working
electrodes were designed according to the previous articles180, 181)and mounted on the cell
holder of SHIMADZU UV-3150 spectrophotometer. The schematic view of this optical
transparent thin layer electrode (OTTLE) cell is shown in Figure 3.1. The effective optical
path length of the OTTLE cell was spectrophotometrically calibrated as 1.89 × 10−2 cm.
The three-electrode system was utilized, which consisted of the Pt minigrid OTTLE as a
working electrode, a Pt wire counter electrode (BAS 002222), and an Ag/AgCl reference
electrode (BAS 002020 RE-1B, sat. NaCl aq.) with a liquid junction of glass flit filled by
a blank solution (1 M Na2CO3aq.). The potential applied on the OTTLE was controlled by
BAS CV-50W voltammetric analyzer. The absorption spectra at various applied potentials
were measured after reaching equilibrium of the electrochemical reaction on the OTTLE at
298 K, which required 2 min. The sample solutions in the OTTLE cells were deoxygenated
by passing dry argon gas at least 1 h prior to starting the measurements.
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Red

Ox

Red

Ox

~ 0.02 cm
Sample

(c)

(a)

(d) (e)

(g)

(f)

(b)

(a)

Figure 3.1. Schematic view of OTTLE cell. (a) Pt minigrid working electrode, (b) quartz cell body, (c)
reference electrode with a liquid junction of glass flit filled by a blank solution, (d) Pt wire counter electrode,
(e) argon gas inlet, (f) PTFE cap, (g) optical path of the spectrophotometer.
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3.1.2 Results and Discussion

According to the previous reports,150) the electrochemical reduction of [UVIO2(CO3)3]4− to
[UVO2(CO3)3]5− should occur at around−0.8 V vs.Ag/AgCl. Thus, the UV-visible spectro-
electrochemical measurements for the [UVO2(CO3)3]5−/[UVIO2(CO3)3]4− redox couple were
carried out in the range from 0 to−0.900 V vs. Ag/AgCl. The resulting UV-visible ab-
sorption spectra at different potentials are shown in Figure 3.2. The absorbancies at around
450 nm corresponding to the LMCT transition in [UVIO2(CO3)3]4− (Figure 2.2) decreased
with a decrease in the potential and converged at−0.900 Vvs.Ag/AgCl. In Figure 3.2, clear
isosbestic points were observed at 367 and 387 nm, indicating that only one equilibrium,i.e.,
[UVO2(CO3)3]5−/[UVIO2(CO3)3]4− redox reaction, occurs in this system. The absorbance of
each spectrum in Figure 3.2 is reflecting the concentration profile between the oxidant and
reductant at each potential. Such a concentration profile is determined by the Nernstian
equation (Eq. 3.1)

E = E◦′ +
RT
nF

ln
CO

CR
(3.1)

= E◦′ +
RT
nF

ln
A− AR

AO − A

E: Potential applied on the OTTLE
E◦′: Formal potential
n: Electron stoichiometry
F: Faraday constant (96485 C)
CO, CR: Concentrations of oxidant and reductant (M)
A: Absorbance at each potential value
AO, AR: Absorbance of oxidant and reductant, respectively

The Nernstian plot from the absorbancies at 447 nm in Figure 3.2 is shown in Figure 3.3.
In the least-squares fit for the experimental plot to Eq. 3.1, the slope and the intercept were
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Figure 3.2. UV-visible absorption spectra measured at the applied potentials in the range from 0 to−0.900 V
vs.Ag/AgCl for the [UVO2(CO3)3]5−/[UVI O2(CO3)3]4− redox couple (total concentration: 4.38× 10−2 M) in
aqueous solution containing Na2CO3 (1.0 M). Optical path length: 1.89× 10−2 cm.
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Figure 3.3. A Nernstian plot for the absorbancies at 447 nm in Figure 3.2.

calculated as 0.028± 0.001 and−0.751± 0.001, respectively. It is obvious that these pa-
rameters are corresponding toRT/nF andE◦′ in Eq. 3.1, respectively. Thus, the electron
stoichiometry (n) and the formal potential (E◦′) at 298 K in the electrochemical reduction
of [UVIO2(CO3)3]4− were evaluated as 0.90± 0.02 and−0.751± 0.001 V vs.Ag/AgCl, re-
spectively. Consequently, it was confirmed that the electrochemical reaction observed in
Figure 3.2 is that between [UVO2(CO3)3]5− and [UVIO2(CO3)3]4− as follows.

[UVIO2(CO3)
4−
] + e− −→←− [UVO2(CO3)

5−
] (3.2)

Furthermore, theE◦′ value under the present experimental condition was determined. This
electrochemical data were used to prepare sample solutions of [UVO2(CO3)3]5− in Section 3.2
(13C NMR) and Chapter 6 (electronic spectrum).

From the reviews reported previously,12, 13) the thermodynamic data of [UVO2(CO3)3]5−

and related species are available. Here, the stability of [UVO2(CO3)3]5− towards its dispro-
portionation is examined from the thermodynamic view. In the disproportionation of the
uranyl(V) species, a proton source to remove the axial oxygen atoms from the resulting ura-
nium(IV) is required. In basic carbonate system, the most probable proton source should
be HCO−3 . Therefore, the disproportionation equilibrium of [UVO2(CO3)3]5− to [UVIO2-
(CO3)3]4− and [UIV (CO3)5]6− can be written as,

2[UVO2(CO3)3]
5− + 4HCO−3 −→←− [UVIO2(CO3)3]

4− + [UIV (CO3)5]
6− + 2CO2−

3 + 2H2O. (3.3)

To obtain Eq. 3.3, the following equilibria are combined.

2UVO+2 + 4H+ −→←− UVIO2+
2 + U4+ + 2H2O (3.4)

logK◦3.4 = 6.070± 0.047

UVO+2 + 3CO2−
3
−→←− [UVO2(CO3)3]

5− (3.5)

logK◦3.5 = 6.950± 0.360
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UVIO2+
2 + 3CO2−

3
−→←− [UVIO2(CO3)3]

4− (3.6)

logK◦3.6 = 21.840± 0.040

U4+ + 5CO2−
3
−→←− [UIV (CO3)5]

6− (3.7)

logK◦3.7 = 34.000± 0.900

CO2−
3 + H+ −→←− HCO−3 (3.8)

logK◦3.8 = 10.329± 0.020

where logK3.n (n = 3 ∼ 8) is the logarithmic equilibrium constant of Eq. 3.n at 298.15 K,
0.1 MPa, and zero ionic strength.13) Thus,

Factor logK◦3.n
+ ( 2UVO+2 + 4H+ −→←− UVIO2+

2 + U4+ + 2H2O ) 6.070± 0.047
−2 ( UVO+2 + 3CO2−

3
−→←− [UVO2(CO3)3]5− ) 6.950± 0.360

+ ( UVIO2+
2 + 3CO2−

3
−→←− [UVIO2(CO3)3]4− ) 21.840± 0.040

+ ( U4+ + 5CO2−
3
−→←− [UIV (CO3)5]6− ) 34.000± 0.900

−4 ( CO2−
3 + H+ −→←− HCO−3 ) 10.329± 0.020

2[UVO2(CO3)3]
5− + 4HCO−3 −→←− [UVIO2(CO3)3]

4− + [UIV (CO3)5]
6− + 2CO2−

3 + 2H2O

logK◦3.3 = 6.694± 0.017.

The resulting value of logK◦3.3 is at zero ionic strength.1 On the other hand, the present
system of [UVO2(CO3)3]5− contains 1 M Na2CO3. To apply the result of the equilibrium cal-
culation to the system of interest, the ionic strength correction must be performed for logK◦3.3.
According to the theory of the ionic strength correction described in “Update on the Chem-
ical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium”,13)

the equilibrium constant of Eq. 3.3 at ionic strengthIm (K Im
3.3) can be given as,

logK Im
3.3 = logK◦3.3 + ∆z2 · D − ∆ε ·mNa+ (3.9)

where,

∆z2 = [z2
U(VI) + z2

U(IV) + 2z2
CO2−

3
] − [2z2

U(V) + 4z2
HCO−3

] = 6 (3.10)

D =
0.509

√
Im

1+ 1.5
√

Im

(3.11)

∆ε = [εU(VI) ,Na+ + εU(IV) ,Na+ + 2εCO−3 ,Na+] − [2εU(V),Na+ + 4εHCO−3 ,Na+]. (3.12)

Here,D is the Debye–Ḧuckel term,mNa+ is the concentration of Na+ in molality (mol·kg−1,
m), andzi is the charge of ioni (U(VI), U(IV), and U(V) asi correspond to [UVIO2(CO3)3]4−,
[UIV (CO3)5]6−, and [UVO2(CO3)3]5−, respectively). The notation,εi,Na+, is the specific ion
interaction coefficient between ioni and Na+. To calculate∆ε in Eq. 3.9, the reportedεi,Na+

1In the definition, the standard state for a solute B in a solution is hypothetical solution, at the standard state
pressure, in whichmB = m◦ = 1 mol·kg−1, and in which the activity coefficientγB is unity. However, the usual
experimental system is not such hypothetical one. Hence, correction of an equilibrium constant in an ionic
medium of interest is required. The details have been presented by Grentheet al.12, 13)
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values are available;εU(VI) ,Na+ = −0.01± 0.11, εU(IV) ,Na+ = −0.30± 0.15, εCO2−
3 ,Na+ = −0.08±

0.03, εU(V),Na+ = −0.62± 0.15, andεHCO−3 ,Na+ = 0.00± 0.02.13) As a result, the following
equation (Eq. 3.13) was obtained from Eq. 3.9.

logK Im
3.3 = (6.694± 0.017)+ 6D − (0.77± 0.02)mNa+ (3.13)

The value ofIm in an aqueous medium is calculated by Eq. 3.14.

Im =
1
2

∑
z2

i mi (3.14)

The result in 1 M Na2CO3 aq. is Im = 3.03 m with a conversion factor from molarity
(mol·dm−3, M) to molality (m), 1.0094 for 1 M Na2CO3.13) Thus, theD value in Eq. 3.11 is
calculated as 0.245. Further, themNa+ value in 1 M Na2CO3 is evaluated as 2.02 m. Hence,
in 1 M Na2CO3 aqueous solution,

logK3.03m
3.3 = 6.61± 0.01

was obtained from Eq. 3.13.
At [[U VO2(CO3)3]5−] = 5 × 10−2 m, Im = 3.03 m (1 M = 1.01 m Na2CO3), and pH

= 12 ([HCO−3 ] = 1.56× 10−3 m),2 which is the typical experimental condition to prepare
[UVO2(CO3)3]5− in this study, the mass action law for Eq. 3.3 is expressed as,

10(6.61±0.01) =

[
[UVIO2(CO3)3]4−

] [
[UIV (CO3)5]6−

]
· 1.012

(5× 10−2)2 · (1.56× 10−3)4

The stoichiometry of [UVIO2(CO3)3]4− in Eq. 3.3 is same as [UIV (CO3)5]6−. Thus, the concen-
trations of these U(VI) and -(IV) species were evaluated as (2.46±0.02)×10−4 m, respectively.
Consequently, the mole fraction of [UVO2(CO3)3]5− in Eq. 3.3 at 1 M (= 1.01 m) Na2CO3

system at pH= 12 can be estimated as 99%. Therefore, the stability of [UVO2(CO3)3]5−

towards its disproportionation to [UVIO2(CO3)3]4− and [UIV (CO3)5]6− in the present exper-
imental condition has been confirmed thermodynamically. As seen from Eq. 3.3, the total
concentration of Na2CO3 and the balance between CO2−

3 and HCO−3 , which depends on the
pH value, are the most important factors for the stability of [UVO2(CO3)3]5− in the aqueous
system.

2Concentration of HCO−3 ([HCO−3 ]) was obtained by the ionic strength correction for Eq. 3.8 in a similar
manner to Eq. 3.9 as follows.

logK Im

3.8 = logK◦3.8 + [z2
HCO−3

− (z2
CO2−

3
+ z2

H+)] − [εHCO−3 ,Na+ − εCO2−
3 ,Na+ ]mNa+

= (10.329± 0.020)− 4D − (0.08± 0.02)mNa+

At Im = 3.03 m (D = 0.245) andmNa+ = 2.02 m, logK3.03m
3.8 equals to 9.19± 0.01. Since the pH value is

expressed by pH= logK Im

3.8 + log[CO2−
3 ]/[HCO−3 ], [HCO−3 ] is calculated as 1.56× 10−3 m at pH= 12 and total

[Na2CO3] = 1.01 m (= 1 M).
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3.2 Kinetics of Ligand Exchange Reaction in [UVO2(CO3)3]5−

Little information is available concerning kinetics of ligand exchange and substitution re-
actions in uranyl(V) complexes, in spite of many data for uranyl(VI) complexes.66, 67, 69–74, 77–82)

Here, the ligand exchange reaction in [UVO2(CO3)3]5− was studied by using13C NMR spec-
troscopy.

3.2.1 Experimental Details

Preparation of [UVO2(CO3)3]5−. All operations were performed under argon atmosphere
in a glove-box. A D2O (99.8 atom% D, ACROS) solution containing [UVO2(CO3)3]5−

(4.598× 10−2 M) and Na213CO3 (1.003 M, 99 atom%13C, ISOTEC) was prepared by po-
tentiostatic electrochemical reduction of [UVIO2(CO3)3]4− on a Pt-plate working electrode at
−0.950 V vs.Ag/AgCl. The potential applied on the working electrode was controlled by
BAS CV-50W voltammetric analyzer. The sample solution was deoxygenated by passing
argon gas through the solution for at least 3 h prior to the preparation of [UVO2(CO3)3]5−.
The completeness of the reduction from [UVIO2(CO3)3]4− to [UVO2(CO3)3]5− was confirmed
by spectroscopic techniques (UV-visible absorption and13C NMR spectroscopies). The
pD (− log[D+]) value of the sample solution was 11.96. After the preparation of [UVO2-
(CO3)3]5−, the solution was immediately transfered into an NMR sample tube filled by argon
gas. The solution in this sample tube was cooled by ice-NaCl mixture, and then the gases
over the solution was replaced by argon gas again.

Methods. UV-visible absorption and13C NMR spectra were measured by using SHIMADZU
UV-3150 spectrophotometer and JEOL JNM-LA300WB NMR spectrometer (1H: 300.4 MHz,
13C: 75.45 MHz), respectively.

3.2.2 Results and Discussion

The D2O solution of the uranyl(V) carbonate prepared by the electrochemical reduction of
[UVIO2(CO3)3]4− was colorless as reported by Cohen147) and Westeret al.148) The13C NMR
spectra of D2O solution containing the uranyl(V) carbonate (4.598× 10−2 M) and Na2CO3

(1.003 M) were measured at different temperatures. The resulting NMR spectra in the range
from 273 to 313 K are shown in Figure 3.4. At 273 K, two sharp singlet peaks were ob-
served at 169.13 and 106.70 ppm. As reported previously,71, 72, 162)the peak at 169.13 ppm
is the result of fast exchange reaction between free CO2−

3 and DCO−3 (bicarbonate). Another
singlet peak at 106.70 ppm can be assigned to the coordinated CO2−

3 in [UVO2(CO3)3]5−.
Such a singlet peak indicates that the coordinated CO2−

3 ligands are immersed in the equiv-
alent chemical environment. From the areas of the peaks of the free and coordinated CO2−

3 ,
the coordination number of CO2−3 was evaluated 2.8 ± 0.1. This result agrees with the sto-
ichiometry of [UVO2(CO3)3]5− reported previously.149, 153) If the sample solution is mixture
of the uranyl(V) carbonate, [UVIO2(CO3)3]4−, and CO2−

3 , another signal due to the uranyl(VI)
complex must be observed at 168.22 ppm as shown in Figure 3.5. However, even in the end
of the 13C NMR measurement for Figure 3.4, the signal of [UVIO2(CO3)3]4− (168.22 ppm)
was not observed.

As can be seen from Figure 3.4, the line-widths of the two signals corresponding to the
free and coordinated CO2−3 increase with increasing temperature. This is the result of an
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Figure 3.4. 13C NMR spectra of D2O solution containing [UVO2(CO3)3]5− (4.598× 10−2 M) and Na2CO3

(1.003 M, pD= 11.96).
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Figure 3.5. 13C NMR spectrum of D2O solution containing [UVO2(CO3)3]5−, [UVI O2(CO3)3]4−, and 1 M
Na2CO3 at 273 K. Inset shows the spectrum magnified in the range from 166 to 171 ppm.

increase in the rate of the following ligand exchange reaction:

[UVO2(CO3)3]
5− + ∗CO2−

3
−→←− [UVO2(CO3)2(∗CO3)]

5− + CO2−
3 (3.15)

where the asterisk is a typographical distinction only. To analyze the rate of the CO2−
3 ex-

change by using the NMR line-broadening method, line-widths at half-height of the free
CO2−

3 signal in the presence and absence of [UVO2(CO3)3]5− in the range from 273 to 333 K
were measured. Figure 3.6 shows a semilogarithmic plot of (T−1

2obs− T−1
2n )PL/PM against the

reciprocal temperature.T2obs andT2n are the transverse relaxation times of free CO2−
3 in the

presence and absence of [UVO2(CO3)3]5−, respectively, and are related with the line-width
(∆ν) at half-height byT−1

2obs = π∆νobs andT−1
2n = π∆νn (subscriptions of∆ν are same with

those of the respectiveT2). PL andPM are molar fractions of the free and coordinated CO2−
3 ,

respectively. Since the uranyl(V) ion has one unpaired electron in the 5f-orbital of uranium
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Figure 3.6. Plot of (T−1
2obs− T−1

2n )PL/PM vs.1/T for the exchange of CO2−3 in [UVO2(CO3)3]5−. Experimental
results are shown by+; solid line: best fit of Eq. 3.16

(i.e., 5f1 configuration), [UVO2(CO3)3]5− is paramagnetic. Hence, the temperature depen-
dence of (T−1

2obs− T−1
2n )PL/PM for the present system can be described by Eq. 3.16.65, 182, 183)

(T−1
2obs− T−1

2n )
PL

PM
= τ−1

M

[
T−2

2M + T−1
2Mτ

−1
M + ∆ω

2
M

(T−1
2M + τ

−1
M )2 + ∆ω2

M

]
(3.16)

whereT2M, τM, and∆ωM are the transverse relaxation time of coordinated CO2−
3 , mean

lifetime of coordinated CO2−3 , and the difference between chemical shifts of the free and
coordinated CO2−3 , respectively. According to a review by Stengle and Langford,183) it is
reasonable to conclude that the transverse relaxation time of the free CO2−

3 in the temperature
range from 273 to 303 K (i.e., 3.66∼ 3.30×10−3 K−1) is mainly controlled by a mean lifetime
of coordinated CO2−3 (τM).3 The relationship betweenτM and the first-order exchange rate
constant (kex) with temperature is

τ−1
M = kex =

kBT
h

exp

[
−∆H‡

R
· 1

T
+
∆S‡

R

]
. (3.17)

Therefore, from the Eyring plot in this temperature range, the activation enthalpy (∆H‡)
and entropy (∆S‡) in Eq. 3.15 could be estimated as 61.8 kJ·mol−1 and 20 J·mol−1·K−1,
respectively.

For more precise evaluation of the activation parameters in Eq. 3.15, the nonlinear least-
square fit of Eq. 3.16 to the experimental results in Figure 3.6 were performed by the fol-
lowing process. The temperature dependence ofT2M and∆ωM is assumed to be given by
Eqs. 3.18 and 3.19, respectively.184, 185)

T−1
2M = CM exp

(EM

RT

)
(3.18)

∆ωM =
Cω

T
(3.19)

3Details are described in Appendix F, “NMR relaxation times in paramagnetic solutions”.
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The kinetic parameters were determined by the nonlinear least-squares fit of (T−1
2obs−T−1

2n )PL/PM

data to the equation obtained by substitution of Eqs. 3.17–3.19 into Eq. 3.16. TheCM,
EM, andCω values were roughly estimated as 2.57 × 103 s−1, 4.80 kJ·mol−1, and 2.51 ×
105 rad·s−1·K−1, respectively. When the values ofCM andEM were fixed to 2.57×103 s−1 and
4.80 kJ·mol−1, respectively, the nonlinear least-squares fit to Eq. 3.16 gave a minimum error.
The∆ωM value was found to have no influence on the fit even in∆ωM = 0. This means that
the line-widths in the range from 273 to 333 K in Figure 3.6 are independent of∆ωM. Subse-
quently, the activation parameters in Eq. 3.15 were calculated as∆H‡ = 62.0± 0.7 kJ·mol−1

and∆S‡ = 22± 3 J·mol−1·K−1. The standard deviation in this fitting process was 0.03.
The resulting activation parameters are consistent with those obtained by the Eyring plot

in the range from 273 to 303 K (∆H‡ = 61.8 kJ·mol−1 and∆S‡ = 20 J·mol−1·K−1, previous
paragraph). Using these values and Eq. 3.17, thekex value of Eq. 3.15 at 298 K was evaluated
as 1.13× 103 s−1. This is the first report of a rate constant for ligand exchange reaction in
uranyl(V) complexes.

It should be noted that the exchange reaction between the free and coordinated CO2−
3 in

[UVO2(CO3)3]5− is about 102 times faster and 105 times slower than those in [UVIO2(CO3)3]4−

and [PuVIO2(CO3)3]4−, in which the exchange reactions follow dissociative mechanisms.71, 186)

Their activation parameters (∆H‡/kJ·mol−1 and∆S‡/J·mol−1·K−1) are 82 and 50 for [UVIO2-
(CO3)3]4−, and 34 and 31 for [PuVIO2(CO3)3]4−, respectively. To clarify the mechanism
i.e., the rate-determining step of Eq. 3.15, the dependence ofkex on free CO2−

3 concentra-
tion should be examined. For this requirement, the preparation of [UVO2(CO3)3]5− was
attempted in D2O solutions containing Na2CO3 (0.2 M, 0.5 M) by using same electrochem-
ical technique. Unfortunately, black precipitate was formed during the bulk electrolysis of
[UVIO2(CO3)3]4− in such conditions. Consequently the pure solution of [UVO2(CO3)3]5− has
not been obtained in the lower concentrations of Na2CO3. Therefore, the dependence ofkex

on free CO2−
3 could not be studied. However, the positive value of∆S‡ (22± 3 J·mol−1·K−1)

in Eq. 3.15 suggests that the CO2−
3 exchange reaction in [UVO2(CO3)3]5− also occurs through

the dissociative mechanism. This suggestion should be supported by the saturated coordina-
tion sites in the equatorial plane of [UVO2(CO3)3]5−, i.e., there is no space for the additional
CO2−

3 to [UVO2(CO3)3]5−. Hence, it seems reasonable to assume that Eq. 3.15 proceeds
through the dissociative mechanism.

It is likely that the difference in the dissociation rates (kex at 298 K) in [UVO2(CO3)3]5−

(1.13 × 103 s−1) and [UVIO2(CO3)3]4− (13 s−1) is related to the bond strength between U
and CO2−

3 . This can be supported by the third stepwise formation constant (logK3) of the
following reaction:

[UO2(CO3)2]
n−4 + CO2−

3
−→←− [UO2(CO3)3]

n−6 (3.20)

wheren is equal to 1 and 2 for uranyl(V) and -(VI), respectively. According to the com-
prehensive study by Grentheet al.,12) the second and third gross formation constants of
the uranyl(VI) carbonate (logβ2 and logβ3) in I = 1

2

∑
miz2

i = 3.0 (mi: molality of ion i,
zi: charge of ioni; this value of the ionic strength (I ) corresponds to 1.0 M Na2CO3) are
16.20 and 22.61, respectively. Therefore, the logK3 values of uranyl(VI) (n = 2) in 1.0 M
Na2CO3 (I = 3.0) is 6.41. On the other hand, there are no direct references for uranyl(V)
(n = 1). However, assuming that the logK3 value is similar to that of the isovalent nep-
tunyl(V) carbonate inI = 3.0 (logβ2 = 8.15, logβ3 = 10.46), the logK3 value of the
uranyl(V) carbonate might be near to 2.3, which is 104 times smaller than that of uranyl(VI).
Furthermore, the EXAFS study reported by Docratet al.153) shows that the bond distance
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between U and O of coordinated CO2−
3 in [UVO2(CO3)3]5− (2.50± 0.02 Å) is 0.07 Å longer

than that in [UVIO2(CO3)3]4− (2.43± 0.02 Å). These data suggest that the dissociation of
CO2−

3 from [UVO2(CO3)3]5− occurs more readily than from [UVIO2(CO3)3]4−. In fact, the
∆H‡ value of Eq. 3.15 (62.0 ± 0.7 kJ·mol−1) is much smaller than the corresponding re-
action in [UVIO2(CO3)3]4− (82 kJ·mol−1), indicating a weaker bonding of the leaving CO2−

3
in [UVO2(CO3)3]5− than [UVIO2(CO3)3]4−. It is likely that such a relationship between the
metal–ligand bond strengths in uranyl(V) and -(VI) complexes is also true for the nonaqueous
systems of uranyl(V) and -(VI) complexes. In Sections 4.1 and 4.2, the unidentate ligand (L
= DMSO, DMF) in [UVO2(saloph)L]− dissociates more easily than that in UVIO2(saloph)L
in the non-aqueous system. The proposed dissociative mechanism for Eq. 3.15 is also con-
sistent with the result of a quantum chemical study on the mechanism of water exchange
reactions in [UVO2(H2O)5]+ and [UVIO2(H2O)5]2+ by Vallet et al.83, 187) In such studies, the
authors suggested that the dissociative mechanism is favored in the uranyl(V) aqua ions as a
result of the weaker metal–ligand bond strength.





Chapter 4

Electrochemical and
Spectroelectrochemical Studies on
Uranyl(VI) Complexes in Nonaqueous
Systems

Since one of the goals in this study is to observe pure uranyl(V) complexes in aqueous and
nonaqueous systems by using electrochemical reduction of corresponding uranyl(VI) ones,
their electrochemical properties must be studied. For the aqueous system, the UV-visible
spectroelectrochemical study on [UVO2(CO3)3]5−/[UVIO2(CO3)3]4− has been performed and
the formal potential of this redox couple was determined. On the other hand, there are
no reports for stable uranyl(V) species in nonaqueous systems still now. However, an in-
sight how to produce the stable uranyl(V) species in such systems has been proposed in
the previous study by Ikedaet al.140–142)According to them, the uranyl(VI) complexes co-
ordinated with multidentate ligand(s) have a tendency to form the more stable uranyl(V)
complexes through their electrochemical reductions than those with unidentate ligands such
as [UVIO2L5]2+ (L = dimethyl sulfoxide,N,N-dimethylformamide). In this study,N,N’-di-
salicylidene-o-phenylenediaminate (saloph) and dibenzoylmethanate (dbm) were selected as
the multidentate ligands. The uranyl(VI) complexes coordinated by these ligands in the non-
aqueous media (UVIO2(saloph)DMF, UVIO2(saloph)DMSO, and UVIO2(dbm)2DMSO) have
already been characterized in Chapter 2.

71
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4.1 UVIO2(saloph)DMF in N,N-Dimethylformamide

4.1.1 Experimental Details

Electrochemical Measurements. Cyclic voltammetry (CV) was used for electrochemical
investigations. The CV measurements were carried out at 25◦C under dry argon atmosphere
using BAS CV-50W voltammetric analyzer. The three-electrode system, which consisted of
a Pt working electrode (BAS 002013, electrode surface area: 0.020 cm2), a Pt wire counter
electrode (BAS 002222) and an Ag/Ag+ (BAS 002025 RE-5, 0.01 M AgNO3 + 0.1 M tetra-
n-ammonium perchlorate in acetonitrile) reference electrode, was utilized. As an internal po-
tential standard for nonaqueous systems, a ferrocene/ferrocenium ion redox couple (Fc/Fc+)
was used.188) The solvents for CV mesumrements (DMF and dichloromethane) were distilled
(in vacuofor DMF) after drying with CaH2 and then stored over molecular sieves 4A (Wako).
Tetra-n-butylammonium perchlorate (TBAP, Fluka, electrochemical grade) was used as a
supporting electrolyte without further purification. To remove the dissolved oxygen, argon
gas dried by passing through a CaCl2 tube was purged through all sample solutions for at
least 30 min prior to starting all electrochemical measurements. In the case that dichloro-
methane was used as solvent, the argon gas was soaked with dichloromethane by using a gas
bubbler to prevent change of solution composition.

UV-visible Spectroelectrochemical Measurements. The UV-visible spectroelectrochem-
ical measurements were also performed for UVIO2(saloph)DMF in a similar manner to those
for [UVIO2(CO3)3]4− (Section 3.1.1). The spectrophotometer used here was Agilent 8453
diode-array spectrophotometer. The Ag/Ag+ (BAS 002025 RE-5) reference electrode was
connected to the sample solution without the liquid junction filled by a blank solution (cf.
Figure 3.1). The effective optical path length of the OTTLE cell was spectrophotometrically
calibrated as 2.76× 10−2 cm. Other details were same as those described in Section 3.1.1.

4.1.2 Results and Discussion

Cyclic voltammograms of UVIO2(saloph)DMF (8.71×10−4 M) in DMF containing TBAP
(0.10 M) are shown in Figure 4.1. Peaks (Pcf and Paf1) of one redox couple and an uncoupled
oxidation peak (Paf2) are observed at around−1.69 (Epcf), −1.56 (Epaf1), and−1.00 (Epaf2)
V vs.Fc/Fc+, respectively. Ratios of peak currents at Paf1 and Pcf (ipaf1/ipcf) were calculated
from the semiempirical equation, Eq. 4.1, derived by Nicholson.189)

ipa

ipc
=

ipa0

ipc0
+

0.485× isp0

ipc0
+ 0.086 (4.1)

whereipa0, ipc0, andisp0 are currents measured with respect to the zero current axis at anodic
peak potential, cathodic peak potential, and switching potential, respectively. To evaluate the
ratio, ipaf1/ipcf, the variablesipa andipc in Eq. 4.1 were replaced byipaf1 andipcf, respectively.
The electrochemical data from the cyclic voltammograms for various scan rates (v, V·s−1)
are summarized in Table 4.1. The peak separation (∆Ep = |Epcf−Epaf1|) increases from 0.101
to 0.168 V with an increase inv. The formal potentialE◦′ ((Epaf1+ Epcf)/2) were constant
at −1.626± 0.005 vs.Fc/Fc+. The ipaf1/ipcf values are smaller than 1 and increase with an
increase inv. Furthermore, any other redox waves except for Pcf1, Paf1, and Paf2 were not ob-
served even in the multiple scanned cyclic voltammogram of UVIO2(saloph)DMF under the



4.1. UVIO2(saloph)DMF in N,N-Dimethylformamide 73

6.0

4.0

2.0

0.0

-2.0

x1
0-6

 

-2.0 -1.5 -1.0 -0.5 0.0

x103 

E /V (vs. Fc/Fc+)

i /
µA

 

Pcf  

Paf1

Paf2

scan rate
0.07 V s-1

0.09
0.11
0.13
0.15
0.20
0.25
0.30
0.35
 

-

-

-

Figure 4.1. Cyclic voltammograms of UVI O2(saloph)DMF (8.71×10−4 M) in DMF containing TBAP (0.10 M)
measured in the potential range from−0.119 to−2.019 V at different scan rates (v = 0.07− 0.35 V·s−1). Initial
scan direction: cathodic.

same condition with Figure 4.1. From these results, it is suggested that the electrochemical
reaction of UVIO2(saloph)DMF in DMF is a quasi-reversible system accompanied by a suc-
cessive reaction of reductant atEpcf. If the electrochemical reduction of UVIO2(saloph)DMF
observed in Figure 4.1 is two-electron process, the reductant must be U(IV) species, which
forms an U4+ complex or UIVO2 precipitate. In both cases, the cyclic voltammogram should
show a quite irreversible aspect, because the reduction from UVIO2+

2 to U4+ is accompanied
by a dissociation of the axial oxygen atoms from uranium and the solubility of UIVO2 is very
low. Therefore, the reductant atEcf in Figure 4.1 should be [UVO2(saloph)DMF]−. This
uranyl(V) complex produces an electrochemical active substance oxidized atEpaf2.

The UV-visible spectroelectrochemical measurements were carried out for the DMF so-
lution containing UVIO2(saloph)DMF (9.33× 10−4 M) and TBAP (0.30 M) to examine the
electrochemical reaction mechanism. The UV-visible absorption spectra measured at the ap-
plied potentials in the range from 0 to−1.785 V vs.Fc/Fc+ are shown in Figure 4.2. The
spectral changes with a stepwise decrease in the applied potential converged at−1.785 Vvs.

Table 4.1. Electrochemical data of UVI O2(saloph)DMF in DMF
v/V·s−1 Epcf/V Epaf1/V Epaf2/V Epcf/2/V ipcf/µA ipc0/µA ipa0/µA isp0/µA ipaf1/ipcf

0.07 −1.673 −1.572 −1.058 −1.607 2.130 2.415 0.879 1.249 0.70
0.09 −1.679 −1.569 −1.037 −1.611 2.412 2.717 1.075 1.337 0.72
0.11 −1.682 −1.569 −1.020 −1.613 2.662 2.984 1.256 1.413 0.74
0.13 −1.687 −1.565 −1.012 −1.616 2.871 3.227 1.406 1.528 0.75
0.15 −1.689 −1.559 −1.002 −1.617 3.078 3.452 1.553 1.627 0.76
0.20 −1.695 −1.554 −0.987 −1.621 3.513 3.936 1.855 1.847 0.78
0.25 −1.698 −1.552 −0.981 −1.625 3.861 4.362 2.104 2.083 0.80
0.30 −1.703 −1.546 −0.975 −1.628 4.209 4.750 2.325 2.284 0.81
0.35 −1.710 −1.542 −0.968 −1.631 4.498 5.094 2.516 2.478 0.82
All potentials are versus Fc/Fc+.
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Figure 4.2. UV-visible absorption spectra measured at the applied potentials in the range from 0 to−1.785 V
vs.Fc/Fc+ for UVI O2(saloph)DMF (9.33× 10−4 M) in DMF solution containing TBAP (0.30 M). Wavelength
range: (a) 260–600 nm, (b) 465–540 nm. Optical path length: 2.76× 10−2 cm.

Fc/Fc+. As seen from this figure, any clear isosbestic points are not observed. This is the ev-
idence that the reduction of UVIO2(saloph)DMF is followed by a successive reaction. When
the potential applied on the OTTLE returned to 0 Vvs.Fc/Fc+, the UV-visible absorption
spectrum of the sample solution almost completely reproduced the initial one. This phe-
nomenon is consistent with the result of multiple-scanned cyclic voltammograms for UVIO2-
(saloph)DMF in DMF. Thus, the possibility of the two-electron reduction of UVIO2(saloph)-
DMF can be neglected, and the oxidant atEpaf2 in Figure 4.1 returns to UVIO2(saloph)DMF.
Consequently, the following reaction mechanism should be reasonable to the coupled peaks
of Epcf/Epaf1 in Figure 4.1.

UVIO2(saloph)DMF+ e− −→←− [UVO2(saloph)DMF]− (4.2)

The kinetic analysis was carried out for Eq. 4.2. According to Nicholson,190–192)a stan-
dard rate constant (k◦) in an electrochemical reaction is calculated by the following equation
on the basis of the assumption that diffusion coefficients of an oxidant (DO) and the corre-
sponding reductant (DR) are equal.

ψ =
k◦

[DOπ(nF/RT)v]
1
2

(4.3)

whereψ is the kinetic parameter defined by Nicholson.190) Since Eq. 4.2 is followed by a
successive reaction, this electrochemical process is not reversible in the definition.192) Thus,
theDO value was estimated by a theoretical equation (Eq. 4.4) for the cathodic peak current
(ipc) in an irreversible system.191, 192)

ipc = 2.985× 102nAC◦O(αnB)
1
2 v

1
2 D

1
2
O (4.4)

In Eq. 4.4,A, C◦O,α, andnB are the surface area of a working electrode, the bulk concentration
of the oxidant, the transfer coefficient, and the electron stoichiometry in a rate-determining
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process, respectively. TheαnB value was obtained as 0.67 in average from Eq. 4.5.193)

αnB =
0.04768
Ep/2 − Ep

(4.5)

whereEp/2 andEp are half and full peak potentials and corresponding toEpcf/2 andEpcf in
Table 4.1, respectively. Hence, theDO value of UVIO2(saloph)DMF in DMF was estimated
as 3.4 × 10−6 cm2s−1 by Eq. 4.4. According to the previous articles,190, 191) the ψ values
for the present system are in the range from 0.55 (v = 0.07 V·s−1, ∆Ep = 0.101) to 0.17
(v = 0.35 V·s−1, ∆Ep = 0.168). Therefore, thek◦ value for the electrochemical reaction 4.2
is estimated as 2.5× 10−3 cm·s−1 by using Eq. 4.3.

For the overall reaction mechanism initiated by the electrochemical reaction of UVIO2-
(saloph)DMF in DMF, there are two candidates as follows.

Mechanism 1

UVIO2(saloph)DMF+ e− −→←− [UVO2(saloph)DMF]− (Epcf/Epaf1) (4.6)

[UVO2(saloph)DMF]− −→←− [UVO2(saloph)]− + DMF (4.7)

[UVO2(saloph)]− −→ UVIO2(saloph)+ e− (Epaf2) (4.8)

UVIO2(saloph)+ DMF −→ UVIO2(saloph)DMF (4.9)

Mechanism 2

UVIO2(saloph)DMF+ e− −→←− [UVO2(saloph)DMF]− (Epcf/Epaf1) (4.10)

[UVO2(saloph)DMF]− −→←− [UVO2(tri-saloph)DMF]− (4.11)

[UVO2(tri-saloph)DMF]− −→ UVIO2(tri-saloph)DMF+ e− (Epaf2) (4.12)

UVIO2(tri-saloph)DMF−→ UVIO2(saloph)DMF (4.13)

In Mechanism 1, the successive reaction of [UVO2(saloph)DMF]− is the DMF dissociation
(Eq. 4.7). The product in this chemical reaction is [UVO2(saloph)]−, which is oxidized to
UVIO2(saloph) atEpaf2 (Eq. 4.8) and then coordinated by DMF again (Eq. 4.9). InMech-
anism 2, the successive reaction is dissociation of one part of saloph from UVO+2 moiety
(tri-saloph means tridentate saloph). The similar reaction mechanisms have been proposed
in the electrochemical reactions of UVIO2(β-diketonato)2DMF systems.140–142)

In all systems of electrochemical reactions (reversible, quasi-reversible, and irreversible),
it is theoretically clarified that the reduction (oxidation) peak current (ip) is proportional to
the initial concentration (C◦) of oxidant (reductant).191, 192)In Mechanism 1, the equilibrium
of Eq. 4.7 will shift to right with a decrease in the concentration of free DMF in the solution,
and hence the peak current values atEpaf1 andEpaf2 will decrease and increase, respectively.
On the other hand, such phenomena should not be observed inMechanism 2. Therefore,
the CV measurements for UVIO2(saloph)DMF in DMF and dichloromethane (DM) mixed
solvent systems (DMF+ DM) should be a probe to determine the correct mechanism. In this
study, the cyclic voltammograms of UVIO2(saloph)DMF (1× 10−3 M) in DMF + DM (free
DMF concentration: 2.95 M, 0.854 M) were measured (cf. neat DMF: 12.9 M). In these con-
ditions, the dimerization of UVIO2(saloph)DMF can be neglected from the value ofKdim for
Eq. 2.1 described in Chapter 2. The resulting cyclic voltammograms are shown in Figure 4.3.
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Figure 4.3. Cyclic voltammograms of UVI O2(saloph)DMF (a: 9.87×10−4 M, b: 9.49×10−4 M) in DMF + DM
containing TBAP (0.10 M). DMF concentration, a: 2.95 M, b: 0.854 M.

The reduction and oxidation peaks were observed at the same potentials in Figure 4.1. The
peak current values atEpaf1 andEpaf2 showed the dependence on the concentration of free
DMF as predicted fromMechanism 1. Hence, it is concluded that the reaction mechanism
of UVIO2(saloph)DMF in the present system isMechanism 1.

After the DMF dissociation in Eq. 4.7, the possibility of the formation of the dinuclear
complex containing uranyl(V) ion (e.g., [UVO2(saloph)]2−2 or [UVIO2(saloph)UVO2(saloph)]−)
must be discussed, because the dimerization was actually observed in the case of the corre-
sponding uranyl(VI) complex (see Section 2.2). If this is true, the electrochemical reaction
of [UVIO2(saloph)]2 will be in a reversible or quasi-reversible system without any successive
reactions. Thus, the CV measurements for [UVIO2(saloph)]2 in dichloromethane were carried
out. The results are shown in Figure 4.4. As can be seen from this figure, the electrochemical
reaction of [UVIO2(saloph)]2 is completely irreversible. This indicates that [UVO2(saloph)]−

produced in Eq. 4.7 remains as the monomeric form rather than the dimer.
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Figure 4.4. Cyclic voltammograms of [UVI O2(saloph)]2 (4.02× 10−4 M) in dichloromethane containing TBAP
(0.10 M). Initial scan direction: cathodic.
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The reduction (oxidation) peak currents (ip) are corresponding to the initial concentration
(C◦) of oxidant (reductant) as shown in Eq. 4.4. Thus, the DMF dissociation constant (KdisV)
in Eq. 4.7 was roughly estimated from the current values atEpaf1 andEpaf2 by the following
equation.

KdisV =

[
[UVO2(saloph)]−

]
[DMF][

[UVO2(saloph)DMF]−
] (4.14)

=
C◦U × (1− ipaf1/ipcf) × [DMF]

C◦U × ipaf1/ipcf
(4.15)

whereC◦U is the initial concentration of the uranyl(VI) complex. From the peak currents and
free DMF concentration in Figures 4.1 and 4.3, theKdisV value for Eq. 4.7 was estimated as
5 M in average.

Furthermore, even in the multiple-scanned cyclic voltammograms in all condition with
the various concentration of free DMF (12.9 M (neat), 2.95 M, and 0.854 M; Figures 4.1 and
4.3), the reduction peak coupled with Paf2 was not observed and the respective peak current
values atEpcf, Epaf1, andEpaf2 were almost constant. These results suggest that the UVIO2-
(saloph) produced at Paf2 is rapidly recombined by free DMF in solution. In Section 2.2,
it was suggested that the DMF exchange reaction in UVIO2(saloph)DMF proceeds through
the dissociative mechanism,i.e., the rate-determining step of this reaction is the dissociation
of DMF from UVIO2(saloph)DMF. Thus, the intermediate of the DMF exchange reaction in
UVIO2(saloph)DMF is UVIO2(saloph) and the re-coordination of free DMF to UVIO2(saloph)
is much faster than the dissociation of the coordinated DMF from UVIO2(saloph)DMF (kex =

1.68× 103 s−1 at 298 K). This makes the reduction peak coupled with Paf2 in Figures 4.1 and
4.3 unobservable. Here, overall consistency of the mechanisms including the electrochemical
reaction, the dimerization, and the DMF exchange reaction of [UVO2(saloph)DMF]− and/or
UVIO2(saloph)DMF were confirmed. A scheme of the whole reaction mechanisms starting
from UVIO2(saloph)DMF is shown in Figure 4.5.

It is obvious that the coordination ability of DMF to the [UVO2(saloph)]− fragment is
much weaker than that to UVIO2(saloph) one, because the coordinated DMF dissociates from
[UVO2(saloph)DMF]− even in neat DMF solvent. This phenomenon can be considered to be
a result of the lower positive charge on the center uranium in [UVO2(saloph)]− than that in
UVIO2(saloph). Moreover, it can be predicted that the ligand exchange reaction in a uranyl(V)
complex is about 102 times faster than that in the corresponding uranyl(VI) complex ac-
cording to the result for [UVO2(CO3)3]5− described in Section 3.2. Hence, the first-order
rate constant of the DMF exchange reaction in [UVO2(saloph)DMF]− may be estimated as
∼105 s−1.

In this section, it has been found out that [UVO2(saloph)DMF]− is not stable even in neat
DMF solvent. However, no aspects of the disproportionation of this uranyl(V) complex has
also been confirmed. This should be due to the effects of (1) the aprotic solvent DMF (no ac-
tive proton in the system) and (2) the tetradentate saloph ligand (its strong coordination to the
uranyl(V) ion). It can be expected easily that the former prevents the proton-assisted dispro-
portionation of uranyl(V) species such as Eq. 3.3 described in Chapter 3. The latter has also
been proposed by Ikedaet al.140–142) Indeed, as introduced in Chapter 1, the colloidal pre-
cipitate expected as UIVO2 which is the result of the disproportionation of uranyl(V) species
coordinated only with unidentate ligands was confirmed even in the similar aprotic solvent
DMSO.129) Although the mechanism of the disproportionation of the uranyl(V) species in



78 Chapter 4. Electrochemistry of Uranyl(VI) Complexes in Nonaqueous Systems

aprotic nonaqueous systems have not been clarified, it is clear that the multidentate ligand
such as saloph stabilizes its uranyl(V) complex.
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4.2 UVIO2(saloph)DMSO in Dimethyl Sulfoxide

In Section 4.1, the DMF dissociation from the electrochemically produced uranyl(V)
complex, [UVO2(saloph)DMF]−, was observed. On the other hand, the disproportionation
of the uranyl(V) species has not been detected in such a system. Therefore, the preparation
of the stable uranyl(V) complexes with saloph can be expected by using a unidentate ligand
more strongly binding to [UVO2(saloph)]− than DMF. One of the most potential unidentate
ligands instead of DMF is dimethyl sulfoxide (DMSO), because DMSO molecule is also
known as the usual unidentate ligand strongly coordinating to UVIO2+

2 ion. Actually, the
stronger coordination ability of DMSO to UVIO2(saloph) than DMF has been evidenced in
Chapter 2.

4.2.1 Experimental Details

Electrochemical Measurements. The CV measurements for UVIO2(saloph)DMSO in non-
aqueous systems were carried out in a similar manner to those for UVIO2(saloph)DMF.
Dimethyl sulfoxide and dichloromethane as the solvents for CV measurements were dis-
tilled (in vacuofor DMSO) after the drying with CaH2 and then stored over molecular sieves
4A (Wako).

UV-visible Spectroelectrochemical Measurements. The UV-visible spectroelectrochem-
ical measurements were also performed for UVIO2(saloph)DMSO. The effective optical path
length of the OTTLE cell was spectrophotometrically calibrated as 2.90× 10−2 cm. Other
details were same as those described in Section 4.1.1

4.2.2 Results and Discussion

Cyclic voltammograms of UVIO2(saloph)DMSO (9.55× 10−4 M) in DMSO containing
TBAP (0.10 M) are shown in Figure 4.6. Coupled peaks (Pcs and Pas) were observed at
around−1.60 (Epcs) and−1.50 V (Epas) vs.Fc/Fc+. In this system, no other redox waves such
as Paf2 in Figure 4.1 were observed. The ratios of peak currents (ipas/ipcs) were calculated by
Eq. 4.1. The electrochemical data of UVIO2(saloph)DMSO are collected in Table 4.2. The
∆Ep betweenEpcsandEpasincreased from 0.093 to 0.108 with an increase inv. TheE◦′ value,
E◦′ = (Epcs+Epas)/2, is constant,−1.550±0.002 Vvs.Fc/Fc+. As can be seen from Table 4.2,
the estimatedipas/ipcs values are almost unity without dependence onv. From these results, it
is suggested that the electrochemical reaction of UVIO2(saloph)DMSO is a quasi-reversible

Table 4.2. Electrochemical data of UVI O2(saloph)DMSO in DMSO
v /V·s−1 Epcs /V Epas /V Epcs/2 /V ipcs/µA ipc0/µA ipa0/µA isp0/µA ipas/ipcs

0.05 −1.594 −1.501 −1.530 1.596 1.733 0.986 0.967 0.93
0.07 −1.593 −1.502 −1.530 1.857 2.030 1.154 1.116 0.92
0.09 −1.597 −1.501 −1.532 2.092 2.283 1.289 1.295 0.93
0.11 −1.600 −1.498 −1.533 2.295 2.511 1.404 1.420 0.95
0.13 −1.604 −1.496 −1.535 2.482 2.716 1.511 1.569 0.92
0.15 −1.606 −1.498 −1.536 2.649 2.908 1.608 1.678 0.92
All potentials are versus Fc/Fc+.
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Figure 4.6. Cyclic voltammograms of UVI O2(saloph)DMSO (9.55 × 10−4 M) in DMSO containing TBAP
(0.10 M) measured in the potential range from−0.073 to−1.773 V vs. Fc/Fc+ at different scan rates (v =
0.05− 0.15 V·s−1). Initial scan direction: cathodic.

system and has no successive reactions to produce electrochemically active substance in this
potential range. The possibility of the two-electron reduction of UVIO2(saloph)DMSO atEpcs

can be ruled out, because of the reversibility of the cyclic voltammograms in Figure 4.6 and
the same discussion as Section 4.1. Therefore, the electrochemical reaction in the potential
range from−0.073 to−1.773 Vvs.Fc/Fc+ should be

UVIO2(saloph)DMSO+ e− −→←− [UVO2(saloph)DMSO]−. (4.16)

For a more quantitative discussion on the electrochemical reaction mechanism in this
system, the UV-visible spectroelectrochemical measurements were carried out for the UVIO2-
(saloph)DMSO (8.56× 10−4 M) in DMSO containing TBAP (0.30 M). The UV-visible ab-
sorption spectra of this sample solution were measured at various applied potentials in the
range from 0 to−1.650 V vs.Fc/Fc+. The results are shown in Figure 4.7. As can be seen
from this figure, the spectral feature changed with a stepwise decrease in the applied poten-
tial and converged at−1.650 Vvs.Fc/Fc+. The clear isosbestic points were observed at 271,
387, 479 and 535 nm. This indicates that only one equilibrium exists in this system. Such an
equilibrium should be the redox reaction of UVIO2(saloph)DMSO atEpcs/Epas in Figure 4.6.

To determine the electron stoichiometry (n) for the redox couple corresponding toEpcs/Epas

in Figure 4.6, the Nernstian plot (Eq. 3.1) was applied for the absorbancies at 344 nm in Fig-
ure 4.7. The resulting plot is shown in Figure 4.8. From the intercept and slope of this plot,
the values ofE◦′ andn in the present system were calculated as−1.550± 0.001 Vvs.Fc/Fc+

and 1.09±0.02, respectively. Therefore, it is concluded that the redox couple atEpcs/Epascor-
responds to Eq. 4.16 and that the uranyl(V) complex, [UVO2(saloph)DMSO]− stably exists
in the DMSO solution.

The kinetic analyses for the electrochemical reaction (Eq. 4.16) were also performed
by the same procedure as explained in Section 4.1. TheαnB value was evaluated to be
0.72 in average by Eq. 4.5, and hence, theDO value for UVIO2(saloph)DMSO in DMSO
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Figure 4.7. UV-visible absorption spectra measured at the applied potentials in the range from 0 to−1.650 V
vs.Fc/Fc+ for UVI O2(saloph)DMSO (8.56× 10−4 M) in DMSO containing TBAP (0.30 M). Wavelength range,
a: 260–600, b: 460–600 nm. Asterisk indicates noise of Agilent 8453 diode-allay spectrophotometer. Optical
path length: 2.90× 10−2 cm.
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Figure 4.8. Nernstian plot for the absorbancies at 344 nm in Figure 4.7.

was estimated as 2.1 × 10−6 cm2·s−1 by Eq. 4.4. Theψ values are in the range from 0.70
(v = 0.05 V·s−1, ∆Ep = 0.093 V) to 0.46 (v = 0.15 V·s−1, ∆Ep = 0.108 V).190, 191)As a result,
thek◦ value of Eq. 4.16 is estimated as 2.9× 10−3 cm·s−1 by using Eq. 4.3.

To examine whether the DMSO dissociation from [UVO2(saloph)DMSO]− is also ob-
served in the redox couple of [UVO2(saloph)DMSO]−/UVIO2(saloph)DMSO, the CV experi-
ments of this couple in the mixed solvent systems of DMSO and dichloromethane (DMSO+

DM) were carried out. The resulting cyclic voltammograms are shown in Figure 4.9. From
the Kdim value of Eq. 2.9, the dimerization of UVIO2(saloph)DMSO is negligible in all so-
lutions. An uncoupled second oxidation peak (Pas2) was newly observed atca.−1.1 V vs.
Fc/Fc+, which is similar toEpaf2 in Figures 4.1 and 4.3. The relative current values atEpas

andEpas2decrease and increase with a decrease in the concentration of the free DMSO, re-



82 Chapter 4. Electrochemistry of Uranyl(VI) Complexes in Nonaqueous Systems

6

4

2

0

-2

-4

x1
0-6

 
-1.5 -1.0 -0.5 0.0

x103 

E /V vs. Fc/Fc+ 

i /
µA

 

scan rate
0.05 V s-1

0.10
0.15
0.20

Pcs

Pas

Pas2

(a)

-

-

- 6

4

2

0

-2

-4

x1
0-6

 

-1.5 -1.0 -0.5 0.0

x103 

E /V vs. Fc/Fc+ 

i /
µA

 

scan rate
0.05 V s-1

0.10
0.15
0.20

Pcs

Pas

Pas2

(b)

-

-

-

6

4

2

0

-2

-4

x1
0-6

 

-1.5 -1.0 -0.5 0.0

x103 

E /V vs. Fc/Fc+ 

i /
µA

 

scan rate
0.05 V s-1

0.10
0.15
0.20

Pcs

Pas

Pas2

(c)

-

-

- 6

4

2

0

-2

-4

x1
0-6

 

-1.5 -1.0 -0.5 0.0

x103 

E /V vs. Fc/Fc+ 

i /
µA

 

scan rate
0.05 V s-1

0.10
0.15
0.20

Pcs

Pas
Pas2

(d)

-

-

-

Figure 4.9. Cyclic voltammograms of UVI O2(saloph)DMSO (a: 1.11× 10−3 M, b: 1.09× 10−3 M, c: 1.08×
10−3 M, and d: 1.14× 10−3 M) in DMSO + DM containing TBAP (0.10 M). DMSO concentration, a: 1.67 M,
b: 0.818 M, c: 0.486 M, and d: 0.182 M.

spectively. Even in the multiple-scanned cyclic voltammograms for the same solutions in
Figure 4.9, no peak other than Pcs, Pas, and Pas2 appeared. Therefore, it is clarified that the
electrochemical reduction of UVIO2(saloph)DMSO can also be accompanied by the dissoci-
ation of the coordinated DMSO from [UVO2(saloph)DMSO]− as follows.

UVIO2(saloph)DMSO+ e− −→←− [UVO2(saloph)DMSO]− (Epcs/Epas) (4.17)

[UVO2(saloph)DMSO]− −→←− [UVO2(saloph)]− + DMSO (4.18)

[UVO2(saloph)]− −→ UVIO2(saloph)+ e− (Epas2) (4.19)

UVIO2(saloph)+ DMSO−→ UVIO2(saloph)DMSO (4.20)

The dissociation constant (KdisV) of Eq. 4.18 was estimated by the peak current values in Fig-
ure 4.9 and Eq. 4.15, in whichipaf1/ipcf1 and [DMF] were replaced byipas/ipcs and [DMSO],
respectively. The resultingKdisV value was 0.5 M in average, which is smaller than that for
[UVO2(saloph)DMF]− (5 M). Such a difference inKdisV means that the coordination ability
of DMSO to [UVO2(saloph)]− is stronger than that of DMF. Consequently, the overall mech-
anisms including the electrochemical reaction, the dimerization, and the DMSO exchange
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reaction of UVIO2(saloph)DMSO are same as those of UVIO2(saloph)DMF (Figure 4.5) in
which DMF was displaced by DMSO. In a similar manner to [UVO2(saloph)DMF]−, the
first-order rate constant of the DMSO exchange reaction in [UVO2(saloph)DMSO]− can
be estimated about 105 s−1, which is two-order lager than that in UVIO2(saloph)DMSO
(kex = 1.63× 103 s−1 at 298 K).

In this section, [UVO2(saloph)DMSO]− was found to exist stably in DMSO. This is the
first example of the stable uranyl(V) species in nonaqueous solvents.
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4.3 UVIO2(dbm)2DMSO in Dimethyl Sulfoxide

In Sections 4.1 and 4.2, it was found that the DMSO molecule can coordinate to uranium
more strongly than DMF even in the uranyl(V) complexes and that the uranyl complexes with
DMSO and multidentate ligand like as saloph have a possibility to form the stable uranyl(V)
complex in DMSO solution. Therefore, for another candidate for the system of the stable
uranyl(V) species, dibenzoylmethanate (dbm) and DMSO was selected as ligands to UVO+2 .

4.3.1 Experimental Details

Electrochemical Measurements. The CV measurements for UVIO2(saloph)DMSO in DMSO
were carried out in a similar manner to those for UVIO2(saloph)DMF. Dimethyl sulfoxide as
the solvent was distilled under vacuum after the drying with CaH2, and then stored over
molecular sieves 4A (Wako).

UV-visible Spectroelectrochemical Measurements. The UV-visible spectroelectrochem-
ical measurements were performed for UVIO2(dbm)2DMSO. The effective optical path length
of the OTTLE cell was spectrophotometrically calibrated as 2.80× 10−2 cm. Other details
were same as those described in Section 4.1.1

4.3.2 Results and Discussion

In order to investigate the redox behavior of UVIO2(dbm)2DMSO in DMSO, the CV mea-
surements were carried out. The resulting cyclic voltammograms of UVIO2(dbm)2DMSO
(1.04× 10−3 M) in DMSO containing TBAP (0.10 M) are shown in Fig. 4.10. In this fig-
ure, reduction and oxidation peaks, Pcd and Pad, were observed at around−1.40 (Epcd) and
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Figure 4.10. Cyclic voltammograms for UVI O2(dbm)2DMSO (1.04× 10−3 M) in DMSO containing TBAP
(0.10 M) in the potential range from−0.323 to−1.723 V. Initial scan direction: Cathodic.
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Table 4.3. Electrochemical data of UVI O2(dbm)2DMSO in DMSO
v /V·s−1 Epcd /V Epad /V Epcd/2 /V ipcd/µA ipc0/µA ipa0/µA isp0/µA ipad/ipcd

0.05 −1.407 −1.317 −1.346 1.525 1.043 1.640 0.698 0.93
0.10 −1.408 −1.317 −1.345 2.120 1.426 2.235 0.966 0.93
0.15 −1.413 −1.308 −1.348 2.523 1.719 2.660 1.147 0.94
0.20 −1.418 −1.307 −1.350 2.963 1.954 3.017 1.327 0.95
All potentials are versus Fc/Fc+.

−1.30 (Epad) V vs.Fc/Fc+, respectively. Theipad/ipcd values at the various scan ratesv were
calculated by Eq. 4.1. The electrochemical data of UVIO2(dbm)2DMSO are summarized in
Table 4.3. The∆Ep values increased from 0.090 to 0.111 V with an increase inv. These
results indicate that the electrochemical reaction of UVIO2(dbm)2DMSO is a quasi-reversible
system. Theipad/ipcd values close to unity suggest that the reduction product of UVIO2(dbm)2-
DMSO is almost completely reoxidized to UVIO2(dbm)2DMSO without any successive re-
actions such as the DMSO dissociation (cf. Eqs. 4.7 and 4.18) observed in the systems of
UVIO2(saloph)DMF and UVIO2(saloph)DMSO. This is supported by the fact that any other
redox waves except for Pcd and Pad were not observed even in the multiple scanned cyclic
voltammograms of UVIO2(dbm)2DMSO. Therefore, the electrochemical reaction of UVIO2-
(dbm)2DMSO in DMSO observed in Figure 4.10 is considered to be,

UVIO2(dbm)2DMSO+ e− −→←− [UVO2(dbm)2DMSO]−. (4.21)

The formal potentialE◦′ (= (Epcd + Epad)/2) of the redox couple Pcd/Pad was constant at
−1.362± 0.002 Vvs.Fc/Fc+.

To confirm the validity of Eq. 4.21 quantitatively, the UV-visible spectroelectrochemi-
cal measurements were performed for the DMSO solution containing UVIO2(dbm)2DMSO
(1.04× 10−3 M) and TBAP (0.30 M) by using the OTTLE cell (optical path length: 2.80×
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Figure 4.11. UV-visible absorption spectra measured at the applied potentials in the range from 0 to−1.559 V
vs.Fc/Fc+ for UVI O2(dbm)2DMSO (1.04× 10−3 M) in DMSO containing TBAP (0.30 M). Optical path length:
2.80× 10−2 cm.
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Figure 4.12. Nernstian plot for the absorbancies at 379 nm in Figure 4.11.

10−2 cm). The potential applied on the OTTLE were changed stepwise in the range from 0 to
−1.559 Vvs.Fc/Fc+. The results are shown in Figure 4.11. The isosbestic points were clearly
observed at 260, 348, 398, and 524 nm, indicating that only one equilibrium exists in this
system. The applied potential values were plotted against the corresponding logarithmical
concentration profiles according to the Nernstian Eq. 3.1 as shown in Figure 4.12. The slope
and intercept of the least-square line for these plot were 0.028± 0.001 and−1.366± 0.004.
From these data, the electron stoichiometryn and the formal potentialE◦′ were evaluated as
0.92± 0.03 and−1.366± 0.004 V vs.Fc/Fc+, respectively. TheE◦′ value obtained in the
UV-visible spectroelectrochemical measurements was comparable with that from the cyclic
voltammograms. As a consequence, the validity of Eq. 4.21 was confirmed by the almost
unity value ofn. Thus, it was concluded that [UVO2(dbm)2DMSO]− is purely produced as
the stable uranyl(V) complex in DMSO. The absorption spectrum measured at−1.550 Vvs.
Fc/Fc+ in Figure 4.11 is assigned to pure [UVO2(dbm)2DMSO]− in DMSO.

Since the electrochemical reaction of UVIO2(dbm)2DMSO is quasi-reversible, the diffu-
sion coefficient (DO) of UVIO2(dbm)2DMSO and the standard rate constantk◦ in Eq. 4.21
were evaluated in a similar manner to Sections 4.1 and 4.2. TheαnB value in Eq. 4.4 was
calculated as 0.74 in average by using Eq. 4.5. Therefore, theDO value of UVIO2(dbm)2-
DMSO was estimated as 1.5× 10−6 cm2·s−1 by Eq. 4.4. According to Nicholson,190, 191)the
ψ values corresponding to the variousv were 0.77 (v = 0.05 V·s−1) 0.75 (v = 0.10 V·s−1),
0.50 (v = 0.15 V·s−1), and 0.43 (v = 0.20 V·s−1). Thus, thek◦ value was estimated as
2.7× 10−3 cm·s−1 in average by using Eq. 4.3.

The DMSO dissociation from [UVO2(dbm)2DMSO]− was not examined by using the
mixed solvent systems. However, it is reasonable to consider that the DMSO exchange
reaction in [UVO2(dbm)2DMSO]− should occurs in the solution through the dissociative
mechanism because of the quite similar structure of [UVO2(dbm)2DMSO]− to UVIO2(dbm)2-
DMSO (see Chapter 5). If the same discussion as [UVO2(saloph)DMF]− and [UVO2(saloph)-
DMSO]− is also applicable to the present system, the first-order rate constant of the DMSO
exchange reaction in [UVO2(dbm)2DMSO]− may be estimatedca. 104 s−1. The difference
between the estimated rate constants of the DMSO exchange reactions in [UVO2(saloph)-
DMSO]− (105 s−1) and [UVO2(dbm)2DMSO]− (104 s−1) might imply the difference between
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the coordination strengths of DMSO to [UVO2(saloph)]− and UVO2(dbm)2 fragments.
In this section, it was clarified that [UVO2(dbm)2DMSO]− stably exists in the DMSO

solution. This is the second system of a stable uranyl(V) complex in nonaqueous system.





Chapter 5

Structural Changes of Uranyl Moiety
with Reduction from U(VI) to U(V)

Molecular structure of the uranyl(V) complex is one of the most important issue in this
thesis. Infrared (IR) spectroscopy is a good method to investigate the molecular structures of
objective complexes. Furthermore, the spectroelectrochemical technique can also be com-
bined with the IR spectroscopy. Unfortunately, it is difficult to apply the IR spectroscopy
to the aqueous system, because of the strong absorption due to water in IR region. How-
ever, the structural properties of [UVO2(CO3)3]5−, which is only one stable uranyl(V) species
in the aqueous system, has been already analyzed in Section 3.2 (coordination number of
CO2−

3 ), and the previous Raman151) and EXAFS153) studies (symmetric stretching frequency
(ν1) and bond distances, respectively). Therefore, the IR spectroscopy for the redox couples
of [UVO2(saloph)DMSO]−/UVIO2(saloph)DMSO and [UVO2(dbm)2DMSO]−/UVIO2(dbm)2-
DMSO in DMSO solutions using the spectroelectrochemical method have been performed
to examine the vibrational and structural properties of the present uranyl(V/VI) complexes.
The results are discussed with the previous theoretical and experimental data of actinyl(V/VI)
couples, not only uranyl(V/VI) ones.

89
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5.1 Experimental Details

IR Spectroelectrochemical Measurements. The spectroelectrochemical technique was
combined with IR spectroscopy. An IR spectroelectrochemical thin layer electrode cell
(IRTLE cell) was produced as shown in Figure 5.1. The IR spectra were measured after
achievement of equilibrium at each applied potential on the working electrode in the IRTLE
cell, which requires 2 min. To improve a ratio of signal-to-noise in this technique, each
IR spectrum was accumulated 500 times. Other conditions were same as those of the CV
measurements,e.g.Section 4.1.

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

(h)
(e)

(j)

(i)
(i)

(f)

(g)
(k)

Red Ox Red Ox

(a)

(e)

Figure 5.1. Schematic view of IRTLE cell. (a) Pt working electrod, (b) Ag/AgCl reference electrode with a
liquid junction filled by 0.1 M TBAP/DMSO, (c) Pt counter electrode, (d) argon gas inlet, (e) NaCl window,
(f) PTFE rubber packing, (g) glass cell, (h) PTFE frames, (i) PTFE screws, (j) He-Ne laser from SHIMADZU
FTIR-8400S, and (k) sample solution.
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5.2 Results

5.2.1 [UVO2(saloph)DMSO]−/UVIO2(saloph)DMSO
in Dimethyl Sulfoxide

To confirm that the IR spectroelectrochemical thin layer electrode (IRTLE) cell functions
properly, the IR spectrum of UVIO2(saloph)DMSO (8.0×10−3 M) in DMSO containing TBAP
(0.10 M) was measured by using the standard liquid (SL) and IRTLE cells. The results are
shown in Figure 5.2. These FTIR spectra by using SL and IRTLE cells required 40 and 500
times accumulation to obtain them with acceptable signal-to-noise (S/N) ratio, respectively.
In the IR spectrum measured with the SL cell (black line, Figure 5.2), the characteristic
peaks for azomethine stretching (νC=N) and asymmetric stretching of uranyl moiety (ν3) of
UVIO2(saloph)DMSO are observed at 1605 and 895 cm−1, respectively, being consistent with
those of the solid state of UVIO2(saloph)DMSO in KBr (Section 2.3). These peaks are also
obseved in the IR spectrum measured with the IRTLE cell (red line, Figure 5.2). Therefore,
it was confirmed that the IRTLE cell functions as well as the SL cell. Since the S/N ratio of
the IR spectra with the IRTLE cell is somewhat poor, theν3 peak of UVIO2(saloph)DMSO at
895 cm−1 is split by noise.

In order to examine the vibrational changes with the reduction of UVIO2(saloph)DMSO
to [UVO2(saloph)DMSO]−, the IR spectra at various potentials were measured. The applied
potential was changed stepwise from 0 to−1.73 V vs. Fc/Fc+. The results are shown in
Figure 5.3, where two regions of the IR spectra due to saloph (1700–1420 cm−1) and uranyl
(950–700 cm−1) moieties are displayed in parts (a) and (b), separately. The clear isosbestic
points are observed at 1577 and 1531 cm−1 in Figure 5.3(a), indicating that only the redox
equilibrium of [UVO2(saloph)DMSO]−/UVIO2(saloph)DMSO (Eq. 4.16) exists in this sys-
tem. From the Nernstian equation (Eq. 3.1) and the potential data in Section 4.2, the IR spec-
trum measured at−1.73 V vs.Fc/Fc+ was assigned to that of pure [UVO2(saloph)DMSO]−.
The reproducibility of the IR spectrum in the reverse reaction ([UVO2(saloph)DMSO]− →
UVIO2(saloph)DMSO+ e−) was confirmed by application of the potential at−1.33 V vs.
Fc/Fc+, which is sufficient to oxidize [UVO2(saloph)DMSO]− to UVIO2(saloph)DMSO com-
pletely. This is the first observation of the IR spectrum of pure uranyl(V) complex.
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Figure 5.2. IR spectra of UVI O2(saloph)DMSO (8.0× 10−3 M) in DMSO containing TBAP (0.10 M) measured
with SL (black) and IRTLE (red) cells.
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Figure 5.3. IR spectra of [UVO2(saloph)DMSO]−/UVI O2(saloph)DMSO (8.0× 10−3 M) in DMSO containing
TBAP (0.10 M) at various applied potentials. Wavenumber range: (a) 1700–1420 cm−1, (b) 950–700 cm−1.
Peak at 895 cm−1 is split by noise.

In Figure 5.3(a), the IR peaks due to the coordinated saloph showed slight changes with
the isosbestic points at 1577 and 1531 cm−1. However, any significant changes in the IR
spectra of the coordinated saloph were not observed in spite of the reduction from UVIO2-
(saloph)DMSO to [UVO2(saloph)DMSO]−. This result indicates that the structure of the
coordinated saloph in [UVO2(saloph)DMSO]− is similar to that in UVIO2(saloph)DMSO.

In Figure 5.3(b), with the reduction from UVIO2(saloph)DMSO to [UVO2(saloph)DMSO]−,
the ν3 peak of UVIO2(saloph)DMSO at 895 cm−1 disappeared and a new peak appeared at
770 cm−1. Since the electron density on U5+ is larger than that on U6+, the electrostatic at-
traction between Un+ (n = 5, 6) and O2− in UVO+2 should be smaller than that in UVIO2+

2 .
Thus, it is considered that the U=O bond strength in UVO+2 is weaker than that in UVIO2+

2 .
This leads to the shift of theν3 peak to lower energy region with the reduction from UVIO2+

2
to UVO+2 . Hence, the peak at 770 cm−1 in the IR spectrum of [UVO2(saloph)DMSO]− can
be assigned to theν3 peak of this uranyl(V) complex. The difference (∆ν3) between theν3

peaks of [UVO2(saloph)DMSO]− and UVIO2(saloph)DMSO is 125 cm−1.

5.2.2 [UVO2(dbm)2DMSO]−/UVIO2(dbm)2DMSO
in Dimethyl Sulfoxide

The IR spectroelectrochemical measurements for the redox couple of [UVO2(dbm)2-
DMSO]−/ UVIO2(dbm)2DMSO were performed to obtain the data concerning the vibrational
properties of [UVO2(dbm)2DMSO]− by using the same technique. The potential applied on
the IRTLE was changed from 0 to−1.56 V vs.Fc/Fc+. The resulting spectra are shown in
Figure 5.4. The peak heights are not reflecting the concentrations of [UVO2(dbm)2DMSO]−

and UVIO2(dbm)2DMSO directly, because the normalization of the spectral intensities has
not been performed. Since the fraction of [UVO2(dbm)2DMSO]− at −1.56 V vs. Fc/Fc+

was evaluated as 99.9% from Eq. 3.1 andE◦′ value of [UVO2(dbm)2DMSO]−/UVIO2(dbm)2-
DMSO (−1.366 V vs.Fc/Fc+), the IR spectrum measured at the most negative potential in
Figure 5.4 is attributable to that of pure [UVO2(dbm)2DMSO]−.

In Figure 5.4(a), the IR peaks due to the coordinated dbm show small shifts in the re-
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gion from 0 to 12 cm−1 with the reduction of UVIO2(dbm)2DMSO to [UVO2(dbm)2DMSO]−,
indicating that the structural changes of the coordinated dbm itself are small. This is the
same phenomenon as that observed in the [UVO2(saloph)DMSO]−/UVIO2(saloph)DMSO re-
dox system.

In Figure 5.4(b), the disappearance of theν3 peak of UVIO2(dbm)2DMSO at 906 cm−1

and the appearance of a new peak at 775 cm−1 were observed with the reduction from
UVIO2(dbm)2DMSO to [UVO2(dbm)2DMSO]−. From the same consideration as the case of
[UVO2(saloph)DMSO]−, the new peak at 775 cm−1 can be assigned to theν3 peak of [UVO2-
(dbm)2DMSO]−. The∆ν3 value between [UVO2(dbm)2DMSO]− and UVIO2(dbm)2DMSO
is 131 cm−1, which is the quite similar value to that of the [UVO2(saloph)DMSO]−/UVIO2-
(saloph)DMSO system. This red shift of theν3 peak also means the weakening of the U=O
bond strength with the reduction from UVIO2(dbm)2DMSO to [UVO2(dbm)2DMSO]−.
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Figure 5.4. IR spectra of [UVO2(dbm)2DMSO]−/UVI O2(dbm)2DMSO(6.0 × 10−3 M) in DMSO containing
TBAP (0.10 M) at various applied potentials. Wavenumber range: (a) 1650–1420 cm−1, (b) 950–730 cm−1.
Peaks at 1538 and 1522 cm−1 are split by noise.
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5.3 Discussion

Because of no significant spectral changes in Figures 5.3(a) and 5.4(a), it was found that
the structures of the ligands themselves (saloph and dbm) coordinated in the equatorial plane
of the uranyl moieties are not largely influenced by the changes in the oxidation states of
the center uranium. On the other hand, in Figures 5.3(b) and 5.4(b), it was clarified that
theν3 peaks due to the axial uranyl moiety show the remarkable red shifts about 130 cm−1

with the reduction from UVIO2+
2 to UVO+2 . The similar phenomenon was also confirmed in

the system of [UVO2(CO3)3]5−/[UVIO2(CO3)3]4−. Madic et al. studied the Raman spectra
of this aqueous system, and reported the red shift of the symmetric stretching (ν1) peak of
the uranyl moiety with the reduction from [UVIO2(CO3)3]4− (812 cm−1) to [UVO2(CO3)3]5−

(759 cm−1).151) Therefore, it is concluded that the weakening of the U=O bond strength
with the reduction from UVIO2+

2 to UVO+2 is the common property of the uranyl(V/VI) redox
systems.

According to Jones,8) the force constant of the U=O bond in the uranyl moiety (FUO) can
be related to its bond distance (RUO) by Badger’s rule9) as follows.

RUO = β · F
− 1

3
UO + dUO (5.1)

whereβ and dUO are constants defined by Badger.9) In the definition,8) the value ofβ is
about 1.08 for all pairs of elements if one element has atomic number greater than 18,i.e.,
92U. The FUO values of the U=O bonds of [UVO2(saloph)DMSO]−, UVIO2(saloph)DMSO,
[UVO2(dbm)2DMSO]−, and UVIO2(dbm)2DMSO were roughly estimated as 5.31, 7.17, 5.31,
7.25 mdyne·Å−1, respectively, by Eq. 5.2.

ν3 = (2πc)−1

√
FUO(mU +mO)

(mUmO)
(5.2)

wherec, mU, andmO are light velocity (3.00× 1010 cm·s−1), mass of U (238/NA; NA: Avo-
gadro number, 6.02×1023) and, mass of O (16/NA). ThedUO values for UVIO2(saloph)DMSO
and UVIO2(dbm)2DMSO were calculated as 1.22 and 1.23 Å, respectively, by using Eq. 5.1
together with the averageRUO values in these uranyl(VI) complexes (1.783 Å and 1.784 Å,
respectively) from the single crystal X-ray analyses (see Sections 2.3 and 2.4) and their
FUOvalues. As a result of Eq. 5.1 withFUO of the uranyl(V) complexes anddUO of the cor-
responding uranyl(VI) ones, bothRUO values of [UVO2(saloph)DMSO]− and [UVO2(dbm)2-
DMSO]− were estimated as 1.84 Å. The difference betweenRUO (∆RUO) of the uranyl(V) and
uranyl(VI) complexes were 0.06 Å for both [UVO2(saloph)DMSO]−/UVIO2(saloph)DMSO
and [UVO2(dbm)2DMSO]−/UVIO2(dbm)2DMSO systems.

The results obtained for the present uranyl(V/VI) complexes can be compared with the
experimental and theoretical data concerning the stretching frequencies in the actinyl(V/VI)
moieties and U=O bond distances in other systems, which are summarized in Table 5.1. In
this table, the values of∆ν3 for [UVO2(saloph)DMSO]−/ UVIO2(saloph)DMSO and [UVO2-
(dbm)2DMSO]−/UVIO2(dbm)2DMSO are comparable with the experimental results for NpVO+2 /
NpVIO2+

2 (145± 5 cm−1) and AmVO+2 / AmVIO2+
2 (107± 3 cm−1) by Jones and Penneman155)

and the theoretical prediction for UVO2(H2O)+5 /U
VIO2(H2O)2+5 (92 cm−1) by Hay et al.108)

Such a consistency of∆ν3 indicates the validity of the assignments for the peaks at 770 cm−1

in Figure 5.3(b) and 775 cm−1 in Figure 5.4(b) to theν3 ones of [UVO2(saloph)DMSO]− and
[UVO2(dbm)2DMSO]−, respectively.
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In the theoretical calculations, theRUO values of the uranyl(V) species were simulated as
1.810 Å for in UVO2(H2O)+5 by Hayet al.108) and 1.929 Å for [UVO2(CO3)3]5− by Gagliardi
et al.,110) which are 0.054 and 0.083 Å longer than those in the corresponding uranyl(VI)
species, respectively. Furthermore, only two data are available as experimental references
for uranyl(V) species, one is the EXAFS study for [UVO2(CO3)3]5− by Docratet al.153)

(RUO = 1.90± 0.02 Å) and the other is the X-ray crystallographic study for the uranyl(V)
complex with triphenylphosphine oxide (OPPh3), UVO2(OPPh3)4(CF3SO3), by Berthetet
al.194) (RUO = 1.821 Å).1 In the comparison with these data, the values ofRUO of [UVO2-
(saloph)DMSO]− and [UVO2(dbm)2DMSO]− and∆RUO of [UVO2(saloph)DMSO]−/UVIO2-
(saloph)DMSO and [UVO2(dbm)2DMSO]−/ UVIO2(dbm)2DMSO estimated in this study are
concluded to be reasonable.

1According to Berthet and co-workers,194) a few orange-colored crystals of UVO2(OPPh3)4(CF3SO3) were
serendipitously obtained from acetonitrile solution containing UVI O2(CF3SO3)2 and OPPh3 (1:4 molar ratio)
under inert N2 atmosphere. Thus, the acetonitrile solution containing UVO2(OPPh3)+4 could be expected as
the alternative system of the stable uranyl(V) complex. However, no data of UVO2(OPPh3)4(CF3SO3) except
for its molecular structure are reported. In this study, I have attempted the cyclic voltammetric measurement
for UVI O2(OPPh3)2+

4 in acetonitrile. As a result, irreversible cyclic voltammograms of the acetonitrile solution
containing UVI O2(OPPh3)2+

4 were recorded. This means that UVO2(OPPh3)+4 is not stable in this system.



Chapter 6

Electronic Spectra of Uranyl(V)
Complexes

Uranyl(V) has one unpaired electron in its 5f orbital, which is the simplest electronic con-
figuration in the actinyl species. Thus, electronic structure of the uranyl(V) complex is the
most essential issue to explore the coordination chemistry of not only uranyl, but also all
actinyl ions. In spite of many attempts, there are no reports concerning the observation of
the uranyl(V) complexes with identified structure as described in Chapter 1. As the excep-
tion, [UVO2(CO3)3]5− is traditionally known as the stable uranyl(V) complex in solution.
However, even its spectroscopic properties is still uncertain.

In the previous chapters, it was found that two kinds of the uranyl(V) complexes are also
stable in the nonaqueous systems and that they exist as [UVO2(saloph)DMSO]− and [UVO2-
(dbm)2DMSO]−. Here, the electronic spectra of three types of the pure uranyl(V) complexes,
[UVO2(CO3)3]5−, [UVO2(saloph)DMSO]−, and [UVO2(dbm)2DMSO]−, have been measured
and discussed their spectroscopic properties in a comparison each other.

97



98 Chapter 6. Electronic Spectra of Uranyl(V) Complexes

6.1 Experimental Details

Visible-NIR Absorption Spectrum of [UVO2(CO3)3]5− in D2O. The preparation of D2O
solution containing [UVO2(CO3)3]5− was performed according to the procedure described in
Section 3.2.1. The resulting solution of [UVO2(CO3)3]5− was transfered immediately to a
conventional quartz cell (optical path length: 1 cm) filled by argon gas preliminarily, and
sealed with a cap tightly. The visible-NIR absorption spectrum of [UVO2(CO3)3]5− in D2O
was measured by using SHIMADZU UV-3150 spectrophotometer.

Visible-NIR Spectroelectrochemical Measurements. Visible-NIR spectroelectrochemi-
cal measurements were performed for the redox couples of [UVO2(saloph)DMSO]−/UVIO2-
(saloph)DMSO and [UVO2(dbm)2DMSO]−/UVIO2(dbm)2DMSO in a similar manner to those
for the UV-visible spectroelectrochemical ones in Sections 4.2.1 and 4.3.1, respectively. To
keep the potential on the working electrode stably during the measurements of the absorption
spectra, the Ag/AgCl aqueous reference electrode (BAS 002020 RE-1B) with a glass-flit liq-
uid junction filled by 0.3 M TBAP/DMSO was used instead of Ag/Ag+. In the visible-NIR
spectroelectrochemical measurements, the absorption spectra were recorded by SHIMADZU
UV-3150 spectrophotometer. The effective optical path length of the OTTLE cell was spec-
trophotometrically calibrated as 1.89× 10−2 cm.

6.2 Results

6.2.1 [UVO2(CO3)3]5− in D2O

Uranyl(V) carbonate, [UVO2(CO3)3]5−, is traditionally known as a stable uranyl(V) species
in basic aqueous system containing CO2−

3 . Previously, Cohen has reported its characteristic
absorption bands at 765, 990, and 1120 nm in the visible-NIR absorption spectrum.147) How-
ever, there are no informations in the wavelength region longer than 1350 nm, because the
large interferences of the absorption due to H2O as solvent. To solve this problem, the use
of D2O as solvent instead of H2O is effective. In Section 3.2, the D2O solution containing
[UVO2(CO3)3]5− and Na2CO3 has already been obtained by the bulk electrolysis of [UVIO2-
(CO3)3]4−. Therefore, by using the same technique, [UVO2(CO3)3]5− (5.5×10−2 M) was also
prepared in D2O containing Na2CO3 (1 M) here. The electronic spectrum of the resulting
solution was measured in the range from 260 to 1870 nm with a conventional quartz cell
(optical path length: 1 cm). The result is drawn with a solid line in Figure 6.1. To confirm
the completeness of the electrolysis from [UVIO2(CO3)3]4− to [UVO2(CO3)3]5−, the spectrum
of the initial solution of [UVIO2(CO3)3]4− is also depicted by a dotted line in Figure 6.1.
In the resulting spectrum for the D2O solution containing [UVO2(CO3)3]5− (5.5 × 10−2 M)
and Na2CO3 (1.0 M), the spectrum of HDO was also involved. The HDO was given by
the contamination of atmospheric H2O into the D2O solution during the bulk electrolysis
from [UVIO2(CO3)3]4− to [UVO2(CO3)3]5−. Therefore, the spectrum of HDO was subtracted
from the observed spectrum. The broken arrows in Figure 6.1 indicate the residuals of the
absorption due to HDO.

In the UV-visible region, the disappearance of the LMCT absorption bands of [UVIO2-
(CO3)3]4− at ca. 450 nm with its reduction to [UVO2(CO3)3]5−, which was observed in Fig-
ure 3.2, was reproduced,i.e., such absorption bands on the dotted line ([UVIO2(CO3)3]4−)
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Figure 6.1. Electronic spectra of [UVO2(CO3)3]5− (5.5×10−2 M, solid line) and [UVI O2(CO3)3]4− (5.5×10−2 M,
dotted line) in D2O containing Na2CO3 (1.0 M). Broken arrows indicate residuals after subtraction of the
spectrum due to HDO from the resulting spectrum (Details are in text). Optical path length: 1 cm.

are not observed on the solid line ([UVO2(CO3)3]5−). This means that [UVIO2(CO3)3]4− in
the starting solution was completely reduced to [UVO2(CO3)3]5−. For the sample solution of
[UVO2(CO3)3]5− in the tightly sealed quartz cell, any spectral changes from the solid line in
Figure 6.1 were not observed over the course of several months.

In the visible-NIR region, the characteristic absorption bands of [UVO2(CO3)3]5− were
observed at around 760, 990, 1140, 1600, and 1800 nm. The absorption bands at 760, 990,
and 1140 nm are consistent with the results of Cohen.147) On the other hand, the absorption
peaks at 1600 and 1800 nm, which are in the strong absorption region of H2O, are the first
observation for [UVO2(CO3)3]5−. The molar absorptivities (ε) of these absorption bands are
in the range from 0.2 to 3.6 M−1·cm−1.
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6.2.2 [UVO2(saloph)DMSO]− in Dimethyl Sulfoxide

In Section 4.2, [UVO2(saloph)DMSO]− can exist stably in DMSO solution. To ob-
tain details concerning the spectroscopic properties of [UVO2(saloph)DMSO]− in visible-
NIR region, the visible-NIR absorption spectra for the redox couple of [UVO2(saloph)-
DMSO]−/UVIO2(saloph)DMSO in DMSO were measured at various applied potentials by
using the same method as the UV-visible spectroelectrochemical technique. In this mea-
surement, the effective optical path length was spectrophotometrically evaluated as 1.89×
10−2 cm. The resulting spectra for the [UVO2(saloph)DMSO]−/UVIO2(saloph)DMSO (to-
tal concentration: 5.28× 10−3 M) redox couple in DMSO containing TBAP (0.30 M) are
shown in Figure 6.2. The applied potential on the OTTLE was varied stepwise from 0 to
−1.814 V vs.Fc/Fc+. The absorption bands were observed at around 650, 750, 900, 1400,
and 1875 nm with a decrease in the potential, and then the spectral changes converged at
−1.814 V vs.Fc/Fc+, which is consistent with the result observed in Figure 4.7. Therefore,
it is concluded that the spectrum at−1.814 V vs. Fc/Fc+ is attributed to that of [UVO2-
(saloph)DMSO]− in DMSO and that the absorption bands in Figure 6.2 are intrinsic ones of
[UVO2(saloph)DMSO]−. Theε values of these absorption bands are in the range from 100
to 300 M−1·cm−1.

6.2.3 [UVO2(dbm)2DMSO]− in Dimethyl Sulfoxide

As the alternative system of the stable uranyl(V) complex in nonaqueous solvent, [UVO2-
(dbm)2DMSO]− in DMSO was found in Section 4.3. To examine whether the characteristic
absorption bands of [UVO2(saloph)DMSO]− in the visible-NIR region are a common prop-
erty of the uranyl(V) complexes, the visible-NIR absorption spectra for the redox couple
of [UVO2(dbm)2DMSO]−/UVIO2(dbm)2DMSO (4.11× 10−3 M) in DMSO containing TBAP
(0.30 M) were also measured at various applied potentials from 0 to−1.664 V vs.Fc/Fc+.
The resulting spectra are shown in Figure 6.3. The absorbancies at around 640, 740, 860,
1470, and 1890 nm increased with the reduction of UVIO2(dbm)2DMSO to [UVO2(dbm)2-
DMSO]−, and such spectral changes converged at−1.564 V vs.Fc/Fc+. The potential value
of the convergence is consistent with the result in Figure 4.11, Section 4.3. Thus, the ab-
sorption spectrum measured at−1.564 Vvs.Fc/Fc+ is assigned to [UVO2(dbm)2DMSO]−. It
is clear that the absorption bands in Figure 6.3 are the characteristic ones of [UVO2(dbm)2-
DMSO]−. Theε values of these absorption bands are in the range from 150 to 900 M−1·cm−1.
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Figure 6.2. Visible-NIR absorption spectra measured at the applied potentials in the range from 0 to−1.814 V
vs.Fc/Fc+ for [UVO2(saloph)DMSO]−/UVI O2(saloph)DMSO (5.28× 10−3 M) in DMSO solution containing
TBAP (0.30 M). Noises are due to detectors (photomultiplier and PbS detector) in the spectrophtometer and/or
absorption of DMSO in the OTTLE cell. Optical path length: 1.89× 10−2 cm.
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Figure 6.3. Visible-NIR absorption spectra measured at the applied potentials in the range from 0 to−1.664 V
vs. Fc/Fc+ for [UVO2(dbm)2DMSO]−/UVI O2(dbm)2DMSO (4.11 × 10−3 M) in DMSO solution containing
TBAP (0.30 M). Noises are due to detectors (photomultiplier and PbS detector) in the spectrophtometer and/or
absorption of DMSO in the OTTLE cell. Optical path length: 1.89× 10−2 cm.
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6.3 Discussion

In a comparison between Figures 6.1, 6.2, and 6.3, the electronic spectra of [UVO2-
(CO3)3]5−, [UVO2(saloph)DMSO]−, and [UVO2(dbm)2DMSO]− resemble each other despite
the difference in the ligands coordinated to the equatorial plane of the uranyl(V) moiety, es-
pecially the middle and latter are quite similar. Such a similarity implies that the spectral
changes in Figures 6.1, 6.2, and 6.3 do not correspond to the reduction of the ligands (CO2−

3 ,
saloph, dbm, and DMSO) but do the uranyl core (UVIO2+

2 + e− → UVO+2 ) and strongly sug-
gests that the characteristic absorption bands of these uranyl(V) complexes in the visible-NIR
region are primarily due to the electronic transtions in the UVO+2 core.

To examine the spectral features of the uranyl(V) complexes in the visible-NIR region
from the viewpoint of energy, the electronic spectra of [UVO2(CO3)3]5−, [UVO2(saloph)-
DMSO]−, and [UVO2(dbm)2DMSO]− were replotted in wavenumbers (cm−1), as shown in
parts (a)–(c) of Figure 6.4, respectively. The peak positions of the characteristic absorp-
tion bands of these uranyl(V) complexes are listed in Table 6.1 in cm−1 (the corresponding
wavelength are in parentheses).

Interestingly, theε values of the characteristic absorption bands of [UVO2(CO3)3]5− are
in the range from 0.2 to 3.6 M−1·cm−1, while those of [UVO2(saloph)DMSO]− and [UVO2-
(dbm)2DMSO]− are from 102 close to 103 M−1·cm−1. The smallε values of [UVO2(CO3)3]5−

indicate that the characteristic absorption bands of the uranyl(V) complexes in visible-NIR
region are due to the essentially forbidden electronic transitions in the UVO+2 core. As can
be seen from Figure 6.4 and the molecular structures of these uranyl(V) complexes (see
Chapter 5), it is likely that the differences in theε values and the spectral shapes of these
uranyl(V) complexes depend on the arrangement of the atoms directly bonded to the center
uranium.

It is well accepted that the most important electronic transition scheme is the electric-
dipole one. Other transition schemes such as magnetic-dipole, electric-quadrupole and so on

Table 6.1. Transition energy values of f–f transitions in actinyl species with 5f1 configuration
UVO+2 complexes Transition energy/ cm−1 (nm) Reference

[UVO2(CO3)3]5− − 5560 6250 8770 10100 13200 This work

(1800) (1600) (1140) (990) (760)

[UVO2(saloph)DMSO]− − 5330 7140 11100 13300 15400 This work

(1875) (1400) (900) (750) (650)

[UVO2(dbm)2DMSO]− − 5290 6800 11600 13500 15600 This work

(1890) (1470) (860) (740) (640)

NpVI O2+
2 species Transition energy/ cm−1 (Term symbol inD∞h)

NpVI O2+
2 (aq) ca.2000 6752 8168 18180 21100 ca. 24000 [89]

(2Φ 5
2 u)a (2∆ 3

2 u) (2Φ 7
2 u) (2∆ 5

2 u) (2Π 1
2 u) (2Π 3

2 u) (2Σ+u )

[NpVI O2Cl4]2− ca.1000 6880.4 7990 17241.4 20080.8 − [101]

(2∆ 3
2 u +

2Φ 5
2 u)a (2∆ 3

2 u +
2Φ 5

2 u) (2∆ 5
2 u) (2Φ 7

2 u) (2Π 1
2 u) (2Π 3

2 u)

[NpVI O2(NO3)3]− − 6459.0 9420.2 17843.6 20816.3 − [101]

(2Φ 5
2 u)a (2∆ 5

2 u) (2Φ 7
2 u) (2Π 1

2 u) (2Π 3
2 u)

bare NpVI O2+
2 447 5515 6565 25844 28909 − [107]

(2Φ 5
2 u +

2∆ 5
2 u)a (2∆ 3
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Figure 6.4. Electronic spectra of uranyl(V) complexes in visible-NIR region: (a) [UVO2(CO3)3]5−(5.5×10−2 M)
in D2O containing Na2CO3 (1.0 M); (b) [UVO2(saloph)DMSO]− (5.28× 10−3 M) in DMSO containing TBAP
(0.30 M); (c) [UVO2(dbm)2DMSO]− (4.11×10−3 M) in DMSO containing TBAP (0.30 M). Noises in parts (b)
and (c) are due to detectors (photomultiplier and PbS detector) in the spectrophotometer and/or absorption of
DMSO in the OTTLE cell. Optical path length: 1 cm for part (a) and 1.89× 10−2 cm for parts (b) and (c).
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can also be considered. However, it is generally known that the magnitudes of these transi-
tion schemes are much smaller than the electric-dipole one. Hence, the discussion performed
here was limited mainly in the electric-dipole transition. A bare UVO+2 ion has a linear ge-
ometry,i.e., O=U=O (D∞h). Thus, there is an inversion center in the UVO+2 ion. In this case,
electronic transitions between energy states with the same parities (g → g, u → u) in the
UVO+2 ion are forbidden.195) This selection rule is so-called “Laporte forbidden”. Even for
the uranyl(V) complexes with equatorial ligands, such a selection rule holds in a centrosym-
metric system. Assuming that a coordination environment experienced by the center uranium
is approximated by the arrangement of the atoms bonded to the center uranium directly, that
in [UVO2(CO3)3]5− can be regarded as being in a pseudocentrosymmetric hexagonal bipyra-
midal field (D6h), while those in [UVO2(saloph)DMSO]− and [UVO2(dbm)2DMSO]− are in
noncentrosymmetric pentagonal bipyramidal ones (D5h). Thus, it is predicted that the es-

O

U

O

D
6h

 

[UVO
2
(CO

3
)

3
]5-  

O

U

O

D
5h

 

[UVO
2
(saloph)DMSO]-  

[UVO
2
(dbm)

2
DMSO]-  

sentially forbidden electronic transitions in the UVO+2 core of [UVO2(saloph)DMSO]− and
[UVO2(dbm)2DMSO]− are partially allowed by the disappearance of the inversion center
and that the absorption bands due to such transitions in [UVO2(saloph)DMSO]− and [UVO2-
(dbm)2DMSO]− are observed more strongly than those of [UVO2(CO3)3]5−. This interpreta-
tion well explains the differences in theε values in Figure 6.4. A similar effect of the lack of
centrosymmetricity on the intensities of electronic transitions between states with same pari-
ties is also predicted by the theoretical calculations for neptunyl(V) (NpVO+2 , 5f2) complexes
with chloride ligands.109)

For the transition scheme between the electronic states with same parities in the UVO+2
core, there are two candidates; one is the charge transfer from the axial oxygen to the center
uranium (LMCT,e.g., σ2

u(δu orφu) → σu(δu and/or σuφu)2), and another is a f–f transition
(u → u, u: ungerade) in the 5f1 electronic configuration of U5+. Normally, the uranyl(VI)
species (5f0) show the LMCT absorption bands at around 22000 cm−1 (e.g., the dotted line in
Figure 6.1 for [UVIO2(CO3)3]4−). With the reduction to [UVO2(CO3)3]5−, the disappearance
of such LMCT bands of [UVIO2(CO3)3]4− was observed (Section 2.1). Because of the lower
positive charge on U5+ than U6+, it is expected that the LMCT transition in the UVO+2 core
requires a higher energy (> 22000 cm−1) than that in UVIO2+

2 ; i.e., a blue shift of the LMCT
bands should be observed with the reduction from uranyl(VI) to uranyl(V). Unfortunately, the
LMCT bands of [UVO2(CO3)3]5− could not be detected in Figure 6.1. However, such a blue
shift with the reduction from uranyl(VI) species to uranyl(V) one has been observed in the
CsCl–NaCl melt by Khokhryakov (uranyl(VI): 25000, 31250, and 33300 cm−1→ uranyl(V):
27770, 31764, and 33300 cm−1).145) Furthermore, according to the quantum chemical calcu-
lations for analogous actinyl(V/VI) couple, bare NpVO+2 /NpVIO2+

2 , by Matsika and Pitzer,107)

it was predicted that the LMCT bands in NpVO+2 appear at a much higher energy region (the
lowest transition: 23079 cm−1) than those in NpVIO2+

2 (the lowest one: 12622 cm−1). Con-
sequently, the characteristic absorption bands of [UVO2(CO3)3]5−, [UVO2(saloph)DMSO]−,
and [UVO2(dbm)2DMSO]− in visible-NIR region can be assigned to the f–f transitions in the
UVO+2 core.

It is likely that the electronic spectra in Figure 6.4 is classified into two regions by the
widths of the absorption bands;Region I: two narrower absorption peaks in the lower energy
side (4800–7600 cm−1), andRegion II: the others with the larger widths (7600–17200 cm−1).
According to the previous papers,3, 4, 84, 89, 108)it is well-understood for bare actinyl ions that
the 5fσu and 5fπu orbitals are involved in the axial An=O bonds and hence have antibonding
characters. On the other hand, the 5fδu and 5fφu orbitals in the bare actinyl ion are nonbond-
ing ones, which can interact with ligands in the equatorial plane. Thus, the typical energy
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order of the 5f orbitals in the actinyl ion is,

5fδu ≈ 5fφu < 5fπu� 5fσu

Such a relationship should be kept even in the actinyl complexes with ligands in the equato-
rial plane, because of the generally accepted perturbation order,Vax � e2/r i j ≥ HSO > Veq

(Eq. 1.17, Chapter 1). Considering the less participation of the 5fδu and 5fφu orbitals in the
axial U=O bonding, the narrower absorption peaks inRegion Iare understandable as the
electronic transitions from the 5f(δu or φu) orbital to other 5fδu and/or 5fφu ones. The ab-
sorption bands inRegion IImight be attributed to the transitions to the 5fπu and 5fσu orbitals,
because the larger participation of these 5f orbitals in the axial U=O bonding should cause
broadening of the spectra by a vibronic coupling. According to the usual energy order of
the 5f orbitals, the lower two absorption bands inRegion IIare attributable to the electronic
transitions to the 5fπu orbitals and the highest one should be that to the 5fσu.

Since neptunyl(VI) species (NpVIO2+
2 ) are isoelectronic with the uranyl(V) ones, 5f1, it

is interesting to compare the electronic spectra of the uranyl(V) complexes observed in this
study with those of the neptunyl(VI) species. Actually, the neptunyl(VI) species in the acidic
aqueous solutions has been reported to have the absorption bands due to f–f transition as
shown in Figure 1.9, Chapter 1.87, 89, 156–159)The well-established work for the polarized ab-
sorption spectra of the neptunyl(VI) complexes was reported by Denninget al.101) According
to them, [NpVIO2Cl4]2− and [NpVIO2(NO3)3]− complexes also have the absorption bands due
to the f–f transitions in the visible-NIR region. Furthermore, such experimental data have
been compared with the recent quantum chemical calculations for NpVIO2+

2 (bare ion) by
Matsika and Pitzer.107)

To compare the electronic spectra of the uranyl(V) complexes with those of the nep-
tunyl(VI) species, the energy values of the f–f transitions in the neptunyl(VI) species89, 101, 107)

are also collected in Table 6.1. In this comparison, the absorption band of each uranyl(V)
complex in the range of 5290–5560 cm−1 should correspond to the second excited state in the
f–f transitions. According to the reported data of the neptunyl(VI) species, the first excited
state in the f–f transitions places in the range from 447 to 2000 cm−1,89, 101, 107)which is out of
detection for the electronic spectra of the uranyl(V) complexes in this study. The transition
energy values of the uranyl(V) complexes inRegion Iare very similar to those of the nep-
tunyl(VI) species. Considering that the participation of the 5fδu and 5fφu orbitals in the axial
Np=O bonding is also small, this similarity of the energy values supports our assignment
that the absorption peaks of the uranyl(V) complexes inRegion Iare due to the electronic
transitions to the 5fδu and 5fφu orbitals. On the other hand, the transition energy values of the
uranyl(V) complexes inRegion II(corresponding to the transitions to 5fπu) are much lower
than those of the neptunyl(VI) species. Such a difference of the transition energy to the 5fπu

orbitals exhibits that the anti-bonding characters of the 5fπu orbitals in the uranyl(V) com-
plexes are lower than those in the neptunyl(VI) ones,i.e., the U=O bond strength is weaker
than Np=O one. This is consistent with the data of theν3 peak and the force constant of
An=O bond (An: U, Np) as shown in Table 5.1 in Chapter 5 (ν3 = 770 and 775 cm−1, FUO =

5.31 mdyne·Å−1 for the uranyl(V);ν3 = 969±1 cm−1, FNpO = 7.81±0.02 mdyne·Å−1 for the
neptunyl(VI)155)). Although the electronic transition to the 5fσu orbital in the neptunyl(VI)
species has not been observed experimentally, McGlynnet al.89) and Denninget al.101) esti-
mated it at 24000 or 45000∼120000 cm−1 (2Σ1/2u), respectively. These are not comparable
with the absorption bands at around 15600 cm−1 ([UVO2(saloph)DMSO]−, [UVO2(dbm)2-
DMSO]−) and 13200 cm−1 ([UVO2(CO3)3]5−) in Figure 6.4. Thus, uncertainty remains in
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the assignment for the absorption band at the highest energy in the electronic spectrum of
each uranyl(V) complex. However, if it is true that the absorption bands of these uranyl(V)
complexes at 13200 ([UVO2(CO3)3]5−), 15400 ([UVO2(saloph)DMSO]−), and 15600 cm−1

([UVO2(dbm)2DMSO]−) are due to the transition to the 5fσu orbital, the unusual instability
of most uranyl(V) species can be explained, because such a low anti-bonding character of
the 5fσu orbital in each uranyl(V) complex means the unusually weak U=O bond strength.

To perform more detailed discussion for the electronic structure of the present uranyl(V)
complexes, the splitting schemes of the 5f and related orbitals of the center uranium were
examined by using the group theory. For theD6h symmetric ligand filed, which is corre-
sponding to [UVO2(CO3)3]5−, the splitting scheme of the 5f orbitals and the hybridization of
5f, 6d and 7s orbitals were simulated by using a character table ofD6h point group shown
in Table 6.2. Firstly, each 5f orbital must be assigned to the appropriate representation in
D6h, because normally the reported character tables do not contain the assignments for the
f orbitals. The representation corresponding to each f orbital is given simply by multiplica-
tion of the characters in proper representations. For example, the representation of fz3 orbital
(fσu, m = 0) can be obtained asA2u × A2u × A2u (A2u corresponds toz), resultingA2u for fz3.
Using the same procedure, other f orbitals were assigned as follows.

m= ± 1, fxz2, fyz2(πu) : A2u × E1g = E1u (6.1)

m= ± 2, fxyz, fz(x2−y2)(δu) : A2u × E2g = E2u (6.2)

m= ± 3, fx(x2−3y2), fy(3x2−y2)(φu) : E2g × E1u = Γfφu (6.3)

wherem is the magnetic quantum number. The representationΓfφu for φu (m = ±3, Eq. 6.3)
can be reduced by the following usual treatment.196) The characters ofΓfφu for 24 symmetric
operations inD6h are,

D6h E 2C6 2C3 C2 3C′2 3C′′2 i 2S3 2S6 σh 3σd 3σv

Γfφu 4 −1 1 −4 0 0 −4 1 −1 4 0 0
.

Table 6.2. Character table ofD6h
D6h E 2C6 2C3 C2 3C′2 3C′′2 i 2S3 2S6 σh 3σd 3σv

A1g 1 1 1 1 1 1 1 1 1 1 1 1 x2 + y2, z2

A2g 1 1 1 1 −1 −1 1 1 1 1 −1 −1 Rz

B1g 1 −1 1 −1 1 −1 1 −1 1 −1 1 −1 Rz

B2g 1 −1 1 −1 −1 1 1 −1 1 −1 −1 1

E1g 2 1 −1 −2 0 0 2 1 −1 −2 0 0 (Rx, Ry) (xy, yz)

E2g 2 −1 −1 2 0 0 2 −1 −1 2 0 0 (x2 − y2, xy)

A1u 1 1 1 1 1 1 −1 −1 −1 −1 −1 −1

A2u 1 1 1 1 −1 −1 −1 −1 −1 −1 1 1 z z3

B1u 1 −1 1 −1 1 −1 −1 1 −1 1 −1 1

B2u 1 −1 1 −1 −1 1 −1 1 −1 1 1 −1

x(x2 − 3y2)

y(3x2 − y2)
E1u 2 1 −1 −2 0 0 −2 −1 1 2 0 0 (x, y) (xz2, yz2)

E2u 2 −1 −1 2 0 0 −2 1 1 −2 0 0 (xyz, z(x2− y2))
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Therefore, the irreducible representation ofΓfφu is calculated as,

1
24



1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 −1 −1 1 1 1 1 −1 −1
1 −1 1 −1 1 −1 1 −1 1 −1 1 −1
1 −1 1 −1 −1 1 1 −1 1 −1 −1 1
2 1 −1 −2 0 0 2 1 −1 −2 0 0
2 −1 −1 2 0 0 2 −1 −1 2 0 0
1 1 1 1 1 1 −1 −1 −1 −1 −1 −1
1 1 1 1 −1 −1 −1 −1 −1 −1 1 1
1 −1 1 −1 1 −1 −1 1 −1 1 −1 1
1 −1 1 −1 −1 1 −1 1 −1 1 1 −1
2 1 −1 −2 0 0 −2 −1 1 2 0 0
2 −1 −1 2 0 0 −2 1 1 −2 0 0





4
−1× 2
1× 2
−4

0× 3
0× 3
−4

1× 2
−1× 2

4
0× 3
0× 3



=



0
0
0
0
0
0
0
0
1
1
1
0



(6.4)

Thus,
Γfφu = B1u + B2u + E1u(πu) (6.5)

whereE1u representation has already been used for fxz2 and fyz2 (πu) (Eq. 6.1). Hence, the
fx(x2−3y2) and fy(3x2−y2) (φu) orbitals are assigned toB1u + B2u irreducible representation. The
results of the assignments for f orbitals are also listed to the right-hand side of Table 6.2. In
summary, each f orbital in theD6h ligand field is assigned as;

fz3(σu): a2u

fxz2, fyz2(πu): e1u

fxyz, fz(x2−y2)(δu): e2u

fx(x2−3y2), fy(3x2−y2)(φu): b1u + b2u.

Forσ bonding between the ligand atoms and the center uranium, the hybridization of the
5f, 6d, and 7s orbitals in the uranium atom was considered. The characters of the reducible
representation for the hybrid orbitals of theσ bonding (Γσhyb) in D6h is,

O

U

O

z

D6h E 2C6 2C3 C2 3C′2 3C′′2 i 2S3 2S6 σh 3σd 3σv

Γσhyb 8 2 2 2 2 0 0 0 0 6 2 4
.

TheΓσhyb can be separated into the axial (Γσax) and equatorial (Γσeq) components as follows.

O

U

O

z

Γσax

Γσeq

D6h E 2C6 2C3 C2 3C′2 3C′′2 i 2S3 2S6 σh 3σd 3σv

Γσhyb 8 2 2 2 2 0 0 0 0 6 2 4
Γσax 2 2 2 2 0 0 0 0 0 0 2 2
Γσeq 6 0 0 0 2 0 0 0 0 6 0 2

These reducible representations,Γσax andΓσeq, are reduced to the irreducible representations
by the same procedure as Eq. 6.4. Consequently,

Γσax =A1g + A2u (6.6)

Γσeq =A1g + E2g + B1u + E1u (6.7)

where each representation corresponds to 5f, 6d, or 7s orbitals as,
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a1g: s, dz2

a2u: fz3

e2g: (dx2−y2, dxy)
b1u: fx(x2−3y2) or fy(3x2−y2)

e1u: (fxz2, fyz2).

The A1g andA2u representations inΓσax (Eq. 6.6) corresponds to 6dz2 and 5fz3, respectively,
because it is well-known that these orbitals form the axialσ bonding as shown in Figure 1.2.
For Γσeq, it is reasonable to consider the combination of 7s (A1g), (6dx2−y2, 6dxy) (E2g), and
(5fxz2, 5fyz2) (E1u). The inclusion ofB1u in Γσeq means that either 5fx(x2−3y2) or 5fy(3x2−y2)

orbital is participated in the formation of theD6h hybrid orbital to interact with the equatorial
ligand, i.e., one of the 5fφu orbitals becomes anti-bonding character. This is consistent with
the splitting of the doubly degenerated fx(x2−3y2) and fy(3x2−y2) orbitals intob1u andb2u ones in
D6h symmetry described above. Thus, in this symmetry, it can be understood that theb1u

orbital is higher in energy thanb2u one. As a result, the energy order of the 5f orbitals inD6h

is summarized as;

e2u (5fδu) ≈ b2u (5fφu) < b1u (5fφu) < e1u (5fπu) < a2u (5fσu).

Here, it must be noted that the 5fπu and 5fφu orbitals are independent of other 6d and 7s ones
even in the participation of these 5f orbitals into the hybrid orbitals to form theσ bonding
between the center uranium and ligand atoms inD6h symmetry,i.e., any mixing of the 5f
orbitals with others does not occur inD6h symmetric ligand field. Therefore, the remaining
schemes for the intensities of the f–f transitions in [UVO2(CO3)3]5− (Figure 6.4(a)) are the
vibronic coupling between the electronic excited states and vibrational mode(s) with odd
parity and/or magnetic-dipole or other multipole transitions.

In D5h symmetric field for [UVO2(saloph)DMSO]− and [UVO2(dbm)2DMSO]−, the 5f
orbitals have also been attributed to the appropriate representations. Table 6.3 shows the
character table ofD5h point group. According to the treatment similar to Eq. 6.4, the f
orbitals inD5h point group can be assigned as;

fz3(σu): a′′2
fxz2, fyz2(πu): e′1
fxyz, fz(x2−y2)(δu): e′′2
fx(x2−3y2), fy(3x2−y2)(φu): e′2.

These assignments for the f orbitals are also listed at the right-hand side of Table 6.3.

Table 6.3. Character table ofD5h

D5h E 2C5 2C2
5 5C2 σh 2S5 2S3

5 5σv

A′1 1 1 1 1 1 1 1 1 x2 + y2, z2

A′2 1 1 1 −1 1 1 1 −1 Rz

E′1 2 2 cos 2/5π 2 cos 4/5π 0 2 2 cos 2/5π 2 cos 4/5π 0 (x, y) (xz2, yz2)

E′2 2 2 cos 4/5π 2 cos 2/5π 0 2 2 cos 4/5π 2 cos 2/5π 0 (x2 − y2, xy)

x(x2 − 3y2)

y(3x2 − y2)
A′′1 1 1 1 1 −1 −1 −1 −1

A′′2 1 1 1 −1 −1 −1 −1 1 z z3

E′′1 2 2 cos 2/5π 2 cos 4/5π 0 −2 −2 cos 2/5π −2 cos 4/5π 0 (Rx, Ry) (xz, yz)

E′′2 2 2 cos 4/5π 2 cos 2/5π 0 −2 −2 cos 4/5π −2 cos 2/5π 0 (xyz, z(x2−y2))
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The hybridization of 5f, 6d, and 7s orbitals in the center metal to form theσ bonds with
ligand atoms inD5h symmetry was examined. The characters ofΓσhyb (= Γσax+Γσeq) for the
symmetric operations in this system are,

O

U

O

z

Γσax

Γσeq

D5h E 2C5 2C2
5 5C2 σh 2S5 2S3

5 5σv

Γσhyb 7 2 2 1 5 0 0 3
Γσax 2 2 2 0 0 0 0 2
Γσeq 5 0 0 1 5 0 0 1

As a result, the irreducible representations ofΓσax andΓσeq are obtained as,

Γσax =A′1 + A′′2 (6.8)

Γσeq =A′1 + E′1 + E′2. (6.9)

From Table 6.3, these representations correspond to the 5f, 6d, or 7s orbitals as follows.

a′1: s, dz2

a′′2 : fz3

e′1: (fxz2, fyz2)
e′2: (dx2−y2, dxy), (fx(x2−3y2), fy(3x2−y2))

The same assignment with theD6h system can also be performed here, that is, theA′1 andA′′2
representations inΓσax are attributable to the 6dz2 and 5fz3 orbitals, respectively. InΓσeq, it
is immediately found that theA′1 andE′1 representations correspond to 7s and (5fxz2, 5fyz2),
respectively. ToE′2 in Γσeq, both sets of (6dx2−y2, 6dxy) and (5fx(x2−3y2), 5fy(3x2−y2)) can be
assigned. This result indicates a probability that the mixing of these 6dδg and 5fφu orbitals
occurs in the center uranium immersed into theD5h ligand field. Such a phenomenon has
not been observed in theD6h symmetry, in other words, the 6dδg–5fφu mixing is intrinsic in
the D5h system. Furthermore, the participation of 5fφu (fx(x2−3y2), fy(3x2−y2)) orbitals in theσ
bonding implies that these 5f orbitals are made to have anti-bonding character by theD5h

ligand field. Hence, the energy order of the 5f orbitals inD5h is,

e′′2 (5fδu) < e′2 (5fφu) < e′1 (5fπu) < a′′2 (5fσu).

Finding the possibility of the d–f mixing, the f–f transition inD5h symmetric ligand field
is no longer pure transition between 5f orbitals, may have characters of f–d or d–f transitions.
Therefore, the intensities of the f–f transitions in [UVO2(saloph)DMSO]− and [UVO2(dbm)2-
DMSO]− can be borrowed from the f–d or d–f transitions. The selection rule of the f–f
transitions inD5h system were studied below. The transition probabilityQ is proportional to
the following integration.

Q ∝
∫

ψ∗eµψe dτ (6.10)

whereψe andψ∗e are the electronic wave function of ground and excited states, respectively,
andµ is a transition moment polarized to (x, y) or z directions. To obtain non-zero value of
Q, the representationΓ[ψ∗eµψe] must containA′1 representation. From the energy order of the
5f orbitals inD5h, it is likely that the unpaired electron in the uranyl(V) complex is placed
in one of thee′′2 (5fδu) orbitals,i.e., the ground state isE′′2 (2∆u in D∞h). The representations
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Γm
α−β (α, β: Greek letter expression of the 5f orbitals,m: polarized axis ofµ (m = (x, y), z))

for the possible sets are obtained as,

E′′2 → E′2 (5fδu→5fφu) :

Γ
(x, y)
δ−φ =E′2 × E′1 × E′′2 = A′′1 + A′′2 + 2E′′1 + E′′2 (6.11)

Γz
δ−φ =E′2 × A′′2 × E′′2 = A′1 + A′2 + E′1 (6.12)

E′′2 → E′1 (5fδu→5fπu) :

Γ
(x, y)
δ−π =E′1 × E′1 × E′′2 = A′′1 + A′′2 + E′′1 + 2E′′2 (6.13)

Γz
δ−π =E′1 × A′′2 × E′′2 = E′1 + E′2 (6.14)

andE′′2 → A′′2 (5fδu→5fσu) :

Γ
(x, y)
δ−σ =A′′2 × E′1 × E′′2 = E′1 + E′2 (6.15)

Γz
δ−σ =A′′2 × A′′2 × E′′2 = E′′2 . (6.16)

Thus, in the irreducible representations of these f–f transitions, onlyΓz
δ−φ containsA′1. Hence,

in the D5h symmetric ligand field, only theE′′2 → E′2 transition polarized inz axis in the
uranyl(V) complex is allowed by the d–f mixing, and others may mainly borrow their inten-
sities from the vibronic coupling. In this study, the polarized absorption spectra were not
examined.

In the discussion about the electronic structures of actinyl species, the spin-orbit cou-
pling must not be ruled out, because the spin-orbit coupling has important effect on them,
especially for the 5f1 systems (no electronic repulsion). Actually, five absorption bands can
be detected in each electronic spectrum of the uranyl(V) complex (Figure 6.4) in spite of the
smaller numbers of the electronic transitions predicted in theD6h andD5h symmetric ligand
fields. This fact is considered to be due to the presence of the spin-orbit coupling effect.
Each uranyl(V) complex has one odd electron in its 5f orbital. This makes the value of total
angular momentum (J) be half-integer. Therefore, to consider the spin-orbit coupling in the
uranyl(V) complexes, the double group must be used instead of the simple group such as
D6h andD5h.1 The character tables of the double groups,D∗6 andD∗5, corresponding toD6

andD5 simple groups have been reported previously,197) and shown in Tables 6.4 and 6.5,
respectively.2

In D6h point group assumed for [UVO2(CO3)3]5−, the energy order of the electronic states
(configurations) was,

1WhenJ is half-integer, the 2π rotation is no longer the identity operationE, because;

χ(α + 2π) =
sin(J + 1

2)(α + 2π)

sin(α + 2π)/2
= −χ(α)

whereχ(α) is a character ofα rotational operation. In this case, the 2π rotation cannot belongs to any rep-
resentation of simple group. To solve such a difficulty, Bethe introduced an assumption that the 2π rotation
is assigned operationR which is notE. As a result, the point group includingR and its related rotational
operations, so-called “double group”, was created.196)

2The point groupsD6h andD5h are those added the inversion center (i) and/or horizontal mirror plane (σh)
to the corresponding pure rotational sub-groups,D6 andD5, respectively. Thus, all required informations about
the f orbitals are obtained only by using such pure rotational sub-groups and their double groups.



6.3. Discussion 111

Table 6.4. Character table ofD∗6
D∗6 E R 2C6 2C6R 2C3 2C3R C2 C2R 3C′2 3C′2R 3C′′2 3C′′2 R

Γ1 A′1 1 1 1 1 1 1 1 1 1 1 1 1

Γ2 A′2 1 1 1 1 1 1 1 1 −1 −1 −1 −1

Γ3 B′1 1 1 −1 −1 1 1 −1 −1 1 1 −1 −1

Γ4 B′2 1 1 −1 −1 1 1 −1 −1 −1 −1 1 1

Γ5 E′1 2 2 1 1 −1 −1 −2 −2 0 0 0 0

Γ6 E′2 2 2 −1 −1 −1 −1 2 2 0 0 0 0

Γ7 E′ 2 −2
√

3 −
√

3 1 −1 0 0 0 0 0 0

Γ8 E′′ 2 −2 −
√

3
√

3 1 −1 0 0 0 0 0 0

Γ9 E′′′ 2 −2 0 0 −2 2 0 0 0 0 0 0

This character table is according to “Theory of Transition-Metal Ions” by Griffith.197)

E2u (5fδ1
u) ≈ B2u (5fφ1

u) < B1u (5fφ1
u) < E1u (5fπ1

u) < A2u (5fσ1
u).

These states correspond to the representations inD∗6 double group as follows.

D6h D∗6
A2u (5fσ1

u) Γ2 (A′2)
E1u (5fπ1

u) Γ5, (E′1)
B1u, B2u (5fφ1

u) Γ3, Γ4, (B′1, B′2)
E2u, (5fδ1

u) Γ6, (E′2)

The characters (χ) of the representation of the spin componentψs (Γψs) in the total wave
function are readily obtained from the following equations.196)

χ(E) = 2S+ 1 (6.17)

χ(R) = − (2S+ 1) (6.18)

χ(α) =
sin(S+ 1

2)α

sinα/2
(α = 2mπ/n for Cm

n ) (6.19)

whereS= 1
2 because of the 5f1 configuration of the uranyl(V) species. The results are,

D∗6 E R 2C6 2C6R 2C3 2C3R C2 C2R 3C′2 3C′2R 3C′′2 3C′′2 R
Γψs 2 −2

√
3 −

√
3 1 −1 0 0 0 0 0 0

.

The Γψs is already the irreducible representationΓ7. The representations of the electronic
states including the spin-orbit coupling are found from the direct products of their represen-
tations. That is,

5fσ1
u : Γ2 × Γ7 = Γ7 (6.20)

5fπ1
u : Γ5 × Γ7 = Γ7 + Γ9 (6.21)

5fφ1
u :

Γ3 × Γ7 = Γ8

Γ4 × Γ7 = Γ8
(6.22)

5fδ1
u : Γ6 × Γ7 = Γ8 + Γ9 (6.23)
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All irreducible representations for the 5f orbitals are doublets, which are based on Kramer’s
theorem.

It is obvious that, in the 5fσ1
u configuration, the representationΓ7 corresponds toJ = 1

2,
becauseL = 0 andS = 1

2, thusJ = L + S = |L − S| = 1
2. Therefore,Γ9 in 5fπ1

u (Eq. 6.21) is
immediately found to beJ = 3

2, followed by the assignment ofΓ8 in 5fδ1
u (Eq. 6.23) toJ = 5

2.
The 5fφ1

u configuration is a little problematic, because both representations ofJ = 5
2 and

J = 7
2 areΓ8. However, it has already been revealed that the 5fφu orbital is split intob1u and

b2u orbitals in theD6h symmetric ligand field, and that the energy order of the corresponding
states isB2u(Γ4) < B1u(Γ3). Therefore,Γ8 from Γ3 × Γ7 may be assigned toJ = 7

2, and the
otherΓ8 from Γ4 × Γ7 is to J = 5

2. The energy order from theJ term is standing on Hunt’s
rule.

Table 6.5. Character table ofD∗5
D∗5 E R 2C5 2C5R 2C2

5 2C2
5R 5C2 5C2R

Γ1 A′1 1 1 1 1 1 1 1 1

Γ2 A′2 1 1 1 1 1 1 −1 −1

Γ3 E′1 2 2 2 cos 2/5π 2 cos 2/5π 2 cos 4/5π 2 cos 4/5π 0 0

Γ4 E′2 2 2 2 cos 4/5π 2 cos 4/5π 2 cos 2/5π 2 cos 2/5π 0 0

Γ5 E′ 2 −2 −2 cos 4/5π 2 cos 4/5π 2 cos 2/5π −2 cos 2/5π 0 0

Γ6 E′′ 2 −2 −2 cos 2/5π 2 cos 2/5π 2 cos 4/5π −2 cos 4/5π 0 0

1 −1 −1 1 1 −1 i −i
Γ7 E′′′

ρ1

ρ2 1 −1 −1 1 1 −1 −i i

This character table is according to “Theory of Transition-Metal Ions” by Griffith.197)

Smilarly, theD∗5 double group was applied to the systems of [UVO2(saloph)DMSO]− and
[UVO2(dbm)2DMSO]−. The energy order of the electronic states (configurations) in these
complexes is,

E′′2 (5fδ1
u) < E′2 (5fφ1

u) < E′1 (5fπ1
u) < A′′2 (5fσ1

u).

These states correspond to the representations inD∗5 double group as follows.

D5h D∗5
A′′2 (5fσ1

u) Γ2 (A′2)
E′1 (5fπ1

u) Γ3, (E′1)
E′2 (5fφ1

u) Γ4, (E′2)
E′′2 , (5fδ1

u) Γ4, (E′2)

The characters (χ(Γψs)) for S = 1
2 in D∗5 double group are also obtained by using Eqs. 6.17–

6.19. As a result,

D∗5 E R 2C5 2C5R 2C2
5 2C2

5R 5C2 5C2R
Γψs 2 −2 −2 cos 4/5π 2 cos 4/5π 2 cos 2/5π −2 cos 2/5π 0 0

.

This Γψs is also irreducible,i.e., Γψs = Γ5. Therefore, the representations of the electronic
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states including the spin-orbit coupling are obtained as,

5fσ1
u : Γ2 × Γ5 = Γ5 (1

2) (6.24)

5fπ1
u : Γ3 × Γ5 = Γ5 (1

2) + Γ6 (3
2) (6.25)

5fφ1
u : Γ4 × Γ5 = Γ6 (7

2) + Γ7 (5
2) (6.26)

5fδ1
u : Γ4 × Γ5 = Γ6 (3

2) + Γ7 (5
2) (6.27)

where the fractions in the parentheses are the correspondingJ terms which were determined
according to the similar discussion performed in theD∗6 double group. The presence of
Kramer’s doublets was also found.

In the analysis using group theory, the exact energy values of the electronic states cannot
be calculated. Considering that the lowest absorption peak of each uranyl(V) complexes in
Figure 6.4 is assigned to the second excited state, the first one may be expected to be at
around 102 ∼ 103 cm−1, because the corresponding states of the isoelectronic neptunyl(VI)
species were reported at around 2000, 1000, and 447 cm−1 as shown in Table 6.1. Conse-
quently, the most acceptable energy diagrams starting from the 5f atomic orbital and ter-
minating at [UVO2(CO3)3]5−, [UVO2(saloph)DMSO]−, and [UVO2(dbm)2DMSO]− through
each ligand field (D6h, D5h) and the spin-orbit coupling effects were estimated as shown in
Figure 6.5.
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Figure 6.5. Energy diagrams of [UVO2(CO3)3]5− (upper), [UVO2(saloph)DMSO]−, and [UVO2(dbm)2DMSO]−

(lower) including theD6h or D5h symmetric ligand field and the spin-orbit coupling effects.J terms are at the
right-hand side of the energy states.
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I have studied the molecular structures, electronic spectra, and reactivities of uranyl(V)
and -(VI) complexes by using various methods; X-ray diffractive, spectroscopic, and elec-
trochemical measurements. Here, the results in this study are outlined and summarized as a
conclusion of this doctoral thesis.

Chapter 1. As background of this doctoral thesis, the previous studies on properties of
actinyl species were summarized, and the fact that little information is available concerning
uranyl(V) complexes was pointed out. From this viewpoint, the objectives of this thesis was
described.

Chapter 2. The uranyl(VI) complexes, Na4[UVIO2(CO3)3], UVIO2(saloph)DMF, UVIO2-
(saloph)DMSO, and UVIO2(dbm)2DMSO, were selected as candidates to form stable uranyl(V)
complexes. In order to discuss the properties of the uranyl(V) complexes, it was necessary to
know those of the corresponding uranyl(VI) complexes firstly. Thus, in Chapter 2, syntheses
and characterizations of the uranyl(VI) complexes, Na4[UVIO2(CO3)3], UVIO2(saloph)DMF,
UVIO2(saloph)DMSO, and UVIO2(dbm)2DMSO have been performed not only in the solid
state, but also in the solution state by using IR, Raman, NMR spectroscopies, and/or single
crystal X-ray analyses.

The sodium salt of [UVIO2(CO3)3]4− showed the symmetric (ν1) and asymmetric stretch-
ing peaks (ν3) in the uranyl(VI) moiety at 806 and 852 cm−1, respectively. Theν3 peak of
Na4[UVIO2(CO3)3] is somewhat unusual, because such a peak in uranyl(VI) compounds is
ranging from 900 to 950 cm−1 normally. Furthermore, the characteristic absorption bands
of the uranyl(VI) ion in the UV-visible absorption spectrum and the coordination number of
CO2−

3 from the 13C NMR spectrum indicated that the uranyl(VI) species exists as [UVIO2-
(CO3)3]4− in the aqueous solution containing excess amount of Na2CO3.

The synthesis of UVIO2(saloph)DMF was confirmed by IR spectroscopy and single crys-
tal X-ray analysis. Theν3 peak of UVIO2(saloph)DMF was observed at 905 cm−1, which
is usual for uranyl(VI) compounds. From the red shift of the C=N stretching of saloph
and C=O stretching of DMF, their coordinations to the uranyl(VI) ion were evidenced. The
single crystal X-ray analysis for UVIO2(saloph)DMF gave the typical molecular structure
of UVIO2(saloph)L; linear uranyl(VI) moiety, pentagonal bipyramidal geometry formed by
tetradentate saloph and unidentate ligand (L= DMF), and largely distorted structure of
saloph. From the1H NMR spectra of the dichloromethane and chloroform solutions pre-
pared by dissolving UVIO2(saloph)DMF, it was found that the dimerization of UVIO2(saloph)-
DMF occurs in these solutions. This reaction produces [UVIO2(saloph)]2, which is the din-
uclear uranyl(VI) complex bridged by one of the oxygen atoms of saloph in each UVIO2-
(saloph) unit. Since the saloph ligand is also distorted in [UVIO2(saloph)]2, this dinuclear
uranyl(VI) complex is enantiomerized, and hence its crystal is racemic. By using UV-visible
absorption and1H NMR spectroscopies, the thermodynamic parameters and the equilibrium
constants at 298 K for the dimerization reaction of UVIO2(saloph)DMF were evaluated as
∆Hdim = 33.0±0.7 kJ·mol−1,∆Sdim = 68±3 J·mol−1·K−1, and logKdim = −2.52±0.01 for the
dichloromethane system and∆Hdim = 11.3±0.6 kJ·mol−1,∆Sdim = 8.0±2.4 J·mol−1·K−1, and
logKdim = −1.74±0.01 for the chloroform system. To obtain further data for the reactivity of
UVIO2(saloph)DMF, the DMF exchange reaction in this uranyl(VI) complex was also studied
by using NMR line-broadening method. As a result, it was suggested that the DMF exchange
reaction in UVIO2(saloph)DMF proceeds through the dissociative mechanism. The activa-
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tion parameters and the first-order rate constant were estimated as∆H‡ = 19± 1 kJ·mol−1,
∆S‡ = −118± 4 J·mol−1·K−1, andkex = 1.68× 103 s−1 in the dichloromethane system.

The UVIO2(saloph)DMSO complex was also investigated to examine the effect of the
unidentate ligand on the stability and reactivity of the uranyl(V) and -(VI) saloph com-
plexes. The structural properties of UVIO2(saloph)DMSO were almost same as those of
UVIO2(saloph)DMF;ν3 = 897 cm−1, linear uranyl(VI) moikety, pentagonal bipyramidal ge-
ometry constructed from saloph and unidentate DMSO, and largely distorted saloph lig-
and. The reactivities of UVIO2(saloph)DMSO such as the dimerization to form [UVIO2-
(saloph)]2 and the dissociative DMSO exchange reaction in UVIO2(saloph)DMSO were also
confirmed. The thermodynamic parameters and the equilibrium constants at 298 K for
the dimerization of UVIO2(saloph)DMSO were evaluated as∆Hdim = 39 ± 1 kJ·mol−1,
∆Sdim = 52 ± 6 J·mol−1·K−1, and logKdim = −4.28 ± 0.06 for the dichloromethane sys-
tem and∆Hdim = 22± 1 kJ·mol−1, ∆Sdim = 14± 4 J·mol−1·K−1, and logKdim = −3.09± 0.08
for the chloroform system. Furthermore, the activation parameter and the first-order rate
constant for the DMSO exchange reaction in UVIO2(saloph)DMSO were estimated as∆H‡ =
29.7±0.8 kJ·mol−1,∆S‡ = −83±3 J·mol−1·K−1, andkex = 1.63×103 s−1 in the dichlorometh-
ane system. In the comparison between the reactivities of UVIO2(saloph)DMF and UVIO2-
(saloph)DMSO, it was clarified that the coordination ability of DMSO to UVIO2(saloph) unit
is stronger than that of DMF.

The alternative uranyl(VI) complex, UVIO2(dbm)2DMSO, was also characterized by us-
ing the same methods. Theν3 peak of UVIO2(dbm)2DMSO was observed at 906 cm−1. From
the result of the single crystal X-ray analysis for UVIO2(dbm)2DMSO, it was found that this
uranyl(VI) complex also has the pentagonal bipyramidal structure consisting of two bidentate
dbm ligands and one unidentate DMSO. The structural properties of UVIO2(dbm)2DMSO
were similar to those of UVIO2(saloph)DMSO in the solid state . However, UVIO2(dbm)2-
DMSO showed different aspect from UVIO2(saloph)L in solutions. The intramolecular ex-
change reaction of the phenyl ring position of dbm nearer to and further from the coordinated
DMSO and the rotation of the phenyl ring were observed as the broadening of the1H NMR
signals due too-protons. The first-order rate constant of the intramolecular exchange was es-
timated as 9.2×101 s−1 at 273 K. The DMSO exchange reaction in UVIO2(dbm)2DMSO was
also studied by using the NMR line-broadening method. As a result, it was proved that the
coordinated DMSO in UVIO2(dbm)2DMSO exchanges with free one dissociatively as well as
UVIO2(saloph)L. The activation parameters and the first-order rate constants for the DMSO
exchange reaction were calculated as∆H‡ = 30±2 kJ·mol−1,∆S‡ = −88±5 J·mol−1·K−1, and
kex = 2.0×102 s−1 (273 K), 6.8×102 s−1 (298 K) in the dichloromethane system. Comparing
these results for UVIO2(dbm)2DMSO with those for UVIO2(saloph)DMSO, it was concluded
that the coordination of DMSO to UVIO2(dbm)2 unit is stronger than that to UVIO2(saloph)
unit.

Chapter 3. The uranyl(V) carbonate complex, [UVO2(CO3)3]5−, is traditionally know as a
stable uranyl(V) species. However, the chemistry of this known uranyl(V) complex has not
been established sufficiently. In this chapter, I have tried to elucidate the electrochemical and
kinetic properties of [UVO2(CO3)3]5−.

In the UV-visible spectroelectrochemical measurements for the redox couple of [UVO2-
(CO3)3]5−/[UVIO2(CO3)3]4−, the disappearance of the LMCT absorption bands of [UVIO2-
(CO3)3]4− was observed with the reduction to [UVO2(CO3)3]5−. The absorbancies at different
potentials were analyzed by the Nernstian equation. As a result, the electron stoichiometry
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and the formal potentials the redox couple of [UVO2(CO3)3]5−/[UVIO2(CO3)3]4− were eval-
uated as 0.90± 0.02 and−0.751± 0.001 V vs.Ag/AgCl, respectively. The electrochemical
data were used for the preparation of [UVO2(CO3)3]5− in Section 3.2 and Chapter 6. Further,
the discussion on the stability of [UVO2(CO3)3]5− in basic carbonate aqueous solution was
performed from the reported thermodynamic data.

To examine the reactivity of [UVO2(CO3)3]5−, its CO2−
3 exchange reaction was studied by

using13C NMR spectroscopy. The NMR signals of free and coordinated CO2−
3 in the D2O

solution containing Na2CO3 (1.003 M) and [UVO2(CO3)3]5− (4.598×10−2 M) were observed
at 169.13 and 106.70 ppm, respectively. From the peak areas, the coordination number of
CO2−

3 was determined as 2.8± 0.1, indicating the existence of [UVO2(CO3)3]5−. The kinetic
analysis for the CO2−3 exchange reaction in [UVO2(CO3)3]5− was performed by the nonlinear
least-squares fit of the theoretical equation. Consequently, the activation parameters and the
first-order rate constant at 298 K were evaluated as∆H‡ = 62.0 ± 0.7 kJ·mol−1, ∆S‡ =
22 ± 3 J·mol−1·K−1, and kex = 1.13 × 103 s−1 in 1 M Na2CO3 aqueous system. It was
impossible to examine the CO2−

3 exchange reaction of [UVO2(CO3)3]5− in the aqueous media
with lower concentration of Na2CO3, because [UVO2(CO3)3]5− is not stable in such systems.
However, the dissociative mechanism for the CO2−

3 exchange reaction in [UVO2(CO3)3]5−

was proposed from the viewpoint of its saturated coordination sites and the positive value of
∆S‡. Since thekex value for [UVO2(CO3)3]5− (1.13×103 s−1) is 102 times larger than that for
[UVIO2(CO3)3]4− (13 s−1), the bond strength between U and CO2−

3 in [UVO2(CO3)3]5− was
considered to be weaker than that in [UVIO2(CO3)3]4−. This is the first kinetic information of
uranyl(V) complex.

Chapter 4. In order to find out systems of the stable uranyl(V) complexes in nonaqueous
solvents, the electrochemical properties of the uranyl(VI) complexes, UVIO2(saloph)DMF,
UVIO2(saloph)DMSO, and UVIO2(dbm)2DMSO, were studied by the cyclic voltammetry and
the UV-visible spectroelectrochemical measurements.

For UVIO2(saloph)DMF, the electrochemical reaction of UVIO2(saloph)DMF accompa-
nied by the successive reaction of [UVO2(saloph)DMF]− was observed in the cyclic voltam-
mograms. This phenomenon was also evidenced by the UV-visible spectroelectrochemi-
cal measurement. This indicated that [UVO2(saloph)DMF]− is not stable in DMF. From
the cyclic voltammograms of UVIO2(saloph)DMF measured in the mixed solvent systems of
DMF and dichloromethane, the successive reaction of [UVO2(saloph)DMF]− was determined
to be the dissociation of the coordinated DMF from [UVO2(saloph)DMF]−. The roughly es-
timated dissociation constant was 5 M. Furthermore, on the basis of the kinetic result thatkex

in [UVO2(CO3)3]5− is 102 times faster than that of [UVIO2(CO3)3]4− in Chapter 3, the DMF
exchange reaction in [UVO2(saloph)DMF]− was estimated to occur in∼105 s−1.

The electrochemical and spectroelectrochemical measurements similar to the system of
[UVO2(saloph)DMF]−/UVIO2(saloph)DMF were performed for UVIO2(saloph)DMSO. In this
system, any successive reactions of [UVO2(saloph)DMSO]− have not been observed in the
results of the cyclic voltammetry and the UV-visible spectroelectrochemical measurements.
From the Nernstian analysis for the absorbancies at different potentials, the electron stoi-
chiometry and the formal potential were evaluated as 1.09 ± 0.02 and−1.550± 0.001 V
vs. Fc/Fc+, respectively. In the mixed solvent systems of DMSO and dichloromethane,
the DMSO dissociation from [UVO2(saloph)DMSO]− was also observed. The roughly esti-
mated dissociation constant was 0.5 M. This value means the stronger coordination ability
of DMSO to [UVO2(saloph)]− than that of DMF as expected in Chapter 2. The DMSO ex-
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change reaction in [UVO2(saloph)DMSO]− was also estimated to occur in∼105 s−1 on the
basis of the kinetic result of [UVO2(CO3)3]5−. As a result, [UVO2(saloph)DMSO]− in DMSO
was found to be a system of a stable uranyl(V) complex. This is the first example of the stable
uranyl(V) complex in nonaqueous solvents.

For UVIO2(dbm)2DMSO, the corresponding uranyl(V) complex [UVO2(dbm)2DMSO]−

did not show any successive reaction in DMSO as well as [UVO2(saloph)DMSO]−. The
evaluated values of the electron stoichiometry and the formal potential of the electrochem-
ical reaction of UVIO2(dbm)2DMSO were 0.92 ± 0.03 and−1.366± 0.004 V vs. Fc/Fc+,
respectively. The DMSO exchange reaction in [UVO2(dbm)2DMSO]− was also estimated to
occur in∼104 s−1 by the same discussion. As a result, it was clarified that [UVO2(dbm)2-
DMSO]− stably exists in the DMSO solution. This is the second example of the stable
uranyl(V) complex in nonaqueous solvents.

Chapter 5. To obtain the data of the molecular structures of the uranyl(V) complexes, the
IR spectroelectrochemical measurements were performed for the redox couples of [UVO2-
(saloph)DMSO]−/UVIO2(saloph)DMSO and [UVO2(dbm)2DMSO]−/UVIO2(dbm)2DMSO in
DMSO found in Chapter 4. With the reduction from UVIO2(saloph)DMSO to [UVO2(saloph)-
DMSO]−, theν3 peak of the uranyl(VI) moiety in UVIO2(saloph)DMSO at 895 cm−1 was van-
ished and that of uranyl(V) moiety in [UVO2(saloph)DMSO]− appeared at 770 cm−1. The
difference of theν3 peaks of these uranyl(V) and -(VI) complexes was 125 cm−1. In the
system of [UVO2(dbm)2DMSO]−/UVIO2(dbm)2DMSO, quite similar phenomenon was ob-
served;ν3 of UVIO2(dbm)2DMSO: 906 cm−1, ν3 of [UVO2(dbm)2DMSO]−: 775 cm−1, and
∆ν3 = 131 cm−1. Furthermore, it should be noted that any remarkable changes in the IR
peaks due to saloph and dbm have not been observed with the reduction from uranyl(VI)
to uranyl(V). By using the empirical relationship between the U=O distance (RUO) and
its force constant (FUO) derived fromν3, the RUO values in [UVO2(saloph)DMSO]− and
[UVO2(dbm)2DMSO]− were evaluated as 1.84 Å, which are 0.06 Å longer than those of
the corresponding uranyl(VI) complexes. Consequently, it was found that theν3 peak at
around 770 cm−1 (∆ν3 = 130 cm−1), similar structure of the equatorial ligands to that of the
uranyl(VI) one, and the lengthening ofRUO about 0.06 Å from that of the uranyl(VI) one are
the common structural properties of the uranyl(V) complexes

Chapter 6. The electronic spectra of three types of pure uranyl(V) complexes, [UVO2-
(CO3)3]5−, [UVO2(saloph)DMSO]−, and [UVO2(dbm)2DMSO]− were first measured. As a
result, it was clarified that these uranyl(V) complexes have characteristic absorption bands
in the visible-NIR region as follows.

• [UVO2(CO3)3]5−: 5560, 6250, 8770, 10100, and 13200 cm−1

(ε = 0.2–3.6 M−1·cm−1).

• [UVO2(saloph)DMSO]−: 5330, 7140, 11100, 13300, and 15400 cm−1

(ε = 100–300 M−1·cm−1).

• [UVO2(dbm)2DMSO]−: 5290, 6800, 11600, 13500, and 15600 cm−1

(ε = 150–900 M−1·cm−1).

From the similarities in the electronic spectra, the differences in theε values, and the co-
ordination environments surrounding U5+ ion, it was proposed that these characteristic ab-
sorption bands of the uranyl(V) complexes are due to the f–f transitions in the UVO+2 core.
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The absorption bands due to the f–f transition in the uranyl(V) complexes could be classified
into two regions,Region I(4800–7600 cm−1) andRegion II(7600–17200 cm−1). From the
discussion about the participations of the 5f orbitals in the actinyl bonding, the absorption
bands inRegion Iwere assigned to the transitions from the 5f(δu or φu) orbital to other 5fδu

and/or 5fφu, and those inRegion IIwere attributed to the transitions to the 5fπu and 5fσu.
In a comparison with the electronic spectral data of the isoelectronic neptunyl(VI) species, it
was suggested that the absorption band of each uranyl(V) complex at the lowest wavenumber
corresponds to the second excited state in the f–f transitions and that the much weaker anti-
bonding characters of the 5fπu and 5fσu orbitals in the uranyl(V) complexes may explain
their unusual instabilities.

By using the group theory, the splitting scheme of the 5f orbitals, the hybridization of the
5f, 6d and 7s orbitals, and the intensities of the f–f transitions were discussed. InD6h point
group corresponding to [UVO2(CO3)3]5−, the energy order of the 5f1 electronic states were
obtained as,E2u (5fδ1

u) ≈ B2u (5fφ1
u) < B1u (5fφ1

u) < E1u (5fπ1
u) < A2u (5fσ1

u). Here, the splitting
of the essentially doubly degenerated 5fφu orbitals were observed. In the hybridization of
the atomic orbitals of the center uranium in theD6h point group, it was revealed that all
5f orbitals are independent of other 6d and 7s ones. This proposed that the origin of the
intensities of the f–f transitions in [UVO2(CO3)3]5− is due to vibronic coupling. On the other
hand, in theD5h point group corresponding to [UVO2(saloph)DMSO]− and [UVO2(dbm)2-
DMSO]−, the energy order of the 5f1 electronic states were determined as,E′′2 (5fδ1

u) < E′2
(5fφ1

u) < E′1 (5fπ1
u) < A′′2 (5fσ1

u), and the d–f mixing in the hybridization of the 5f, 6d, and
7s orbitals was predicted. As a result of the estimation for the transition probabilities, it was
revealed that only theE′′2 → E′2 (5fδu → 5fφu) transition polarized inz axis is allowed by
the d–f mixing, and that others may borrows their intensities from the vibronic coupling. To
examine the spin-orbit effect in 5f1 system (S= 1

2), the double groups were also involved in
the discussion. Consequently, the energy diagrams includingD6h andD5h symmetric ligand
field and the spin-orbit effect were proposed for the electronic spectra of [UVO2(CO3)3]5−,
[UVO2(saloph)DMSO]−, and [UVO2(dbm)2DMSO]−.

The properties concerning the molecular structures, electronic spectra, and reactivities of
the uranyl(V) and -(VI) complexes are summarized in Table 7.1. In the present study, two
systems of stable uranyl(V) complexes other than [UVO2(CO3)3]5− have been found out. This
is the first observation of the pure uranyl(V) species in nonaqueous system. Furthermore, the
novel experimental data concerning molecular structure, electronic spectra, and reactivities
of the uranyl(V) complexes have been elucidated. These data are the first experimental evi-
dences on the properties of a series of the uranyl(V) species, and the essential information of
the actinyl species as described in Chapter 1. Not only for the progress in the basic science
of the actinoid elements, such knowledges of the properties of uranyl(V) will be important
also for the construction of the basis of technological developments in the nuclear engineer-
ing field; the reprocessing process of the spent nuclear fuel and the geological disposal of
the high level radioactive wastes. For example, the adjustment of the oxidation states of nu-
clides (U, Pu, and other fission products) is most essential in both wet- and pyro-reprocessing
processes. Moreover, the uranyl(V) species, especially [UVO2(CO3)3]5−, may occur in the
geosphere where the reductive atmosphere and carbonate-rich ground water should be pre-
sented. In conclusion, it must be noted that such elucidations of the chemistry of uranyl(V)
have been established by the observation of the pure uranyl(V) complexes, which had never
been achieved in the previous studies.
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Appendix A

Crystallographic Information of
UVIO2(saloph)DMF·CH2Cl2

data_phdf

_audit_creation_method SHELXL-97
_chemical_name_systematic
;
?
;
_chemical_name_common ?
_chemical_melting_point ?
_chemical_formula_moiety ’C23 H21 N3 O5 U, C H2 Cl2’
_chemical_formula_sum
’C24 H23 Cl2 N3 O5 U’
_chemical_formula_weight 742.38

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
’C’ ’C’ 0.0033 0.0016
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’Cl’ ’Cl’ 0.1484 0.1585
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’H’ ’H’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’N’ ’N’ 0.0061 0.0033
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’O’ ’O’ 0.0106 0.0060
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’U’ ’U’ -9.6767 9.6646
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’

_symmetry_cell_setting monoclinic
_symmetry_space_group_name_H-M ’P 21/n’
_symmetry_Int_Tables_number 14

loop_
_symmetry_equiv_pos_as_xyz
’x, y, z’
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’-x+1/2, y+1/2, -z+1/2’
’-x, -y, -z’
’x-1/2, -y-1/2, z-1/2’

_cell_length_a 10.667(4)
_cell_length_b 9.608(3)
_cell_length_c 24.859(10)
_cell_angle_alpha 90.00
_cell_angle_beta 100.65(3)
_cell_angle_gamma 90.00
_cell_volume 2503.9(16)
_cell_formula_units_Z 4
_cell_measurement_temperature 123(2)
_cell_measurement_reflns_used 26142
_cell_measurement_theta_max 27.5

_exptl_crystal_description ’block’
_exptl_crystal_colour ’orange’
_exptl_crystal_size_max 0.30
_exptl_crystal_size_mid 0.30
_exptl_crystal_size_min 0.30
_exptl_crystal_density_meas ?
_exptl_crystal_density_diffrn 1.969
_exptl_crystal_density_method ’not measured’
_exptl_crystal_F_000 1416
_exptl_absorpt_coefficient_mu 6.736
_exptl_absorpt_correction_type numerical
_exptl_absorpt_correction_T_min 0.2371
_exptl_absorpt_correction_T_max 0.2371
_exptl_absorpt_process_details
;

Higashi, T. (1999). Program for Absorption Correction.
Rigaku Corporation, Tokyo, Japan.

;
_exptl_special_details
;
?
;

_diffrn_ambient_temperature 123(2)
_diffrn_radiation_wavelength 0.71075
_diffrn_radiation_type MoKYa
_diffrn_radiation_source ’fine-focus sealed tube’
_diffrn_radiation_monochromator graphite
_diffrn_measurement_device_type ’Rigaku RAXIS-RAPID’
_diffrn_measurement_method Yw
_diffrn_detector_area_resol_mean 10.00
_diffrn_reflns_number 23518
_diffrn_reflns_av_R_equivalents 0.0402
_diffrn_reflns_av_sigmaI/netI 0.0245
_diffrn_reflns_limit_h_min -13
_diffrn_reflns_limit_h_max 13
_diffrn_reflns_limit_k_min -12
_diffrn_reflns_limit_k_max 12
_diffrn_reflns_limit_l_min -27
_diffrn_reflns_limit_l_max 32
_diffrn_reflns_theta_min 3.09
_diffrn_reflns_theta_max 27.48
_reflns_number_total 5734
_reflns_number_gt 5274
_reflns_threshold_expression >2sigma(I)
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_computing_data_collection ’PROCESS-AUTO’
_computing_cell_refinement ’PROCESS-AUTO’
_computing_data_reduction ’CrystalStructure’
_computing_structure_solution ’SIR92’
_computing_structure_refinement ’SHELXL-97 (Sheldrick, 1997)’

_refine_special_details
;
Refinement of Fˆ2ˆ against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on Fˆ2ˆ, conventional R-factors R are based
on F, with F set to zero for negative Fˆ2ˆ. The threshold expression of
Fˆ2ˆ > 2sigma(Fˆ2ˆ) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on Fˆ2ˆ are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.
;

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details
’calc w=1/[Ysˆ2ˆ(Foˆ2ˆ)+(0.0262P)ˆ2ˆ+5.3741P] where P=(Foˆ2ˆ+2Fcˆ2ˆ)/3’
_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine_ls_hydrogen_treatment mixed
_refine_ls_extinction_method SHELXL
_refine_ls_extinction_coef 0.00272(11)
_refine_ls_extinction_expression
’Fcˆ*ˆ=kFc[1+0.001xFcˆ2ˆYlˆ3ˆ/sin(2Yq)]ˆ-1/4ˆ’
_refine_ls_number_reflns 5734
_refine_ls_number_parameters 317
_refine_ls_number_restraints 0
_refine_ls_R_factor_all 0.0291
_refine_ls_R_factor_gt 0.0258
_refine_ls_wR_factor_ref 0.0650
_refine_ls_wR_factor_gt 0.0633
_refine_ls_goodness_of_fit_ref 1.119
_refine_ls_restrained_S_all 1.119
_refine_ls_shift/su_max 0.002
_refine_ls_shift/su_mean 0.000

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
U1 U 0.042272(11) -0.240763(11) 0.640916(5) 0.02047(6) Uani 1 1 d . . .
Cl2 Cl 0.32100(14) -0.03499(11) 0.51214(5) 0.0549(3) Uani 1 1 d . . .
Cl3 Cl 0.37658(15) 0.25791(11) 0.52559(6) 0.0528(3) Uani 1 1 d . . .
O1 O 0.1377(2) -0.3464(2) 0.69108(10) 0.0254(5) Uani 1 1 d . . .
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O2 O -0.0507(2) -0.1264(3) 0.59254(10) 0.0278(5) Uani 1 1 d . . .
O3 O -0.0465(3) -0.4419(3) 0.58972(12) 0.0361(6) Uani 1 1 d . . .
O4 O -0.1270(2) -0.2799(3) 0.68169(11) 0.0284(5) Uani 1 1 d . . .
O5 O 0.1820(2) -0.2830(3) 0.58392(11) 0.0261(5) Uani 1 1 d . . .
N1 N -0.0442(3) -0.6658(3) 0.56165(13) 0.0299(7) Uani 1 1 d . . .
N2 N 0.0350(3) -0.0607(3) 0.71557(12) 0.0209(5) Uani 1 1 d . . .
N3 N 0.2223(3) -0.0641(3) 0.65781(11) 0.0210(5) Uani 1 1 d . . .
C1 C -0.1291(3) -0.2993(4) 0.73409(15) 0.0240(7) Uani 1 1 d . . .
C2 C -0.1971(3) -0.4124(4) 0.75067(17) 0.0293(8) Uani 1 1 d . . .
H2 H -0.2397 -0.4735 0.7245 0.035 Uiso 1 1 calc R . .
C3 C -0.2011(3) -0.4336(4) 0.80518(17) 0.0308(8) Uani 1 1 d . . .
H3 H -0.2470 -0.5085 0.8152 0.037 Uiso 1 1 calc R . .
C4 C -0.1376(4) -0.3445(4) 0.84558(17) 0.0316(8) Uani 1 1 d . . .
H4 H -0.1383 -0.3613 0.8824 0.038 Uiso 1 1 calc R . .
C5 C -0.0737(4) -0.2307(4) 0.82984(17) 0.0271(7) Uani 1 1 d . . .
H5 H -0.0339 -0.1689 0.8564 0.032 Uiso 1 1 calc R . .
C6 C -0.0675(3) -0.2061(3) 0.77472(15) 0.0235(7) Uani 1 1 d . . .
C7 C -0.0015(3) -0.0824(3) 0.76152(14) 0.0227(7) Uani 1 1 d . . .
H7 H 0.0157 -0.0136 0.7882 0.027 Uiso 1 1 calc R . .
C8 C 0.0893(3) 0.0703(3) 0.70618(14) 0.0217(6) Uani 1 1 d . . .
C9 C 0.0432(3) 0.1962(4) 0.72217(15) 0.0259(7) Uani 1 1 d . . .
H9 H -0.0239 0.1978 0.7414 0.031 Uiso 1 1 calc R . .
C10 C 0.0990(4) 0.3207(4) 0.70899(15) 0.0284(7) Uani 1 1 d . . .
H10 H 0.0694 0.4054 0.7198 0.034 Uiso 1 1 calc R . .
C11 C 0.1974(3) 0.3186(4) 0.68010(15) 0.0280(7) Uani 1 1 d . . .
H11 H 0.2342 0.4019 0.6719 0.034 Uiso 1 1 calc R . .
C12 C 0.2424(3) 0.1933(4) 0.66309(14) 0.0258(7) Uani 1 1 d . . .
H12 H 0.3083 0.1926 0.6432 0.031 Uiso 1 1 calc R . .
C13 C 0.1878(3) 0.0686(3) 0.67612(13) 0.0212(6) Uani 1 1 d . . .
C14 C 0.3402(3) -0.0895(3) 0.65632(13) 0.0229(7) Uani 1 1 d . . .
H14 H 0.4000 -0.0235 0.6718 0.027 Uiso 1 1 calc R . .
C15 C 0.3877(3) -0.2120(4) 0.63262(14) 0.0228(6) Uani 1 1 d . . .
C16 C 0.5202(4) -0.2355(3) 0.64224(15) 0.0251(7) Uani 1 1 d . . .
H16 H 0.5729 -0.1776 0.6666 0.030 Uiso 1 1 calc R . .
C17 C 0.5748(3) -0.3409(4) 0.61693(15) 0.0279(7) Uani 1 1 d . . .
H17 H 0.6623 -0.3566 0.6250 0.034 Uiso 1 1 calc R . .
C18 C 0.4951(4) -0.4235(4) 0.57881(16) 0.0287(7) Uani 1 1 d . . .
H18 H 0.5306 -0.4932 0.5604 0.034 Uiso 1 1 calc R . .
C19 C 0.3647(3) -0.4037(3) 0.56800(15) 0.0272(7) Uani 1 1 d . . .
H19 H 0.3141 -0.4596 0.5422 0.033 Uiso 1 1 calc R . .
C20 C 0.3067(3) -0.3000(3) 0.59539(14) 0.0230(6) Uani 1 1 d . . .
C21 C 0.0033(4) -0.5403(4) 0.56839(15) 0.0296(8) Uani 1 1 d . . .
H21 H 0.0795 -0.5229 0.5565 0.035 Uiso 1 1 calc R . .
C22 C -0.1575(5) -0.7033(5) 0.5828(2) 0.0484(12) Uani 1 1 d . . .
H22A H -0.1788 -0.7988 0.5741 0.073 Uiso 1 1 calc R . .
H22B H -0.2272 -0.6447 0.5665 0.073 Uiso 1 1 calc R . .
H22C H -0.1417 -0.6912 0.6218 0.073 Uiso 1 1 calc R . .
C23 C 0.0173(5) -0.7762(4) 0.53552(18) 0.0385(9) Uani 1 1 d . . .
H23A H -0.0321 -0.8601 0.5344 0.058 Uiso 1 1 calc R . .
H23B H 0.1014 -0.7925 0.5561 0.058 Uiso 1 1 calc R . .
H23C H 0.0229 -0.7487 0.4989 0.058 Uiso 1 1 calc R . .
C24 C 0.3392(4) 0.1214(4) 0.47818(16) 0.0327(8) Uani 1 1 d . . .
H24A H 0.2608 0.1429 0.4530 0.039 Uiso 1 1 calc R . .
H24B H 0.4068 0.1115 0.4572 0.039 Uiso 1 1 calc R . .

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_23



Crystallographic Information of UVIO2(saloph)DMF 139

_atom_site_aniso_U_13
_atom_site_aniso_U_12
U1 0.01927(8) 0.01873(8) 0.02214(8) -0.00071(4) 0.00046(5) -0.00324(4)
Cl2 0.0788(9) 0.0335(5) 0.0501(7) 0.0101(5) 0.0062(6) -0.0160(5)
Cl3 0.0763(9) 0.0390(6) 0.0486(7) -0.0146(5) 0.0257(6) -0.0214(5)
O1 0.0270(12) 0.0193(11) 0.0298(13) 0.0019(9) 0.0053(10) -0.0037(9)
O2 0.0264(13) 0.0318(13) 0.0249(13) 0.0038(10) 0.0039(10) 0.0021(10)
O3 0.0314(14) 0.0351(14) 0.0408(16) -0.0130(12) 0.0041(12) -0.0113(11)
O4 0.0244(13) 0.0309(12) 0.0298(14) -0.0026(11) 0.0052(10) -0.0078(10)
O5 0.0238(12) 0.0269(11) 0.0271(13) -0.0038(10) 0.0031(10) -0.0018(10)
N1 0.0346(17) 0.0294(15) 0.0263(16) -0.0075(12) 0.0077(13) -0.0124(13)
N2 0.0187(13) 0.0191(12) 0.0242(14) 0.0001(10) 0.0018(11) -0.0016(10)
N3 0.0244(14) 0.0196(12) 0.0189(13) 0.0009(10) 0.0040(11) -0.0029(10)
C1 0.0183(15) 0.0236(15) 0.0307(18) 0.0020(14) 0.0064(13) 0.0026(13)
C2 0.0226(17) 0.0223(16) 0.043(2) 0.0010(15) 0.0057(15) -0.0029(13)
C3 0.0239(17) 0.0252(17) 0.045(2) 0.0101(15) 0.0115(16) 0.0022(13)
C4 0.0328(19) 0.0271(17) 0.038(2) 0.0090(15) 0.0157(16) 0.0081(14)
C5 0.0267(18) 0.0238(16) 0.033(2) 0.0020(14) 0.0124(15) 0.0061(13)
C6 0.0205(15) 0.0199(15) 0.0315(18) 0.0023(13) 0.0082(13) 0.0017(12)
C7 0.0209(15) 0.0187(14) 0.0275(17) -0.0020(12) 0.0021(13) 0.0001(12)
C8 0.0234(16) 0.0193(15) 0.0205(16) 0.0021(12) -0.0007(13) -0.0016(12)
C9 0.0288(17) 0.0220(16) 0.0262(17) 0.0000(13) 0.0030(14) -0.0006(14)
C10 0.0354(19) 0.0187(15) 0.0284(18) -0.0014(13) -0.0015(15) -0.0005(14)
C11 0.0303(18) 0.0203(16) 0.0304(19) 0.0045(14) -0.0017(15) -0.0044(13)
C12 0.0284(17) 0.0228(16) 0.0247(17) 0.0009(13) 0.0010(14) -0.0064(13)
C13 0.0225(16) 0.0203(15) 0.0187(15) 0.0003(12) -0.0017(12) -0.0024(12)
C14 0.0245(16) 0.0227(15) 0.0207(16) 0.0006(12) 0.0022(13) -0.0066(12)
C15 0.0225(16) 0.0222(15) 0.0233(16) 0.0029(13) 0.0032(13) -0.0024(13)
C16 0.0241(17) 0.0258(17) 0.0251(18) 0.0028(13) 0.0036(14) -0.0055(12)
C17 0.0254(17) 0.0252(16) 0.033(2) 0.0059(14) 0.0062(15) -0.0010(13)
C18 0.0317(18) 0.0234(16) 0.0329(19) 0.0024(14) 0.0110(15) 0.0007(14)
C19 0.0307(18) 0.0224(16) 0.0281(18) -0.0021(13) 0.0045(15) -0.0057(13)
C20 0.0217(15) 0.0211(15) 0.0263(17) 0.0018(13) 0.0046(13) -0.0030(12)
C21 0.0303(18) 0.0300(18) 0.0273(18) -0.0029(14) 0.0027(15) -0.0105(14)
C22 0.053(3) 0.050(3) 0.046(3) -0.012(2) 0.019(2) -0.029(2)
C23 0.046(2) 0.0306(19) 0.037(2) -0.0049(17) 0.0022(19) 0.0001(17)
C24 0.042(2) 0.0280(18) 0.0267(18) 0.0012(14) 0.0020(16) -0.0046(15)

_geom_special_details
;
All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.
;

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance
_geom_bond_site_symmetry_2
_geom_bond_publ_flag
U1 O1 1.776(2) . ?
U1 O2 1.788(2) . ?
U1 O4 2.260(3) . ?
U1 O5 2.275(3) . ?
U1 O3 2.410(3) . ?
U1 N3 2.539(3) . ?
U1 N2 2.549(3) . ?
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Cl2 C24 1.752(4) . ?
Cl3 C24 1.759(4) . ?
O3 C21 1.249(5) . ?
O4 C1 1.320(4) . ?
O5 C20 1.317(4) . ?
N1 C21 1.307(5) . ?
N1 C22 1.450(5) . ?
N1 C23 1.461(5) . ?
N2 C7 1.290(4) . ?
N2 C8 1.422(4) . ?
N3 C14 1.289(4) . ?
N3 C13 1.425(4) . ?
C1 C2 1.409(5) . ?
C1 C6 1.417(5) . ?
C2 C3 1.379(5) . ?
C2 H2 0.9300 . ?
C3 C4 1.396(6) . ?
C3 H3 0.9300 . ?
C4 C5 1.383(5) . ?
C4 H4 0.9300 . ?
C5 C6 1.404(5) . ?
C5 H5 0.9300 . ?
C6 C7 1.449(4) . ?
C7 H7 0.9300 . ?
C8 C13 1.398(5) . ?
C8 C9 1.392(5) . ?
C9 C10 1.402(5) . ?
C9 H9 0.9300 . ?
C10 C11 1.377(5) . ?
C10 H10 0.9300 . ?
C11 C12 1.390(5) . ?
C11 H11 0.9300 . ?
C12 C13 1.396(4) . ?
C12 H12 0.9300 . ?
C14 C15 1.449(5) . ?
C14 H14 0.9300 . ?
C15 C16 1.407(5) . ?
C15 C20 1.422(5) . ?
C16 C17 1.377(5) . ?
C16 H16 0.9300 . ?
C17 C18 1.398(5) . ?
C17 H17 0.9300 . ?
C18 C19 1.380(5) . ?
C18 H18 0.9300 . ?
C19 C20 1.413(5) . ?
C19 H19 0.9300 . ?
C21 H21 0.9300 . ?
C22 H22A 0.9600 . ?
C22 H22B 0.9600 . ?
C22 H22C 0.9600 . ?
C23 H23A 0.9600 . ?
C23 H23B 0.9600 . ?
C23 H23C 0.9600 . ?
C24 H24A 0.9700 . ?
C24 H24B 0.9700 . ?

loop_
_geom_angle_atom_site_label_1
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
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_geom_angle_site_symmetry_1
_geom_angle_site_symmetry_3
_geom_angle_publ_flag
O1 U1 O2 176.94(11) . . ?
O1 U1 O4 89.53(11) . . ?
O2 U1 O4 90.81(11) . . ?
O1 U1 O5 88.78(11) . . ?
O2 U1 O5 92.10(11) . . ?
O4 U1 O5 156.89(10) . . ?
O1 U1 O3 91.76(11) . . ?
O2 U1 O3 91.31(11) . . ?
O4 U1 O3 80.49(10) . . ?
O5 U1 O3 76.52(9) . . ?
O1 U1 N3 87.03(10) . . ?
O2 U1 N3 90.51(11) . . ?
O4 U1 N3 132.81(9) . . ?
O5 U1 N3 70.10(9) . . ?
O3 U1 N3 146.62(9) . . ?
O1 U1 N2 88.14(10) . . ?
O2 U1 N2 89.12(11) . . ?
O4 U1 N2 69.63(9) . . ?
O5 U1 N2 133.32(9) . . ?
O3 U1 N2 150.12(9) . . ?
N3 U1 N2 63.23(9) . . ?
C21 O3 U1 132.4(2) . . ?
C1 O4 U1 128.8(2) . . ?
C20 O5 U1 129.7(2) . . ?
C21 N1 C22 120.8(4) . . ?
C21 N1 C23 122.1(3) . . ?
C22 N1 C23 117.0(3) . . ?
C7 N2 C8 119.2(3) . . ?
C7 N2 U1 126.1(2) . . ?
C8 N2 U1 114.4(2) . . ?
C14 N3 C13 119.3(3) . . ?
C14 N3 U1 125.6(2) . . ?
C13 N3 U1 114.8(2) . . ?
O4 C1 C2 120.1(3) . . ?
O4 C1 C6 121.6(3) . . ?
C2 C1 C6 118.3(3) . . ?
C3 C2 C1 120.8(3) . . ?
C3 C2 H2 119.6 . . ?
C1 C2 H2 119.6 . . ?
C2 C3 C4 121.1(3) . . ?
C2 C3 H3 119.4 . . ?
C4 C3 H3 119.4 . . ?
C5 C4 C3 118.7(4) . . ?
C5 C4 H4 120.6 . . ?
C3 C4 H4 120.6 . . ?
C4 C5 C6 121.6(4) . . ?
C4 C5 H5 119.2 . . ?
C6 C5 H5 119.2 . . ?
C5 C6 C1 119.3(3) . . ?
C5 C6 C7 118.1(3) . . ?
C1 C6 C7 122.5(3) . . ?
N2 C7 C6 124.9(3) . . ?
N2 C7 H7 117.6 . . ?
C6 C7 H7 117.6 . . ?
C13 C8 C9 120.2(3) . . ?
C13 C8 N2 116.6(3) . . ?
C9 C8 N2 123.1(3) . . ?
C8 C9 C10 119.2(3) . . ?
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C8 C9 H9 120.4 . . ?
C10 C9 H9 120.4 . . ?
C11 C10 C9 120.5(3) . . ?
C11 C10 H10 119.8 . . ?
C9 C10 H10 119.8 . . ?
C10 C11 C12 120.7(3) . . ?
C10 C11 H11 119.6 . . ?
C12 C11 H11 119.6 . . ?
C11 C12 C13 119.3(3) . . ?
C11 C12 H12 120.3 . . ?
C13 C12 H12 120.3 . . ?
C8 C13 C12 120.1(3) . . ?
C8 C13 N3 116.4(3) . . ?
C12 C13 N3 123.4(3) . . ?
N3 C14 C15 125.6(3) . . ?
N3 C14 H14 117.2 . . ?
C15 C14 H14 117.2 . . ?
C16 C15 C20 119.1(3) . . ?
C16 C15 C14 118.5(3) . . ?
C20 C15 C14 122.1(3) . . ?
C17 C16 C15 122.4(3) . . ?
C17 C16 H16 118.8 . . ?
C15 C16 H16 118.8 . . ?
C16 C17 C18 118.2(3) . . ?
C16 C17 H17 120.9 . . ?
C18 C17 H17 120.9 . . ?
C19 C18 C17 121.2(3) . . ?
C19 C18 H18 119.4 . . ?
C17 C18 H18 119.4 . . ?
C18 C19 C20 121.3(3) . . ?
C18 C19 H19 119.4 . . ?
C20 C19 H19 119.4 . . ?
O5 C20 C19 119.9(3) . . ?
O5 C20 C15 122.3(3) . . ?
C19 C20 C15 117.7(3) . . ?
O3 C21 N1 124.6(4) . . ?
O3 C21 H21 117.7 . . ?
N1 C21 H21 117.7 . . ?
N1 C22 H22A 109.5 . . ?
N1 C22 H22B 109.5 . . ?
H22A C22 H22B 109.5 . . ?
N1 C22 H22C 109.5 . . ?
H22A C22 H22C 109.5 . . ?
H22B C22 H22C 109.5 . . ?
N1 C23 H23A 109.5 . . ?
N1 C23 H23B 109.5 . . ?
H23A C23 H23B 109.5 . . ?
N1 C23 H23C 109.5 . . ?
H23A C23 H23C 109.5 . . ?
H23B C23 H23C 109.5 . . ?
Cl2 C24 Cl3 110.4(2) . . ?
Cl2 C24 H24A 109.6 . . ?
Cl3 C24 H24A 109.6 . . ?
Cl2 C24 H24B 109.6 . . ?
Cl3 C24 H24B 109.6 . . ?
H24A C24 H24B 108.1 . . ?

loop_
_geom_torsion_atom_site_label_1
_geom_torsion_atom_site_label_2
_geom_torsion_atom_site_label_3
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_geom_torsion_atom_site_label_4
_geom_torsion
_geom_torsion_site_symmetry_1
_geom_torsion_site_symmetry_2
_geom_torsion_site_symmetry_3
_geom_torsion_site_symmetry_4
_geom_torsion_publ_flag
O1 U1 O3 C21 -58.2(4) . . . . ?
O2 U1 O3 C21 121.9(4) . . . . ?
O4 U1 O3 C21 -147.5(4) . . . . ?
O5 U1 O3 C21 30.1(3) . . . . ?
N3 U1 O3 C21 29.0(4) . . . . ?
N2 U1 O3 C21 -147.6(3) . . . . ?
O1 U1 O4 C1 32.6(3) . . . . ?
O2 U1 O4 C1 -144.4(3) . . . . ?
O5 U1 O4 C1 118.4(3) . . . . ?
O3 U1 O4 C1 124.4(3) . . . . ?
N3 U1 O4 C1 -52.9(3) . . . . ?
N2 U1 O4 C1 -55.6(3) . . . . ?
O1 U1 O5 C20 -34.5(3) . . . . ?
O2 U1 O5 C20 142.6(3) . . . . ?
O4 U1 O5 C20 -120.5(3) . . . . ?
O3 U1 O5 C20 -126.6(3) . . . . ?
N3 U1 O5 C20 52.8(3) . . . . ?
N2 U1 O5 C20 51.8(3) . . . . ?
O1 U1 N2 C7 -54.6(3) . . . . ?
O2 U1 N2 C7 126.8(3) . . . . ?
O4 U1 N2 C7 35.6(3) . . . . ?
O5 U1 N2 C7 -141.2(3) . . . . ?
O3 U1 N2 C7 35.7(4) . . . . ?
N3 U1 N2 C7 -142.2(3) . . . . ?
O1 U1 N2 C8 118.7(2) . . . . ?
O2 U1 N2 C8 -60.0(2) . . . . ?
O4 U1 N2 C8 -151.2(2) . . . . ?
O5 U1 N2 C8 32.1(3) . . . . ?
O3 U1 N2 C8 -151.1(2) . . . . ?
N3 U1 N2 C8 31.0(2) . . . . ?
O1 U1 N3 C14 52.6(3) . . . . ?
O2 U1 N3 C14 -129.3(3) . . . . ?
O4 U1 N3 C14 139.2(3) . . . . ?
O5 U1 N3 C14 -37.2(3) . . . . ?
O3 U1 N3 C14 -36.1(4) . . . . ?
N2 U1 N3 C14 142.0(3) . . . . ?
O1 U1 N3 C13 -120.3(2) . . . . ?
O2 U1 N3 C13 57.9(2) . . . . ?
O4 U1 N3 C13 -33.7(3) . . . . ?
O5 U1 N3 C13 149.9(2) . . . . ?
O3 U1 N3 C13 151.0(2) . . . . ?
N2 U1 N3 C13 -30.9(2) . . . . ?
U1 O4 C1 C2 -131.0(3) . . . . ?
U1 O4 C1 C6 51.0(4) . . . . ?
O4 C1 C2 C3 -179.5(3) . . . . ?
C6 C1 C2 C3 -1.4(5) . . . . ?
C1 C2 C3 C4 -0.4(5) . . . . ?
C2 C3 C4 C5 2.3(5) . . . . ?
C3 C4 C5 C6 -2.4(5) . . . . ?
C4 C5 C6 C1 0.6(5) . . . . ?
C4 C5 C6 C7 178.3(3) . . . . ?
O4 C1 C6 C5 179.3(3) . . . . ?
C2 C1 C6 C5 1.3(5) . . . . ?
O4 C1 C6 C7 1.7(5) . . . . ?
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C2 C1 C6 C7 -176.3(3) . . . . ?
C8 N2 C7 C6 174.8(3) . . . . ?
U1 N2 C7 C6 -12.3(5) . . . . ?
C5 C6 C7 N2 164.8(3) . . . . ?
C1 C6 C7 N2 -17.5(5) . . . . ?
C7 N2 C8 C13 144.2(3) . . . . ?
U1 N2 C8 C13 -29.6(3) . . . . ?
C7 N2 C8 C9 -40.2(5) . . . . ?
U1 N2 C8 C9 146.0(3) . . . . ?
C13 C8 C9 C10 -1.7(5) . . . . ?
N2 C8 C9 C10 -177.1(3) . . . . ?
C8 C9 C10 C11 0.7(5) . . . . ?
C9 C10 C11 C12 0.5(5) . . . . ?
C10 C11 C12 C13 -0.7(5) . . . . ?
C9 C8 C13 C12 1.5(5) . . . . ?
N2 C8 C13 C12 177.2(3) . . . . ?
C9 C8 C13 N3 -175.2(3) . . . . ?
N2 C8 C13 N3 0.5(4) . . . . ?
C11 C12 C13 C8 -0.3(5) . . . . ?
C11 C12 C13 N3 176.2(3) . . . . ?
C14 N3 C13 C8 -144.3(3) . . . . ?
U1 N3 C13 C8 29.0(3) . . . . ?
C14 N3 C13 C12 39.1(5) . . . . ?
U1 N3 C13 C12 -147.6(3) . . . . ?
C13 N3 C14 C15 -172.0(3) . . . . ?
U1 N3 C14 C15 15.4(5) . . . . ?
N3 C14 C15 C16 -169.6(3) . . . . ?
N3 C14 C15 C20 17.5(5) . . . . ?
C20 C15 C16 C17 0.0(5) . . . . ?
C14 C15 C16 C17 -173.2(3) . . . . ?
C15 C16 C17 C18 2.5(5) . . . . ?
C16 C17 C18 C19 -2.2(5) . . . . ?
C17 C18 C19 C20 -0.6(5) . . . . ?
U1 O5 C20 C19 139.1(3) . . . . ?
U1 O5 C20 C15 -44.6(4) . . . . ?
C18 C19 C20 O5 179.6(3) . . . . ?
C18 C19 C20 C15 3.0(5) . . . . ?
C16 C15 C20 O5 -179.1(3) . . . . ?
C14 C15 C20 O5 -6.2(5) . . . . ?
C16 C15 C20 C19 -2.7(5) . . . . ?
C14 C15 C20 C19 170.3(3) . . . . ?
U1 O3 C21 N1 150.7(3) . . . . ?
C22 N1 C21 O3 -4.6(6) . . . . ?
C23 N1 C21 O3 178.9(4) . . . . ?

_diffrn_measured_fraction_theta_max 0.997
_diffrn_reflns_theta_full 27.48
_diffrn_measured_fraction_theta_full 0.997
_refine_diff_density_max 0.964
_refine_diff_density_min -0.740
_refine_diff_density_rms 0.112
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Crystallographic Information of
[UVIO2(saloph)]2

data_shelxl

_audit_creation_method SHELXL-97
_chemical_name_systematic
;
?
;
_chemical_name_common ?
_chemical_melting_point ?
_chemical_formula_moiety ’C40 H28 N4 O8 U2 ’
_chemical_formula_sum
’C40 H28 N4 O8 U2’
_chemical_formula_weight 1168.72

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
’C’ ’C’ 0.0033 0.0016
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’H’ ’H’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’N’ ’N’ 0.0061 0.0033
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’O’ ’O’ 0.0106 0.0060
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’U’ ’U’ -9.6767 9.6646
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’

_symmetry_cell_setting triclinic
_symmetry_space_group_name_H-M ’P -1’

loop_
_symmetry_equiv_pos_as_xyz
’x, y, z’
’-x, -y, -z’

_cell_length_a 15.689(7)

145
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_cell_length_b 16.044(5)
_cell_length_c 17.642(7)
_cell_angle_alpha 67.00(3)
_cell_angle_beta 78.25(3)
_cell_angle_gamma 81.72(3)
_cell_volume 3992(3)
_cell_formula_units_Z 4
_cell_measurement_temperature 93(2)
_cell_measurement_reflns_used 37292
_cell_measurement_theta_min 3.0
_cell_measurement_theta_max 27.5

_exptl_crystal_description ’block’
_exptl_crystal_colour ’red’
_exptl_crystal_size_max 0.20
_exptl_crystal_size_mid 0.10
_exptl_crystal_size_min 0.10
_exptl_crystal_density_meas ?
_exptl_crystal_density_diffrn 1.945
_exptl_crystal_density_method ’not measured’
_exptl_crystal_F_000 2176
_exptl_absorpt_coefficient_mu 8.158
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.2923
_exptl_absorpt_correction_T_max 0.4959
_exptl_absorpt_process_details
;

Higashi, T. (1995). Program for Absorption Correction.
Rigaku Corporation, Tokyo, Japan.

;

_diffrn_ambient_temperature 93(2)
_diffrn_radiation_wavelength 0.71075
_diffrn_radiation_type MoKYa
_diffrn_radiation_source ’fine-focus sealed tube’
_diffrn_radiation_monochromator graphite
_diffrn_measurement_device_type ’Rigaku RAXIS-RAPID’
_diffrn_measurement_method Yw
_diffrn_detector_area_resol_mean 10.00
_diffrn_reflns_number 34895
_diffrn_reflns_av_R_equivalents 0.0687
_diffrn_reflns_av_sigmaI/netI 0.0894
_diffrn_reflns_limit_h_min -20
_diffrn_reflns_limit_h_max 20
_diffrn_reflns_limit_k_min -20
_diffrn_reflns_limit_k_max 20
_diffrn_reflns_limit_l_min -22
_diffrn_reflns_limit_l_max 22
_diffrn_reflns_theta_min 3.00
_diffrn_reflns_theta_max 27.48
_reflns_number_total 17643
_reflns_number_gt 12239
_reflns_threshold_expression >2sigma(I)

_computing_data_collection ’PROCESS-AUTO’
_computing_cell_refinement ’PROCESS-AUTO’
_computing_data_reduction ’CrystalStructure’
_computing_structure_solution ’DIRDIF99 (PATTY)’
_computing_structure_refinement ’SHELXL-97 (Sheldrick, 1997)’
_computing_molecular_graphics ?
_computing_publication_material ?
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_refine_special_details
;
Refinement of Fˆ2ˆ against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on Fˆ2ˆ, conventional R-factors R are based
on F, with F set to zero for negative Fˆ2ˆ. The threshold expression of
Fˆ2ˆ > 2sigma(Fˆ2ˆ) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on Fˆ2ˆ are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.
;

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details
’calc w=1/[Ysˆ2ˆ(Foˆ2ˆ)+(0.0256P)ˆ2ˆ+46.5808P] where P=(Foˆ2ˆ+2Fcˆ2ˆ)/3’
_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine_ls_hydrogen_treatment mixed
_refine_ls_extinction_method none
_refine_ls_extinction_coef ?
_refine_ls_number_reflns 17643
_refine_ls_number_parameters 974
_refine_ls_number_restraints 0
_refine_ls_R_factor_all 0.0983
_refine_ls_R_factor_gt 0.0578
_refine_ls_wR_factor_ref 0.1082
_refine_ls_wR_factor_gt 0.0974
_refine_ls_goodness_of_fit_ref 1.022
_refine_ls_restrained_S_all 1.022
_refine_ls_shift/su_max 0.001
_refine_ls_shift/su_mean 0.000

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
U1 U 0.24047(2) 0.43472(2) 0.00772(2) 0.02418(9) Uani 1 1 d . . .
U2 U 0.28782(2) 0.17798(2) 0.04840(2) 0.02285(9) Uani 1 1 d . . .
U3 U 0.57203(2) 0.69471(2) 0.53808(2) 0.02397(9) Uani 1 1 d . . .
U4 U 0.80417(2) 0.73859(2) 0.41050(2) 0.02339(9) Uani 1 1 d . . .
O1 O 0.1316(5) 0.4471(4) 0.0563(4) 0.0294(16) Uani 1 1 d . . .
O2 O 0.3520(4) 0.4254(5) -0.0362(4) 0.0307(16) Uani 1 1 d . . .
O3 O 0.2072(4) 0.5247(4) -0.1173(4) 0.0256(15) Uani 1 1 d . . .
O4 O 0.2578(4) 0.2901(4) 0.1166(4) 0.0267(15) Uani 1 1 d . . .
O5 O 0.1845(5) 0.1309(4) 0.0875(4) 0.0309(16) Uani 1 1 d . . .
O6 O 0.3927(5) 0.2211(4) 0.0034(4) 0.0293(16) Uani 1 1 d . . .
O7 O 0.3333(4) 0.0873(4) 0.1667(4) 0.0264(15) Uani 1 1 d . . .
O8 O 0.2114(4) 0.3133(4) -0.0342(4) 0.0204(14) Uani 1 1 d . . .
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O9 O 0.5014(4) 0.7804(4) 0.4782(4) 0.0285(16) Uani 1 1 d . . .
O10 O 0.6392(5) 0.6118(5) 0.6048(4) 0.0319(17) Uani 1 1 d . . .
O11 O 0.6778(4) 0.8056(4) 0.4791(4) 0.0254(15) Uani 1 1 d . . .
O12 O 0.4906(4) 0.5928(4) 0.5400(5) 0.0311(17) Uani 1 1 d . . .
O13 O 0.7909(5) 0.8120(4) 0.3071(4) 0.0287(16) Uani 1 1 d . . .
O14 O 0.8222(4) 0.6588(4) 0.5109(4) 0.0266(15) Uani 1 1 d . . .
O15 O 0.6750(4) 0.6696(4) 0.4201(4) 0.0239(14) Uani 1 1 d . . .
O16 O 0.8704(5) 0.8441(5) 0.4226(5) 0.0323(17) Uani 1 1 d . . .
N1 N 0.2422(6) 0.5995(5) -0.0103(5) 0.0292(19) Uani 1 1 d . . .
N2 N 0.2874(6) 0.4616(6) 0.1254(5) 0.031(2) Uani 1 1 d . . .
N3 N 0.3499(5) 0.0273(5) 0.0362(5) 0.0249(18) Uani 1 1 d . . .
N4 N 0.2781(5) 0.1621(5) -0.0847(5) 0.0262(18) Uani 1 1 d . . .
N5 N 0.5626(5) 0.7843(5) 0.6323(5) 0.0257(18) Uani 1 1 d . . .
N6 N 0.4476(5) 0.6645(5) 0.6601(5) 0.0263(18) Uani 1 1 d . . .
N7 N 0.8522(5) 0.6142(5) 0.3549(5) 0.0228(17) Uani 1 1 d . . .
N8 N 0.9654(6) 0.7220(5) 0.3581(5) 0.0277(19) Uani 1 1 d . . .
C1 C 0.1435(7) 0.5892(7) -0.1341(6) 0.029(2) Uani 1 1 d . . .
C2 C 0.0880(8) 0.5933(7) -0.1894(7) 0.037(3) Uani 1 1 d . . .
H2 H 0.0989 0.5518 -0.2172 0.045 Uiso 1 1 calc R . .
C3 C 0.0184(7) 0.6571(8) -0.2032(7) 0.038(3) Uani 1 1 d . . .
H3 H -0.0199 0.6564 -0.2384 0.046 Uiso 1 1 calc R . .
C4 C 0.0020(7) 0.7218(8) -0.1680(7) 0.039(3) Uani 1 1 d . . .
H4 H -0.0471 0.7646 -0.1773 0.047 Uiso 1 1 calc R . .
C5 C 0.0594(7) 0.7222(7) -0.1189(7) 0.039(3) Uani 1 1 d . . .
H5 H 0.0504 0.7680 -0.0960 0.046 Uiso 1 1 calc R . .
C6 C 0.1315(7) 0.6574(7) -0.1008(7) 0.034(3) Uani 1 1 d . . .
C7 C 0.1870(7) 0.6631(7) -0.0481(7) 0.034(3) Uani 1 1 d . . .
H7 H 0.1830 0.7188 -0.0400 0.041 Uiso 1 1 calc R . .
C8 C 0.2987(6) 0.6193(8) 0.0318(8) 0.035(3) Uani 1 1 d . . .
C9 C 0.3321(7) 0.7041(8) 0.0041(9) 0.044(3) Uani 1 1 d . . .
H9 H 0.3139 0.7527 -0.0428 0.052 Uiso 1 1 calc R . .
C10 C 0.3915(8) 0.7164(9) 0.0456(10) 0.054(4) Uani 1 1 d . . .
H10 H 0.4138 0.7743 0.0276 0.064 Uiso 1 1 calc R . .
C11 C 0.4189(8) 0.6468(10) 0.1121(10) 0.057(4) Uani 1 1 d . . .
H11 H 0.4620 0.6565 0.1380 0.069 Uiso 1 1 calc R . .
C12 C 0.3853(8) 0.5609(9) 0.1436(9) 0.055(4) Uani 1 1 d . . .
H12 H 0.4029 0.5135 0.1915 0.066 Uiso 1 1 calc R . .
C13 C 0.3247(7) 0.5481(8) 0.1012(8) 0.037(3) Uani 1 1 d . . .
C14 C 0.2763(7) 0.4106(8) 0.2024(7) 0.036(3) Uani 1 1 d . . .
H14 H 0.2939 0.4329 0.2390 0.044 Uiso 1 1 calc R . .
C15 C 0.2403(7) 0.3231(8) 0.2408(6) 0.036(3) Uani 1 1 d . . .
C16 C 0.2180(7) 0.2933(8) 0.3279(6) 0.033(2) Uani 1 1 d . . .
H16 H 0.2312 0.3284 0.3561 0.040 Uiso 1 1 calc R . .
C17 C 0.1773(8) 0.2141(9) 0.3732(7) 0.050(3) Uani 1 1 d . . .
H17 H 0.1593 0.1962 0.4318 0.060 Uiso 1 1 calc R . .
C18 C 0.1628(7) 0.1606(8) 0.3315(7) 0.042(3) Uani 1 1 d . . .
H18 H 0.1352 0.1054 0.3620 0.050 Uiso 1 1 calc R . .
C19 C 0.1881(7) 0.1868(7) 0.2465(6) 0.032(2) Uani 1 1 d . . .
H19 H 0.1783 0.1488 0.2195 0.039 Uiso 1 1 calc R . .
C20 C 0.2275(7) 0.2669(7) 0.1993(6) 0.028(2) Uani 1 1 d . . .
C21 C 0.3248(7) 0.0017(7) 0.2173(7) 0.030(2) Uani 1 1 d . . .
C22 C 0.3147(8) -0.0240(8) 0.3041(7) 0.040(3) Uani 1 1 d . . .
H22 H 0.3128 0.0212 0.3267 0.049 Uiso 1 1 calc R . .
C23 C 0.3075(9) -0.1128(9) 0.3570(7) 0.053(4) Uani 1 1 d . . .
H23 H 0.2993 -0.1276 0.4155 0.064 Uiso 1 1 calc R . .
C24 C 0.3120(11) -0.1823(9) 0.3267(8) 0.067(4) Uani 1 1 d . . .
H24 H 0.3078 -0.2439 0.3637 0.080 Uiso 1 1 calc R . .
C25 C 0.3227(9) -0.1584(7) 0.2420(8) 0.054(4) Uani 1 1 d . . .
H25 H 0.3263 -0.2048 0.2204 0.065 Uiso 1 1 calc R . .
C26 C 0.3285(8) -0.0683(7) 0.1860(7) 0.039(3) Uani 1 1 d . . .
C27 C 0.3473(8) -0.0508(7) 0.0982(7) 0.035(3) Uani 1 1 d . . .
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H27 H 0.3595 -0.1028 0.0836 0.042 Uiso 1 1 calc R . .
C28 C 0.3792(6) 0.0289(6) -0.0454(6) 0.027(2) Uani 1 1 d . . .
C29 C 0.4428(6) -0.0332(6) -0.0664(7) 0.030(2) Uani 1 1 d . . .
H29 H 0.4702 -0.0797 -0.0241 0.036 Uiso 1 1 calc R . .
C30 C 0.4657(7) -0.0272(8) -0.1480(7) 0.036(3) Uani 1 1 d . . .
H30 H 0.5063 -0.0714 -0.1611 0.044 Uiso 1 1 calc R . .
C31 C 0.4295(7) 0.0432(8) -0.2108(7) 0.036(3) Uani 1 1 d . . .
H31 H 0.4460 0.0471 -0.2669 0.043 Uiso 1 1 calc R . .
C32 C 0.3690(7) 0.1083(7) -0.1926(7) 0.030(2) Uani 1 1 d . . .
H32 H 0.3454 0.1572 -0.2360 0.036 Uiso 1 1 calc R . .
C33 C 0.3438(7) 0.1006(7) -0.1102(6) 0.028(2) Uani 1 1 d . . .
C34 C 0.2132(6) 0.1918(7) -0.1250(6) 0.028(2) Uani 1 1 d . . .
H34 H 0.2126 0.1699 -0.1678 0.034 Uiso 1 1 calc R . .
C35 C 0.1409(6) 0.2550(6) -0.1123(6) 0.024(2) Uani 1 1 d . . .
C36 C 0.0678(7) 0.2602(7) -0.1491(6) 0.030(2) Uani 1 1 d . . .
H36 H 0.0684 0.2210 -0.1779 0.036 Uiso 1 1 calc R . .
C37 C -0.0039(7) 0.3188(7) -0.1455(6) 0.031(2) Uani 1 1 d . . .
H37 H -0.0527 0.3207 -0.1706 0.037 Uiso 1 1 calc R . .
C38 C -0.0018(6) 0.3763(7) -0.1026(6) 0.027(2) Uani 1 1 d . . .
H38 H -0.0502 0.4185 -0.0995 0.032 Uiso 1 1 calc R . .
C39 C 0.0672(6) 0.3732(6) -0.0658(6) 0.023(2) Uani 1 1 d . . .
H39 H 0.0652 0.4127 -0.0369 0.028 Uiso 1 1 calc R . .
C40 C 0.1413(6) 0.3134(6) -0.0691(6) 0.023(2) Uani 1 1 d . . .
C41 C 0.6605(7) 0.8966(7) 0.4628(6) 0.029(2) Uani 1 1 d . . .
C42 C 0.6846(7) 0.9607(7) 0.3845(7) 0.034(3) Uani 1 1 d . . .
H42 H 0.7116 0.9411 0.3404 0.041 Uiso 1 1 calc R . .
C43 C 0.6708(7) 1.0521(7) 0.3682(7) 0.034(3) Uani 1 1 d . . .
H43 H 0.6895 1.0943 0.3137 0.041 Uiso 1 1 calc R . .
C44 C 0.6296(7) 1.0834(7) 0.4310(7) 0.037(3) Uani 1 1 d . . .
H44 H 0.6197 1.1466 0.4200 0.045 Uiso 1 1 calc R . .
C45 C 0.6035(7) 1.0200(7) 0.5097(7) 0.031(2) Uani 1 1 d . . .
H45 H 0.5770 1.0403 0.5535 0.038 Uiso 1 1 calc R . .
C46 C 0.6152(7) 0.9258(6) 0.5265(6) 0.028(2) Uani 1 1 d . . .
C47 C 0.5789(7) 0.8664(7) 0.6100(6) 0.029(2) Uani 1 1 d . . .
H47 H 0.5662 0.8917 0.6519 0.035 Uiso 1 1 calc R . .
C48 C 0.5287(6) 0.7337(6) 0.7181(6) 0.026(2) Uani 1 1 d . . .
C49 C 0.5536(7) 0.7450(7) 0.7845(6) 0.026(2) Uani 1 1 d . . .
H49 H 0.5905 0.7914 0.7746 0.032 Uiso 1 1 calc R . .
C50 C 0.5241(7) 0.6878(7) 0.8655(7) 0.035(3) Uani 1 1 d . . .
H50 H 0.5421 0.6939 0.9113 0.042 Uiso 1 1 calc R . .
C51 C 0.4683(7) 0.6220(7) 0.8795(7) 0.039(3) Uani 1 1 d . . .
H51 H 0.4496 0.5817 0.9348 0.046 Uiso 1 1 calc R . .
C52 C 0.4396(8) 0.6146(7) 0.8134(7) 0.037(3) Uani 1 1 d . . .
H52 H 0.3989 0.5716 0.8234 0.045 Uiso 1 1 calc R . .
C53 C 0.4710(6) 0.6711(7) 0.7319(6) 0.028(2) Uani 1 1 d . . .
C54 C 0.3705(7) 0.6481(7) 0.6596(7) 0.035(3) Uani 1 1 d . . .
H54 H 0.3271 0.6484 0.7058 0.042 Uiso 1 1 calc R . .
C55 C 0.3437(7) 0.6291(7) 0.5949(7) 0.032(2) Uani 1 1 d . . .
C56 C 0.2534(7) 0.6362(7) 0.5905(7) 0.033(2) Uani 1 1 d . . .
H56 H 0.2117 0.6568 0.6277 0.040 Uiso 1 1 calc R . .
C57 C 0.2265(7) 0.6128(7) 0.5319(8) 0.040(3) Uani 1 1 d . . .
H57 H 0.1665 0.6213 0.5267 0.048 Uiso 1 1 calc R . .
C58 C 0.2865(8) 0.5769(7) 0.4803(7) 0.035(3) Uani 1 1 d . . .
H58 H 0.2670 0.5579 0.4424 0.042 Uiso 1 1 calc R . .
C59 C 0.3743(7) 0.5692(6) 0.4846(7) 0.032(2) Uani 1 1 d . . .
H59 H 0.4145 0.5439 0.4499 0.039 Uiso 1 1 calc R . .
C60 C 0.4053(7) 0.5974(6) 0.5383(6) 0.026(2) Uani 1 1 d . . .
C61 C 0.6537(7) 0.6532(7) 0.3565(6) 0.028(2) Uani 1 1 d . . .
C62 C 0.5686(7) 0.6739(8) 0.3393(7) 0.039(3) Uani 1 1 d . . .
H62 H 0.5264 0.7011 0.3711 0.047 Uiso 1 1 calc R . .
C63 C 0.5448(8) 0.6555(9) 0.2769(8) 0.049(3) Uani 1 1 d . . .
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H63 H 0.4861 0.6698 0.2673 0.058 Uiso 1 1 calc R . .
C64 C 0.6036(8) 0.6168(9) 0.2275(8) 0.050(3) Uani 1 1 d . . .
H64 H 0.5865 0.6050 0.1842 0.060 Uiso 1 1 calc R . .
C65 C 0.6872(7) 0.5963(7) 0.2440(6) 0.033(2) Uani 1 1 d . . .
H65 H 0.7283 0.5689 0.2116 0.040 Uiso 1 1 calc R . .
C66 C 0.7149(6) 0.6140(6) 0.3065(6) 0.025(2) Uani 1 1 d . . .
C67 C 0.8066(6) 0.5888(6) 0.3153(6) 0.023(2) Uani 1 1 d . . .
H67 H 0.8364 0.5491 0.2887 0.028 Uiso 1 1 calc R . .
C68 C 0.9413(7) 0.5791(7) 0.3564(6) 0.028(2) Uani 1 1 d . . .
C69 C 0.9716(7) 0.4935(6) 0.3543(7) 0.035(3) Uani 1 1 d . . .
H69 H 0.9324 0.4548 0.3523 0.041 Uiso 1 1 calc R . .
C70 C 1.0590(8) 0.4659(8) 0.3550(8) 0.044(3) Uani 1 1 d . . .
H70 H 1.0795 0.4081 0.3527 0.053 Uiso 1 1 calc R . .
C71 C 1.1171(8) 0.5196(8) 0.3590(8) 0.044(3) Uani 1 1 d . . .
H71 H 1.1769 0.4993 0.3602 0.053 Uiso 1 1 calc R . .
C72 C 1.0871(7) 0.6038(7) 0.3613(6) 0.032(2) Uani 1 1 d . . .
H72 H 1.1264 0.6407 0.3659 0.038 Uiso 1 1 calc R . .
C73 C 1.0013(7) 0.6352(7) 0.3570(6) 0.030(2) Uani 1 1 d . . .
C74 C 1.0151(7) 0.7889(7) 0.3176(6) 0.031(2) Uani 1 1 d . . .
H74 H 1.0704 0.7767 0.2884 0.037 Uiso 1 1 calc R . .
C75 C 0.9918(8) 0.8818(7) 0.3138(8) 0.041(3) Uani 1 1 d . . .
C76 C 1.0457(8) 0.9498(8) 0.2565(9) 0.053(3) Uani 1 1 d . . .
H76 H 1.0949 0.9336 0.2223 0.063 Uiso 1 1 calc R . .
C77 C 1.0290(10) 1.0385(9) 0.2487(10) 0.072(5) Uani 1 1 d . . .
H77 H 1.0622 1.0847 0.2061 0.086 Uiso 1 1 calc R . .
C78 C 0.9605(9) 1.0596(9) 0.3061(9) 0.056(4) Uani 1 1 d . . .
H78 H 0.9496 1.1205 0.3034 0.068 Uiso 1 1 calc R . .
C79 C 0.9099(8) 0.9940(8) 0.3653(8) 0.048(3) Uani 1 1 d . . .
H79 H 0.8656 1.0095 0.4041 0.058 Uiso 1 1 calc R . .
C80 C 0.9228(7) 0.9040(8) 0.3694(7) 0.035(3) Uani 1 1 d . . .

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_23
_atom_site_aniso_U_13
_atom_site_aniso_U_12
U1 0.0271(2) 0.02378(19) 0.0239(2) -0.01233(15) -0.00380(16) 0.00061(15)
U2 0.0269(2) 0.02145(19) 0.01957(19) -0.00791(14) -0.00305(15) 0.00001(15)
U3 0.0266(2) 0.02206(19) 0.0240(2) -0.01108(15) -0.00123(16) -0.00083(15)
U4 0.0266(2) 0.0246(2) 0.02002(19) -0.01048(15) -0.00203(15) -0.00121(15)
O1 0.038(4) 0.030(4) 0.023(4) -0.016(3) 0.001(3) 0.000(3)
O2 0.027(4) 0.033(4) 0.040(4) -0.023(3) -0.003(3) -0.003(3)
O3 0.025(4) 0.020(3) 0.031(4) -0.012(3) -0.005(3) 0.007(3)
O4 0.037(4) 0.029(4) 0.015(3) -0.010(3) -0.006(3) 0.002(3)
O5 0.036(4) 0.028(4) 0.028(4) -0.007(3) -0.013(3) 0.002(3)
O6 0.034(4) 0.019(3) 0.038(4) -0.012(3) -0.012(3) -0.002(3)
O7 0.035(4) 0.022(4) 0.021(4) -0.007(3) -0.008(3) 0.002(3)
O8 0.020(3) 0.020(3) 0.019(3) -0.007(3) -0.007(3) 0.006(3)
O9 0.029(4) 0.028(4) 0.033(4) -0.018(3) -0.004(3) 0.001(3)
O10 0.039(4) 0.030(4) 0.030(4) -0.017(3) -0.006(3) 0.002(3)
O11 0.028(4) 0.022(4) 0.028(4) -0.011(3) -0.002(3) -0.003(3)
O12 0.025(4) 0.029(4) 0.047(5) -0.022(3) -0.002(3) -0.007(3)
O13 0.039(4) 0.025(4) 0.024(4) -0.009(3) -0.012(3) 0.000(3)
O14 0.031(4) 0.030(4) 0.018(3) -0.010(3) -0.001(3) -0.001(3)
O15 0.026(4) 0.023(3) 0.027(4) -0.016(3) -0.007(3) 0.002(3)
O16 0.033(4) 0.030(4) 0.040(4) -0.021(3) 0.000(3) -0.005(3)
N1 0.029(5) 0.024(4) 0.040(5) -0.017(4) -0.008(4) 0.003(4)
N2 0.038(5) 0.033(5) 0.031(5) -0.021(4) -0.012(4) 0.007(4)
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N3 0.032(5) 0.024(4) 0.023(4) -0.017(4) 0.000(4) 0.000(4)
N4 0.032(5) 0.025(4) 0.021(4) -0.009(3) 0.000(4) -0.002(4)
N5 0.027(5) 0.022(4) 0.026(5) -0.009(3) -0.004(4) 0.002(4)
N6 0.025(5) 0.021(4) 0.031(5) -0.010(4) 0.002(4) -0.001(3)
N7 0.024(4) 0.024(4) 0.026(4) -0.016(3) -0.002(4) -0.001(3)
N8 0.034(5) 0.025(4) 0.024(4) -0.009(4) -0.004(4) -0.003(4)
C1 0.026(6) 0.027(5) 0.024(5) -0.002(4) 0.004(4) -0.006(4)
C2 0.046(7) 0.037(6) 0.030(6) -0.017(5) -0.005(5) 0.003(5)
C3 0.030(6) 0.050(7) 0.034(6) -0.015(5) -0.004(5) -0.005(5)
C4 0.028(6) 0.043(7) 0.037(7) -0.007(5) -0.003(5) 0.001(5)
C5 0.036(7) 0.029(6) 0.049(7) -0.015(5) 0.000(6) 0.000(5)
C6 0.040(7) 0.020(5) 0.028(6) -0.003(4) 0.009(5) -0.003(5)
C7 0.042(7) 0.019(5) 0.038(6) -0.009(4) -0.001(5) -0.004(5)
C8 0.014(5) 0.042(7) 0.058(8) -0.033(6) -0.007(5) 0.012(5)
C9 0.026(6) 0.040(7) 0.076(9) -0.032(6) -0.008(6) -0.003(5)
C10 0.040(8) 0.039(7) 0.091(11) -0.040(8) 0.000(7) -0.001(6)
C11 0.026(7) 0.079(10) 0.094(12) -0.059(9) -0.021(7) 0.006(7)
C12 0.044(8) 0.056(8) 0.092(11) -0.049(8) -0.042(8) 0.014(6)
C13 0.026(6) 0.045(7) 0.056(8) -0.040(6) -0.007(5) 0.010(5)
C14 0.040(7) 0.042(7) 0.040(7) -0.030(6) -0.016(5) 0.020(5)
C15 0.034(6) 0.056(7) 0.024(6) -0.024(5) -0.010(5) 0.017(5)
C16 0.032(6) 0.044(7) 0.025(6) -0.017(5) -0.003(5) 0.001(5)
C17 0.040(7) 0.081(10) 0.027(6) -0.029(7) 0.000(5) 0.015(7)
C18 0.037(7) 0.052(7) 0.023(6) -0.004(5) 0.003(5) 0.002(6)
C19 0.023(6) 0.045(7) 0.024(6) -0.011(5) -0.002(4) 0.005(5)
C20 0.037(6) 0.032(6) 0.018(5) -0.012(4) -0.010(4) 0.009(5)
C21 0.028(6) 0.030(6) 0.033(6) -0.010(5) -0.004(5) -0.005(4)
C22 0.049(8) 0.038(7) 0.024(6) 0.003(5) -0.006(5) -0.011(5)
C23 0.061(9) 0.061(9) 0.021(6) 0.007(6) -0.006(6) -0.014(7)
C24 0.106(13) 0.039(8) 0.037(8) 0.003(6) 0.002(8) -0.016(8)
C25 0.079(10) 0.019(6) 0.055(9) -0.008(5) 0.005(7) -0.011(6)
C26 0.045(7) 0.027(6) 0.037(7) -0.009(5) -0.003(5) 0.002(5)
C27 0.053(8) 0.016(5) 0.037(6) -0.010(5) -0.009(6) -0.003(5)
C28 0.024(5) 0.026(5) 0.030(6) -0.010(4) -0.002(4) -0.007(4)
C29 0.021(5) 0.021(5) 0.052(7) -0.017(5) -0.015(5) 0.008(4)
C30 0.033(6) 0.045(7) 0.036(6) -0.026(5) -0.002(5) 0.005(5)
C31 0.027(6) 0.051(7) 0.036(6) -0.027(6) 0.002(5) 0.001(5)
C32 0.026(6) 0.042(6) 0.030(6) -0.021(5) -0.003(5) -0.002(5)
C33 0.028(6) 0.028(5) 0.030(6) -0.014(4) -0.007(5) 0.005(4)
C34 0.025(6) 0.036(6) 0.033(6) -0.023(5) -0.010(5) 0.006(4)
C35 0.026(6) 0.025(5) 0.023(5) -0.009(4) 0.002(4) -0.011(4)
C36 0.029(6) 0.038(6) 0.029(6) -0.018(5) 0.000(5) -0.008(5)
C37 0.021(6) 0.052(7) 0.024(5) -0.019(5) -0.002(4) -0.002(5)
C38 0.018(5) 0.032(6) 0.025(5) -0.008(4) 0.003(4) -0.004(4)
C39 0.031(6) 0.018(5) 0.022(5) -0.010(4) -0.002(4) -0.002(4)
C40 0.023(5) 0.021(5) 0.019(5) -0.003(4) -0.002(4) 0.003(4)
C41 0.034(6) 0.029(6) 0.028(6) -0.017(4) 0.000(5) -0.004(4)
C42 0.033(6) 0.027(6) 0.042(7) -0.019(5) -0.004(5) 0.009(5)
C43 0.038(7) 0.022(5) 0.038(6) -0.009(5) -0.006(5) 0.009(5)
C44 0.041(7) 0.026(6) 0.047(7) -0.017(5) -0.005(6) -0.003(5)
C45 0.032(6) 0.039(6) 0.030(6) -0.021(5) 0.001(5) -0.007(5)
C46 0.025(6) 0.026(5) 0.036(6) -0.012(4) -0.008(5) -0.007(4)
C47 0.029(6) 0.032(6) 0.030(6) -0.017(5) 0.001(5) -0.002(5)
C48 0.021(5) 0.027(5) 0.031(6) -0.016(4) 0.001(4) 0.009(4)
C49 0.029(6) 0.028(5) 0.025(5) -0.013(4) -0.011(4) 0.009(4)
C50 0.038(7) 0.039(6) 0.026(6) -0.012(5) -0.007(5) 0.004(5)
C51 0.042(7) 0.038(6) 0.029(6) -0.013(5) 0.009(5) -0.002(5)
C52 0.042(7) 0.031(6) 0.033(6) -0.012(5) 0.004(5) 0.003(5)
C53 0.023(5) 0.036(6) 0.029(6) -0.019(5) 0.005(4) -0.005(4)
C54 0.028(6) 0.031(6) 0.035(6) -0.008(5) 0.015(5) -0.007(5)
C55 0.044(7) 0.022(5) 0.031(6) -0.013(4) -0.007(5) 0.005(5)
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C56 0.037(7) 0.025(6) 0.030(6) -0.005(4) 0.000(5) -0.003(5)
C57 0.028(6) 0.034(6) 0.052(8) -0.008(5) -0.008(6) -0.005(5)
C58 0.046(7) 0.027(6) 0.027(6) 0.003(4) -0.011(5) -0.010(5)
C59 0.043(7) 0.018(5) 0.032(6) -0.005(4) -0.009(5) -0.002(5)
C60 0.025(6) 0.022(5) 0.030(6) -0.006(4) 0.000(4) -0.010(4)
C61 0.033(6) 0.027(5) 0.030(6) -0.012(4) -0.011(5) -0.005(4)
C62 0.034(7) 0.051(7) 0.042(7) -0.028(6) -0.016(5) 0.013(5)
C63 0.026(6) 0.088(10) 0.050(8) -0.046(7) -0.013(6) 0.008(6)
C64 0.038(7) 0.088(10) 0.045(8) -0.047(7) -0.013(6) 0.007(7)
C65 0.032(6) 0.043(6) 0.025(6) -0.018(5) 0.005(5) -0.004(5)
C66 0.025(6) 0.025(5) 0.027(5) -0.014(4) 0.001(4) -0.002(4)
C67 0.030(6) 0.013(5) 0.019(5) -0.001(4) 0.004(4) -0.001(4)
C68 0.035(6) 0.030(6) 0.024(5) -0.015(4) -0.007(5) 0.001(5)
C69 0.042(7) 0.015(5) 0.046(7) -0.014(5) -0.010(5) 0.013(5)
C70 0.048(8) 0.033(7) 0.057(8) -0.025(6) -0.019(6) 0.018(6)
C71 0.037(7) 0.049(7) 0.052(8) -0.025(6) -0.013(6) 0.005(6)
C72 0.024(6) 0.037(6) 0.033(6) -0.009(5) -0.011(5) 0.000(5)
C73 0.041(7) 0.030(6) 0.019(5) -0.011(4) -0.005(5) 0.003(5)
C74 0.023(6) 0.038(6) 0.032(6) -0.014(5) 0.008(5) -0.012(5)
C75 0.039(7) 0.032(6) 0.050(8) -0.016(5) 0.005(6) -0.010(5)
C76 0.041(8) 0.050(8) 0.064(9) -0.022(7) 0.006(7) -0.013(6)
C77 0.086(12) 0.042(8) 0.083(11) -0.032(8) 0.034(9) -0.033(8)
C78 0.066(10) 0.038(7) 0.067(10) -0.031(7) 0.012(8) -0.012(7)
C79 0.050(8) 0.036(7) 0.056(8) -0.021(6) 0.018(6) -0.020(6)
C80 0.025(6) 0.044(7) 0.040(7) -0.021(5) 0.000(5) -0.007(5)

_geom_special_details
;
All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.
;

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance
_geom_bond_site_symmetry_2
_geom_bond_publ_flag
U1 O1 1.769(7) . ?
U1 O2 1.774(7) . ?
U1 O3 2.233(7) . ?
U1 O4 2.387(6) . ?
U1 O8 2.463(6) . ?
U1 N1 2.540(8) . ?
U1 N2 2.540(8) . ?
U1 U2 3.8807(14) . ?
U2 O5 1.779(7) . ?
U2 O6 1.784(7) . ?
U2 O7 2.217(6) . ?
U2 O8 2.400(6) . ?
U2 O4 2.475(6) . ?
U2 N4 2.495(8) . ?
U2 N3 2.546(7) . ?
U3 O9 1.771(7) . ?
U3 O10 1.773(7) . ?
U3 O12 2.202(6) . ?
U3 O11 2.389(7) . ?
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U3 O15 2.491(6) . ?
U3 N6 2.535(8) . ?
U3 N5 2.560(8) . ?
U3 U4 3.8718(19) . ?
U4 O13 1.779(7) . ?
U4 O14 1.784(6) . ?
U4 O16 2.207(7) . ?
U4 O15 2.392(7) . ?
U4 O11 2.445(6) . ?
U4 N7 2.512(7) . ?
U4 N8 2.524(9) . ?
O3 C1 1.320(11) . ?
O4 C20 1.356(11) . ?
O7 C21 1.321(11) . ?
O8 C40 1.366(11) . ?
O11 C41 1.370(11) . ?
O12 C60 1.335(12) . ?
O15 C61 1.360(11) . ?
O16 C80 1.299(12) . ?
N1 C7 1.298(13) . ?
N1 C8 1.406(13) . ?
N2 C14 1.273(13) . ?
N2 C13 1.456(14) . ?
N3 C27 1.302(12) . ?
N3 C28 1.410(12) . ?
N4 C34 1.289(12) . ?
N4 C33 1.450(12) . ?
N5 C47 1.269(12) . ?
N5 C48 1.438(12) . ?
N6 C54 1.277(13) . ?
N6 C53 1.434(13) . ?
N7 C67 1.295(12) . ?
N7 C68 1.432(12) . ?
N8 C74 1.298(12) . ?
N8 C73 1.431(12) . ?
C1 C2 1.411(15) . ?
C1 C6 1.405(14) . ?
C2 C3 1.376(15) . ?
C2 H2 0.9500 . ?
C3 C4 1.376(15) . ?
C3 H3 0.9500 . ?
C4 C5 1.372(16) . ?
C4 H4 0.9500 . ?
C5 C6 1.418(15) . ?
C5 H5 0.9500 . ?
C6 C7 1.432(16) . ?
C7 H7 0.9500 . ?
C8 C13 1.395(16) . ?
C8 C9 1.395(15) . ?
C9 C10 1.375(17) . ?
C9 H9 0.9500 . ?
C10 C11 1.361(19) . ?
C10 H10 0.9500 . ?
C11 C12 1.406(19) . ?
C11 H11 0.9500 . ?
C12 C13 1.403(15) . ?
C12 H12 0.9500 . ?
C14 C15 1.441(16) . ?
C14 H14 0.9500 . ?
C15 C16 1.402(14) . ?
C15 C20 1.419(14) . ?
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C16 C17 1.375(17) . ?
C16 H16 0.9500 . ?
C17 C18 1.397(17) . ?
C17 H17 0.9500 . ?
C18 C19 1.377(14) . ?
C18 H18 0.9500 . ?
C19 C20 1.383(15) . ?
C19 H19 0.9500 . ?
C21 C22 1.401(14) . ?
C21 C26 1.423(14) . ?
C22 C23 1.371(15) . ?
C22 H22 0.9500 . ?
C23 C24 1.400(18) . ?
C23 H23 0.9500 . ?
C24 C25 1.371(18) . ?
C24 H24 0.9500 . ?
C25 C26 1.401(15) . ?
C25 H25 0.9500 . ?
C26 C27 1.436(15) . ?
C27 H27 0.9500 . ?
C28 C29 1.406(13) . ?
C28 C33 1.409(14) . ?
C29 C30 1.377(14) . ?
C29 H29 0.9500 . ?
C30 C31 1.385(15) . ?
C30 H30 0.9500 . ?
C31 C32 1.396(13) . ?
C31 H31 0.9500 . ?
C32 C33 1.387(13) . ?
C32 H32 0.9500 . ?
C34 C35 1.453(13) . ?
C34 H34 0.9500 . ?
C35 C36 1.405(14) . ?
C35 C40 1.421(13) . ?
C36 C37 1.367(13) . ?
C36 H36 0.9500 . ?
C37 C38 1.409(14) . ?
C37 H37 0.9500 . ?
C38 C39 1.358(13) . ?
C38 H38 0.9500 . ?
C39 C40 1.404(12) . ?
C39 H39 0.9500 . ?
C41 C42 1.378(14) . ?
C41 C46 1.406(13) . ?
C42 C43 1.372(14) . ?
C42 H42 0.9500 . ?
C43 C44 1.396(14) . ?
C43 H43 0.9500 . ?
C44 C45 1.383(15) . ?
C44 H44 0.9500 . ?
C45 C46 1.413(14) . ?
C45 H45 0.9500 . ?
C46 C47 1.457(14) . ?
C47 H47 0.9500 . ?
C48 C53 1.368(14) . ?
C48 C49 1.390(13) . ?
C49 C50 1.388(14) . ?
C49 H49 0.9500 . ?
C50 C51 1.384(16) . ?
C50 H50 0.9500 . ?
C51 C52 1.383(16) . ?



Crystallographic Information of [UVIO2(saloph)]2 155

C51 H51 0.9500 . ?
C52 C53 1.398(14) . ?
C52 H52 0.9500 . ?
C54 C55 1.441(15) . ?
C54 H54 0.9500 . ?
C55 C60 1.432(14) . ?
C55 C56 1.419(15) . ?
C56 C57 1.383(15) . ?
C56 H56 0.9500 . ?
C57 C58 1.398(16) . ?
C57 H57 0.9500 . ?
C58 C59 1.379(15) . ?
C58 H58 0.9500 . ?
C59 C60 1.389(14) . ?
C59 H59 0.9500 . ?
C61 C62 1.394(14) . ?
C61 C66 1.417(13) . ?
C62 C63 1.374(15) . ?
C62 H62 0.9500 . ?
C63 C64 1.388(15) . ?
C63 H63 0.9500 . ?
C64 C65 1.367(15) . ?
C64 H64 0.9500 . ?
C65 C66 1.401(14) . ?
C65 H65 0.9500 . ?
C66 C67 1.461(13) . ?
C67 H67 0.9500 . ?
C68 C69 1.399(13) . ?
C68 C73 1.397(14) . ?
C69 C70 1.380(15) . ?
C69 H69 0.9500 . ?
C70 C71 1.371(16) . ?
C70 H70 0.9500 . ?
C71 C72 1.377(15) . ?
C71 H71 0.9500 . ?
C72 C73 1.375(14) . ?
C72 H72 0.9500 . ?
C74 C75 1.462(14) . ?
C74 H74 0.9500 . ?
C75 C80 1.410(15) . ?
C75 C76 1.408(16) . ?
C76 C77 1.366(17) . ?
C76 H76 0.9500 . ?
C77 C78 1.420(18) . ?
C77 H77 0.9500 . ?
C78 C79 1.369(16) . ?
C78 H78 0.9500 . ?
C79 C80 1.405(15) . ?
C79 H79 0.9500 . ?

loop_
_geom_angle_atom_site_label_1
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_1
_geom_angle_site_symmetry_3
_geom_angle_publ_flag
O1 U1 O2 175.9(3) . . ?
O1 U1 O3 91.4(3) . . ?
O2 U1 O3 90.8(3) . . ?
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O1 U1 O4 89.3(3) . . ?
O2 U1 O4 90.3(3) . . ?
O3 U1 O4 152.9(2) . . ?
O1 U1 O8 94.1(3) . . ?
O2 U1 O8 89.6(3) . . ?
O3 U1 O8 83.2(2) . . ?
O4 U1 O8 69.7(2) . . ?
O1 U1 N1 83.2(3) . . ?
O2 U1 N1 94.3(3) . . ?
O3 U1 N1 70.7(3) . . ?
O4 U1 N1 136.2(2) . . ?
O8 U1 N1 153.6(2) . . ?
O1 U1 N2 87.0(3) . . ?
O2 U1 N2 89.0(3) . . ?
O3 U1 N2 134.5(3) . . ?
O4 U1 N2 72.7(2) . . ?
O8 U1 N2 142.3(2) . . ?
N1 U1 N2 63.9(3) . . ?
O1 U1 U2 105.9(2) . . ?
O2 U1 U2 76.1(2) . . ?
O3 U1 U2 116.81(16) . . ?
O4 U1 U2 37.83(14) . . ?
O8 U1 U2 36.51(14) . . ?
N1 U1 U2 167.49(19) . . ?
N2 U1 U2 107.28(19) . . ?
O5 U2 O6 175.5(3) . . ?
O5 U2 O7 89.3(3) . . ?
O6 U2 O7 92.4(3) . . ?
O5 U2 O8 86.7(3) . . ?
O6 U2 O8 93.7(3) . . ?
O7 U2 O8 152.1(2) . . ?
O5 U2 O4 96.2(3) . . ?
O6 U2 O4 88.1(3) . . ?
O7 U2 O4 83.7(2) . . ?
O8 U2 O4 69.3(2) . . ?
O5 U2 N4 86.4(3) . . ?
O6 U2 N4 89.5(3) . . ?
O7 U2 N4 135.0(2) . . ?
O8 U2 N4 72.3(2) . . ?
O4 U2 N4 141.3(2) . . ?
O5 U2 N3 87.7(3) . . ?
O6 U2 N3 88.9(3) . . ?
O7 U2 N3 70.9(2) . . ?
O8 U2 N3 136.4(2) . . ?
O4 U2 N3 154.3(2) . . ?
N4 U2 N3 64.1(3) . . ?
O5 U2 U1 105.4(2) . . ?
O6 U2 U1 77.4(2) . . ?
O7 U2 U1 118.44(16) . . ?
O8 U2 U1 37.63(15) . . ?
O4 U2 U1 36.26(15) . . ?
N4 U2 U1 105.85(18) . . ?
N3 U2 U1 163.40(18) . . ?
O9 U3 O10 175.4(3) . . ?
O9 U3 O12 88.6(3) . . ?
O10 U3 O12 93.0(3) . . ?
O9 U3 O11 85.4(3) . . ?
O10 U3 O11 94.8(3) . . ?
O12 U3 O11 156.3(2) . . ?
O9 U3 O15 97.7(3) . . ?
O10 U3 O15 86.7(3) . . ?
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O12 U3 O15 89.0(2) . . ?
O11 U3 O15 69.2(2) . . ?
O9 U3 N6 87.4(3) . . ?
O10 U3 N6 89.1(3) . . ?
O12 U3 N6 69.5(3) . . ?
O11 U3 N6 132.9(2) . . ?
O15 U3 N6 157.8(2) . . ?
O9 U3 N5 89.0(3) . . ?
O10 U3 N5 86.8(3) . . ?
O12 U3 N5 132.5(3) . . ?
O11 U3 N5 70.4(2) . . ?
O15 U3 N5 138.2(2) . . ?
N6 U3 N5 63.0(3) . . ?
O9 U3 U4 105.7(2) . . ?
O10 U3 U4 77.0(2) . . ?
O12 U3 U4 124.35(18) . . ?
O11 U3 U4 37.28(15) . . ?
O15 U3 U4 36.66(15) . . ?
N6 U3 U4 160.3(2) . . ?
N5 U3 U4 101.85(19) . . ?
O13 U4 O14 175.5(3) . . ?
O13 U4 O16 89.8(3) . . ?
O14 U4 O16 92.4(3) . . ?
O13 U4 O15 88.5(3) . . ?
O14 U4 O15 91.3(3) . . ?
O16 U4 O15 151.4(2) . . ?
O13 U4 O11 95.6(3) . . ?
O14 U4 O11 88.5(3) . . ?
O16 U4 O11 81.9(2) . . ?
O15 U4 O11 69.9(2) . . ?
O13 U4 N7 87.4(3) . . ?
O14 U4 N7 88.3(3) . . ?
O16 U4 N7 134.9(3) . . ?
O15 U4 N7 73.5(2) . . ?
O11 U4 N7 143.2(2) . . ?
O13 U4 N8 88.1(3) . . ?
O14 U4 N8 89.0(3) . . ?
O16 U4 N8 70.7(3) . . ?
O15 U4 N8 137.7(2) . . ?
O11 U4 N8 152.4(2) . . ?
N7 U4 N8 64.2(3) . . ?
O13 U4 U3 106.7(2) . . ?
O14 U4 U3 75.7(2) . . ?
O16 U4 U3 115.97(18) . . ?
O15 U4 U3 38.45(14) . . ?
O11 U4 U3 36.28(15) . . ?
N7 U4 U3 107.90(18) . . ?
N8 U4 U3 163.29(18) . . ?
C1 O3 U1 127.8(6) . . ?
C20 O4 U1 127.6(5) . . ?
C20 O4 U2 122.6(6) . . ?
U1 O4 U2 105.9(2) . . ?
C21 O7 U2 135.8(6) . . ?
C40 O8 U2 123.9(5) . . ?
C40 O8 U1 125.5(5) . . ?
U2 O8 U1 105.9(2) . . ?
C41 O11 U3 125.4(6) . . ?
C41 O11 U4 125.0(6) . . ?
U3 O11 U4 106.4(2) . . ?
C60 O12 U3 130.4(6) . . ?
C61 O15 U4 124.2(6) . . ?
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C61 O15 U3 126.7(6) . . ?
U4 O15 U3 104.9(2) . . ?
C80 O16 U4 132.1(7) . . ?
C7 N1 C8 119.1(9) . . ?
C7 N1 U1 123.1(7) . . ?
C8 N1 U1 117.4(6) . . ?
C14 N2 C13 118.0(9) . . ?
C14 N2 U1 126.8(8) . . ?
C13 N2 U1 115.0(7) . . ?
C27 N3 C28 118.6(8) . . ?
C27 N3 U2 124.6(7) . . ?
C28 N3 U2 116.3(6) . . ?
C34 N4 C33 117.1(8) . . ?
C34 N4 U2 125.6(6) . . ?
C33 N4 U2 116.3(6) . . ?
C47 N5 C48 119.8(8) . . ?
C47 N5 U3 127.2(7) . . ?
C48 N5 U3 112.9(6) . . ?
C54 N6 C53 121.6(9) . . ?
C54 N6 U3 125.6(7) . . ?
C53 N6 U3 112.8(6) . . ?
C67 N7 C68 117.9(8) . . ?
C67 N7 U4 124.9(6) . . ?
C68 N7 U4 116.6(6) . . ?
C74 N8 C73 116.1(9) . . ?
C74 N8 U4 125.1(7) . . ?
C73 N8 U4 117.6(6) . . ?
O3 C1 C2 120.2(9) . . ?
O3 C1 C6 121.3(10) . . ?
C2 C1 C6 118.5(10) . . ?
C3 C2 C1 120.3(10) . . ?
C3 C2 H2 119.8 . . ?
C1 C2 H2 119.8 . . ?
C2 C3 C4 122.4(11) . . ?
C2 C3 H3 118.8 . . ?
C4 C3 H3 118.8 . . ?
C5 C4 C3 117.4(11) . . ?
C5 C4 H4 121.3 . . ?
C3 C4 H4 121.3 . . ?
C4 C5 C6 123.1(11) . . ?
C4 C5 H5 118.5 . . ?
C6 C5 H5 118.5 . . ?
C1 C6 C7 123.3(10) . . ?
C1 C6 C5 117.9(11) . . ?
C7 C6 C5 118.7(10) . . ?
N1 C7 C6 126.2(9) . . ?
N1 C7 H7 116.9 . . ?
C6 C7 H7 116.9 . . ?
C13 C8 N1 116.9(10) . . ?
C13 C8 C9 120.5(11) . . ?
N1 C8 C9 122.6(11) . . ?
C10 C9 C8 119.1(12) . . ?
C10 C9 H9 120.4 . . ?
C8 C9 H9 120.4 . . ?
C11 C10 C9 120.9(12) . . ?
C11 C10 H10 119.6 . . ?
C9 C10 H10 119.6 . . ?
C10 C11 C12 121.9(12) . . ?
C10 C11 H11 119.0 . . ?
C12 C11 H11 119.0 . . ?
C13 C12 C11 117.3(13) . . ?



Crystallographic Information of [UVIO2(saloph)]2 159

C13 C12 H12 121.4 . . ?
C11 C12 H12 121.4 . . ?
C8 C13 C12 120.3(11) . . ?
C8 C13 N2 116.9(10) . . ?
C12 C13 N2 122.8(11) . . ?
N2 C14 C15 127.9(10) . . ?
N2 C14 H14 116.0 . . ?
C15 C14 H14 116.0 . . ?
C16 C15 C20 119.4(11) . . ?
C16 C15 C14 114.1(10) . . ?
C20 C15 C14 126.5(10) . . ?
C17 C16 C15 121.2(11) . . ?
C17 C16 H16 119.4 . . ?
C15 C16 H16 119.4 . . ?
C16 C17 C18 118.7(11) . . ?
C16 C17 H17 120.6 . . ?
C18 C17 H17 120.6 . . ?
C19 C18 C17 120.7(12) . . ?
C19 C18 H18 119.7 . . ?
C17 C18 H18 119.7 . . ?
C20 C19 C18 121.6(11) . . ?
C20 C19 H19 119.2 . . ?
C18 C19 H19 119.2 . . ?
O4 C20 C19 121.9(9) . . ?
O4 C20 C15 119.9(10) . . ?
C19 C20 C15 118.1(9) . . ?
O7 C21 C22 121.2(9) . . ?
O7 C21 C26 121.4(9) . . ?
C22 C21 C26 117.4(10) . . ?
C23 C22 C21 121.6(11) . . ?
C23 C22 H22 119.2 . . ?
C21 C22 H22 119.2 . . ?
C22 C23 C24 121.5(12) . . ?
C22 C23 H23 119.3 . . ?
C24 C23 H23 119.3 . . ?
C25 C24 C23 117.7(11) . . ?
C25 C24 H24 121.2 . . ?
C23 C24 H24 121.2 . . ?
C24 C25 C26 122.5(12) . . ?
C24 C25 H25 118.7 . . ?
C26 C25 H25 118.7 . . ?
C25 C26 C21 119.3(11) . . ?
C25 C26 C27 118.4(10) . . ?
C21 C26 C27 121.9(9) . . ?
N3 C27 C26 128.2(9) . . ?
N3 C27 H27 115.9 . . ?
C26 C27 H27 115.9 . . ?
N3 C28 C29 124.9(9) . . ?
N3 C28 C33 116.6(8) . . ?
C29 C28 C33 118.4(9) . . ?
C30 C29 C28 120.5(10) . . ?
C30 C29 H29 119.7 . . ?
C28 C29 H29 119.7 . . ?
C29 C30 C31 120.2(9) . . ?
C29 C30 H30 119.9 . . ?
C31 C30 H30 119.9 . . ?
C30 C31 C32 120.8(10) . . ?
C30 C31 H31 119.6 . . ?
C32 C31 H31 119.6 . . ?
C33 C32 C31 119.1(10) . . ?
C33 C32 H32 120.5 . . ?
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C31 C32 H32 120.5 . . ?
C32 C33 C28 120.9(9) . . ?
C32 C33 N4 123.1(9) . . ?
C28 C33 N4 116.0(9) . . ?
N4 C34 C35 127.2(9) . . ?
N4 C34 H34 116.4 . . ?
C35 C34 H34 116.4 . . ?
C36 C35 C40 119.1(9) . . ?
C36 C35 C34 116.4(8) . . ?
C40 C35 C34 124.5(9) . . ?
C37 C36 C35 123.4(9) . . ?
C37 C36 H36 118.3 . . ?
C35 C36 H36 118.3 . . ?
C36 C37 C38 116.5(9) . . ?
C36 C37 H37 121.8 . . ?
C38 C37 H37 121.8 . . ?
C39 C38 C37 122.1(9) . . ?
C39 C38 H38 119.0 . . ?
C37 C38 H38 119.0 . . ?
C38 C39 C40 121.9(9) . . ?
C38 C39 H39 119.0 . . ?
C40 C39 H39 119.0 . . ?
O8 C40 C39 121.2(8) . . ?
O8 C40 C35 121.7(8) . . ?
C39 C40 C35 117.0(9) . . ?
O11 C41 C42 121.5(8) . . ?
O11 C41 C46 119.7(9) . . ?
C42 C41 C46 118.8(9) . . ?
C43 C42 C41 122.0(10) . . ?
C43 C42 H42 119.0 . . ?
C41 C42 H42 119.0 . . ?
C42 C43 C44 120.6(11) . . ?
C42 C43 H43 119.7 . . ?
C44 C43 H43 119.7 . . ?
C45 C44 C43 118.3(10) . . ?
C45 C44 H44 120.9 . . ?
C43 C44 H44 120.9 . . ?
C44 C45 C46 121.6(9) . . ?
C44 C45 H45 119.2 . . ?
C46 C45 H45 119.2 . . ?
C41 C46 C45 118.5(10) . . ?
C41 C46 C47 125.2(9) . . ?
C45 C46 C47 116.2(9) . . ?
N5 C47 C46 126.4(9) . . ?
N5 C47 H47 116.8 . . ?
C46 C47 H47 116.8 . . ?
C53 C48 C49 120.7(10) . . ?
C53 C48 N5 116.3(9) . . ?
C49 C48 N5 123.0(9) . . ?
C50 C49 C48 119.5(10) . . ?
C50 C49 H49 120.3 . . ?
C48 C49 H49 120.3 . . ?
C49 C50 C51 119.8(10) . . ?
C49 C50 H50 120.1 . . ?
C51 C50 H50 120.1 . . ?
C52 C51 C50 120.4(11) . . ?
C52 C51 H51 119.8 . . ?
C50 C51 H51 119.8 . . ?
C51 C52 C53 119.4(11) . . ?
C51 C52 H52 120.3 . . ?
C53 C52 H52 120.3 . . ?
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C48 C53 C52 119.9(10) . . ?
C48 C53 N6 117.3(9) . . ?
C52 C53 N6 122.7(9) . . ?
N6 C54 C55 125.4(10) . . ?
N6 C54 H54 117.3 . . ?
C55 C54 H54 117.3 . . ?
C60 C55 C56 119.0(10) . . ?
C60 C55 C54 121.6(10) . . ?
C56 C55 C54 119.2(9) . . ?
C57 C56 C55 119.8(10) . . ?
C57 C56 H56 120.1 . . ?
C55 C56 H56 120.1 . . ?
C56 C57 C58 120.8(11) . . ?
C56 C57 H57 119.6 . . ?
C58 C57 H57 119.6 . . ?
C59 C58 C57 119.6(11) . . ?
C59 C58 H58 120.2 . . ?
C57 C58 H58 120.2 . . ?
C60 C59 C58 121.8(10) . . ?
C60 C59 H59 119.1 . . ?
C58 C59 H59 119.1 . . ?
O12 C60 C59 121.5(9) . . ?
O12 C60 C55 119.8(9) . . ?
C59 C60 C55 118.7(10) . . ?
O15 C61 C62 120.0(9) . . ?
O15 C61 C66 122.4(9) . . ?
C62 C61 C66 117.6(9) . . ?
C63 C62 C61 121.1(10) . . ?
C63 C62 H62 119.5 . . ?
C61 C62 H62 119.5 . . ?
C64 C63 C62 122.2(11) . . ?
C64 C63 H63 118.9 . . ?
C62 C63 H63 118.9 . . ?
C65 C64 C63 117.1(11) . . ?
C65 C64 H64 121.5 . . ?
C63 C64 H64 121.5 . . ?
C64 C65 C66 122.9(10) . . ?
C64 C65 H65 118.5 . . ?
C66 C65 H65 118.5 . . ?
C65 C66 C61 119.1(9) . . ?
C65 C66 C67 115.9(8) . . ?
C61 C66 C67 125.0(9) . . ?
N7 C67 C66 127.7(9) . . ?
N7 C67 H67 116.1 . . ?
C66 C67 H67 116.1 . . ?
C69 C68 C73 118.7(10) . . ?
C69 C68 N7 123.6(9) . . ?
C73 C68 N7 117.6(8) . . ?
C68 C69 C70 119.4(11) . . ?
C68 C69 H69 120.3 . . ?
C70 C69 H69 120.3 . . ?
C71 C70 C69 121.7(10) . . ?
C71 C70 H70 119.1 . . ?
C69 C70 H70 119.1 . . ?
C70 C71 C72 118.8(11) . . ?
C70 C71 H71 120.6 . . ?
C72 C71 H71 120.6 . . ?
C73 C72 C71 121.2(10) . . ?
C73 C72 H72 119.4 . . ?
C71 C72 H72 119.4 . . ?
C72 C73 C68 120.0(9) . . ?
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C72 C73 N8 124.5(10) . . ?
C68 C73 N8 115.4(9) . . ?
N8 C74 C75 124.3(9) . . ?
N8 C74 H74 117.8 . . ?
C75 C74 H74 117.8 . . ?
C80 C75 C76 119.5(10) . . ?
C80 C75 C74 122.7(10) . . ?
C76 C75 C74 117.6(10) . . ?
C77 C76 C75 121.7(12) . . ?
C77 C76 H76 119.2 . . ?
C75 C76 H76 119.2 . . ?
C76 C77 C78 118.1(12) . . ?
C76 C77 H77 121.0 . . ?
C78 C77 H77 121.0 . . ?
C79 C78 C77 121.2(11) . . ?
C79 C78 H78 119.4 . . ?
C77 C78 H78 119.4 . . ?
C78 C79 C80 120.7(11) . . ?
C78 C79 H79 119.6 . . ?
C80 C79 H79 119.6 . . ?
O16 C80 C75 121.9(10) . . ?
O16 C80 C79 119.6(10) . . ?
C75 C80 C79 118.5(10) . . ?

_diffrn_measured_fraction_theta_max 0.963
_diffrn_reflns_theta_full 27.48
_diffrn_measured_fraction_theta_full 0.963
_refine_diff_density_max 1.726
_refine_diff_density_min -2.211
_refine_diff_density_rms 0.223
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Crystallographic Information of
[UVIO2(saloph)]2·0.5CH2Cl2

data_shelxl

_audit_creation_method SHELXL-97
_chemical_name_systematic
;
?
;
_chemical_name_common ?
_chemical_melting_point ?
_chemical_formula_moiety ?
_chemical_formula_sum
’C40.50 H29 Cl N4 O8 U2’
_chemical_formula_weight 1211.19

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
’C’ ’C’ 0.0033 0.0016
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’H’ ’H’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’Cl’ ’Cl’ 0.1484 0.1585
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’N’ ’N’ 0.0061 0.0033
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’O’ ’O’ 0.0106 0.0060
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’U’ ’U’ -9.6767 9.6646
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’

_symmetry_cell_setting triclinic
_symmetry_space_group_name_H-M ’P -1’

loop_
_symmetry_equiv_pos_as_xyz
’x, y, z’
’-x, -y, -z’
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_cell_length_a 15.717(5)
_cell_length_b 15.993(7)
_cell_length_c 17.619(5)
_cell_angle_alpha 67.45(3)
_cell_angle_beta 77.99(3)
_cell_angle_gamma 81.66(3)
_cell_volume 3990(2)
_cell_formula_units_Z 4
_cell_measurement_temperature 93(2)
_cell_measurement_reflns_used 35412
_cell_measurement_theta_min 3.0
_cell_measurement_theta_max 27.5

_exptl_crystal_description ’block’
_exptl_crystal_colour ’red’
_exptl_crystal_size_max 0.16
_exptl_crystal_size_mid 0.11
_exptl_crystal_size_min 0.06
_exptl_crystal_density_meas ?
_exptl_crystal_density_diffrn 2.016
_exptl_crystal_density_method ’not measured’
_exptl_crystal_F_000 2260
_exptl_absorpt_coefficient_mu 8.230
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.3526
_exptl_absorpt_correction_T_max 0.6380
_exptl_absorpt_process_details
;

Higashi, T. (1995). Program for Absorption Correction.
Rigaku Corporation, Tokyo, Japan.

;

_diffrn_ambient_temperature 93(2)
_diffrn_radiation_wavelength 0.71075
_diffrn_radiation_type MoKYa
_diffrn_radiation_source ’fine-focus sealed tube’
_diffrn_radiation_monochromator graphite
_diffrn_measurement_device_type ’Rigaku RAXIS-RAPID’
_diffrn_measurement_method Yw
_diffrn_detector_area_resol_mean 10.00
_diffrn_reflns_number 37695
_diffrn_reflns_av_R_equivalents 0.0695
_diffrn_reflns_av_sigmaI/netI 0.0811
_diffrn_reflns_limit_h_min -20
_diffrn_reflns_limit_h_max 18
_diffrn_reflns_limit_k_min -20
_diffrn_reflns_limit_k_max 20
_diffrn_reflns_limit_l_min -22
_diffrn_reflns_limit_l_max 22
_diffrn_reflns_theta_min 3.01
_diffrn_reflns_theta_max 27.48
_reflns_number_total 17850
_reflns_number_gt 12487
_reflns_threshold_expression >2sigma(I)

_computing_data_collection ’PROCESS-AUTO’
_computing_cell_refinement ’PROCESS-AUTO’
_computing_data_reduction ’CrystalStructure’
_computing_structure_solution ’DIRDIF99 (PATTY)’
_computing_structure_refinement ’SHELXL-97 (Sheldrick, 1997)’
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_computing_molecular_graphics ?
_computing_publication_material ?

_refine_special_details
;
Refinement of Fˆ2ˆ against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on Fˆ2ˆ, conventional R-factors R are based
on F, with F set to zero for negative Fˆ2ˆ. The threshold expression of
Fˆ2ˆ > 2sigma(Fˆ2ˆ) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on Fˆ2ˆ are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.
;

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details
’calc w=1/[Ysˆ2ˆ(Foˆ2ˆ)+(0.0396P)ˆ2ˆ+60.3343P] where P=(Foˆ2ˆ+2Fcˆ2ˆ)/3’
_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine_ls_hydrogen_treatment mixed
_refine_ls_extinction_method none
_refine_ls_extinction_coef ?
_refine_ls_number_reflns 17850
_refine_ls_number_parameters 1001
_refine_ls_number_restraints 0
_refine_ls_R_factor_all 0.0978
_refine_ls_R_factor_gt 0.0594
_refine_ls_wR_factor_ref 0.1297
_refine_ls_wR_factor_gt 0.1161
_refine_ls_goodness_of_fit_ref 1.031
_refine_ls_restrained_S_all 1.031
_refine_ls_shift/su_max 0.002
_refine_ls_shift/su_mean 0.000

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
U1 U 0.21155(3) 0.32362(3) 0.45371(2) 0.02468(10) Uani 1 1 d . . .
U2 U 0.25921(3) 0.06733(3) 0.49028(2) 0.02631(10) Uani 1 1 d . . .
U3 U 0.92726(3) 0.80556(3) -0.03910(2) 0.02528(10) Uani 1 1 d . . .
U4 U 0.69478(3) 0.76228(3) 0.08847(2) 0.02426(10) Uani 1 1 d . . .
Cl1 Cl 0.6139(5) 0.4816(5) 0.4182(5) 0.133(2) Uani 1 1 d . . .
Cl2 Cl 0.6739(4) 0.3577(4) 0.5695(4) 0.1093(19) Uani 1 1 d . . .
O1 O 0.3146(5) 0.3708(5) 0.4166(4) 0.0295(17) Uani 1 1 d . . .
O2 O 0.1074(5) 0.2803(5) 0.4977(5) 0.0314(17) Uani 1 1 d . . .
O3 O 0.2876(5) 0.1883(5) 0.5357(4) 0.0252(16) Uani 1 1 d . . .
O4 O 0.1663(5) 0.4138(5) 0.3357(4) 0.0331(18) Uani 1 1 d . . .
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O5 O 0.3684(5) 0.0555(5) 0.4424(4) 0.0310(17) Uani 1 1 d . . .
O6 O 0.1480(5) 0.0747(5) 0.5339(5) 0.0331(18) Uani 1 1 d . . .
O7 O 0.2451(5) 0.2139(5) 0.3823(4) 0.0279(17) Uani 1 1 d . . .
O8 O 0.2897(5) -0.0242(5) 0.6158(5) 0.0335(18) Uani 1 1 d . . .
O9 O 0.9974(4) 0.7198(5) 0.0215(5) 0.0284(16) Uani 1 1 d . . .
O10 O 0.8605(5) 0.8885(5) -0.1057(4) 0.0280(16) Uani 1 1 d . . .
O11 O 1.0091(5) 0.9067(5) -0.0395(5) 0.0309(17) Uani 1 1 d . . .
O12 O 0.8207(5) 0.6949(5) 0.0187(4) 0.0238(15) Uani 1 1 d . . .
O13 O 0.7076(4) 0.6888(5) 0.1917(4) 0.0251(16) Uani 1 1 d . . .
O14 O 0.6779(4) 0.8406(5) -0.0114(4) 0.0264(16) Uani 1 1 d . . .
O15 O 0.6269(5) 0.6565(5) 0.0767(4) 0.0331(18) Uani 1 1 d . . .
O16 O 0.8235(4) 0.8309(5) 0.0795(4) 0.0257(16) Uani 1 1 d . . .
N1 N 0.2194(6) 0.3410(6) 0.5875(6) 0.029(2) Uani 1 1 d . . .
N2 N 0.1487(6) 0.4743(6) 0.4665(5) 0.031(2) Uani 1 1 d . . .
N3 N 0.2131(7) 0.0426(7) 0.3710(7) 0.039(2) Uani 1 1 d . . .
N4 N 0.2573(6) -0.0964(7) 0.5048(6) 0.037(2) Uani 1 1 d . . .
N5 N 0.9384(5) 0.7167(6) -0.1337(5) 0.0237(19) Uani 1 1 d . . .
N6 N 1.0515(6) 0.8345(6) -0.1614(6) 0.029(2) Uani 1 1 d . . .
N7 N 0.5338(6) 0.7785(6) 0.1441(5) 0.027(2) Uani 1 1 d . . .
N8 N 0.6472(6) 0.8882(6) 0.1448(5) 0.0257(19) Uani 1 1 d . . .
C1 C 0.3576(7) 0.1876(7) 0.5702(6) 0.029(2) Uani 1 1 d . . .
C2 C 0.4293(7) 0.1262(7) 0.5674(6) 0.027(2) Uani 1 1 d . . .
H2 H 0.4302 0.0856 0.5395 0.033 Uiso 1 1 calc R . .
C3 C 0.4996(8) 0.1234(8) 0.6048(7) 0.034(3) Uani 1 1 d . . .
H3 H 0.5477 0.0807 0.6024 0.041 Uiso 1 1 calc R . .
C4 C 0.5010(7) 0.1828(8) 0.6465(6) 0.028(2) Uani 1 1 d . . .
H4 H 0.5499 0.1819 0.6706 0.034 Uiso 1 1 calc R . .
C5 C 0.4285(7) 0.2424(8) 0.6509(7) 0.030(2) Uani 1 1 d . . .
H5 H 0.4276 0.2818 0.6800 0.036 Uiso 1 1 calc R . .
C6 C 0.3564(7) 0.2464(8) 0.6137(7) 0.031(2) Uani 1 1 d . . .
C7 C 0.2852(7) 0.3108(7) 0.6271(6) 0.027(2) Uani 1 1 d . . .
H7 H 0.2870 0.3333 0.6693 0.033 Uiso 1 1 calc R . .
C8 C 0.1555(7) 0.4031(7) 0.6134(6) 0.027(2) Uani 1 1 d . . .
C9 C 0.1316(8) 0.3958(9) 0.6952(8) 0.039(3) Uani 1 1 d . . .
H9 H 0.1563 0.3474 0.7378 0.047 Uiso 1 1 calc R . .
C10 C 0.0717(8) 0.4593(9) 0.7148(8) 0.042(3) Uani 1 1 d . . .
H10 H 0.0554 0.4548 0.7712 0.051 Uiso 1 1 calc R . .
C11 C 0.0343(8) 0.5307(9) 0.6522(8) 0.043(3) Uani 1 1 d . . .
H11 H -0.0056 0.5754 0.6659 0.052 Uiso 1 1 calc R . .
C12 C 0.0558(8) 0.5355(8) 0.5712(7) 0.035(3) Uani 1 1 d . . .
H12 H 0.0280 0.5817 0.5294 0.042 Uiso 1 1 calc R . .
C13 C 0.1194(8) 0.4721(8) 0.5493(7) 0.034(3) Uani 1 1 d . . .
C14 C 0.1500(8) 0.5524(8) 0.4060(8) 0.038(3) Uani 1 1 d . . .
H14 H 0.1378 0.6043 0.4213 0.045 Uiso 1 1 calc R . .
C15 C 0.1679(8) 0.5696(8) 0.3178(7) 0.038(3) Uani 1 1 d . . .
C16 C 0.1743(10) 0.6597(9) 0.2640(8) 0.052(4) Uani 1 1 d . . .
H16 H 0.1712 0.7062 0.2858 0.062 Uiso 1 1 calc R . .
C17 C 0.1853(11) 0.6813(11) 0.1788(9) 0.065(4) Uani 1 1 d . . .
H17 H 0.1899 0.7428 0.1422 0.078 Uiso 1 1 calc R . .
C18 C 0.1897(10) 0.6147(10) 0.1468(8) 0.057(4) Uani 1 1 d . . .
H18 H 0.1956 0.6305 0.0883 0.068 Uiso 1 1 calc R . .
C19 C 0.1856(9) 0.5240(9) 0.1993(7) 0.045(3) Uani 1 1 d . . .
H19 H 0.1909 0.4785 0.1761 0.054 Uiso 1 1 calc R . .
C20 C 0.1739(8) 0.4991(8) 0.2853(7) 0.035(3) Uani 1 1 d . . .
C21 C 0.2750(7) 0.2357(8) 0.3002(6) 0.030(3) Uani 1 1 d . . .
C22 C 0.3155(7) 0.3167(9) 0.2548(7) 0.036(3) Uani 1 1 d . . .
H22 H 0.3252 0.3532 0.2835 0.044 Uiso 1 1 calc R . .
C23 C 0.3417(8) 0.3454(10) 0.1690(7) 0.043(3) Uani 1 1 d . . .
H23 H 0.3704 0.4000 0.1400 0.052 Uiso 1 1 calc R . .
C24 C 0.3261(9) 0.2946(12) 0.1261(8) 0.055(4) Uani 1 1 d . . .
H24 H 0.3427 0.3147 0.0672 0.066 Uiso 1 1 calc R . .
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C25 C 0.2867(8) 0.2152(10) 0.1686(8) 0.044(4) Uani 1 1 d . . .
H25 H 0.2749 0.1812 0.1384 0.052 Uiso 1 1 calc R . .
C26 C 0.2627(8) 0.1817(10) 0.2573(8) 0.043(3) Uani 1 1 d . . .
C27 C 0.2264(9) 0.0954(11) 0.2931(9) 0.050(4) Uani 1 1 d . . .
H27 H 0.2099 0.0741 0.2552 0.060 Uiso 1 1 calc R . .
C28 C 0.1757(8) -0.0420(10) 0.3928(9) 0.048(3) Uani 1 1 d . . .
C29 C 0.1164(10) -0.0537(11) 0.3496(11) 0.063(5) Uani 1 1 d . . .
H29 H 0.0993 -0.0047 0.3028 0.075 Uiso 1 1 calc R . .
C30 C 0.0819(10) -0.1386(12) 0.3760(13) 0.076(6) Uani 1 1 d . . .
H30 H 0.0415 -0.1468 0.3465 0.091 Uiso 1 1 calc R . .
C31 C 0.1059(9) -0.2099(12) 0.4437(12) 0.069(5) Uani 1 1 d . . .
H31 H 0.0819 -0.2668 0.4611 0.083 Uiso 1 1 calc R . .
C32 C 0.1649(8) -0.1987(9) 0.4863(10) 0.050(4) Uani 1 1 d . . .
H32 H 0.1814 -0.2477 0.5334 0.060 Uiso 1 1 calc R . .
C33 C 0.2009(7) -0.1140(9) 0.4597(9) 0.041(3) Uani 1 1 d . . .
C34 C 0.3101(8) -0.1609(9) 0.5432(8) 0.041(3) Uani 1 1 d . . .
H34 H 0.3111 -0.2172 0.5364 0.049 Uiso 1 1 calc R . .
C35 C 0.3676(8) -0.1568(7) 0.5953(7) 0.035(3) Uani 1 1 d . . .
C36 C 0.4381(8) -0.2216(8) 0.6125(8) 0.039(3) Uani 1 1 d . . .
H36 H 0.4469 -0.2674 0.5892 0.047 Uiso 1 1 calc R . .
C37 C 0.4951(8) -0.2213(9) 0.6620(8) 0.043(3) Uani 1 1 d . . .
H37 H 0.5446 -0.2636 0.6699 0.052 Uiso 1 1 calc R . .
C38 C 0.4785(8) -0.1584(8) 0.7000(8) 0.039(3) Uani 1 1 d . . .
H38 H 0.5157 -0.1594 0.7365 0.047 Uiso 1 1 calc R . .
C39 C 0.4097(8) -0.0947(8) 0.6864(7) 0.040(3) Uani 1 1 d . . .
H39 H 0.3995 -0.0532 0.7146 0.048 Uiso 1 1 calc R . .
C40 C 0.3537(7) -0.0890(7) 0.6319(6) 0.029(2) Uani 1 1 d . . .
C41 C 0.8401(7) 0.6055(8) 0.0349(7) 0.030(2) Uani 1 1 d . . .
C42 C 0.8141(8) 0.5404(8) 0.1144(7) 0.037(3) Uani 1 1 d . . .
H42 H 0.7853 0.5598 0.1585 0.044 Uiso 1 1 calc R . .
C43 C 0.8301(8) 0.4487(8) 0.1290(8) 0.041(3) Uani 1 1 d . . .
H43 H 0.8131 0.4060 0.1835 0.049 Uiso 1 1 calc R . .
C44 C 0.8711(8) 0.4171(8) 0.0650(7) 0.037(3) Uani 1 1 d . . .
H44 H 0.8802 0.3540 0.0751 0.045 Uiso 1 1 calc R . .
C45 C 0.8975(7) 0.4801(7) -0.0121(7) 0.029(2) Uani 1 1 d . . .
H45 H 0.9261 0.4595 -0.0555 0.035 Uiso 1 1 calc R . .
C46 C 0.8842(7) 0.5733(8) -0.0298(7) 0.029(2) Uani 1 1 d . . .
C47 C 0.9208(7) 0.6332(8) -0.1122(6) 0.028(2) Uani 1 1 d . . .
H47 H 0.9331 0.6087 -0.1550 0.034 Uiso 1 1 calc R . .
C48 C 0.9714(7) 0.7652(7) -0.2198(6) 0.025(2) Uani 1 1 d . . .
C49 C 0.9451(7) 0.7558(8) -0.2861(6) 0.032(3) Uani 1 1 d . . .
H49 H 0.9058 0.7118 -0.2770 0.038 Uiso 1 1 calc R . .
C50 C 0.9780(8) 0.8131(9) -0.3673(7) 0.038(3) Uani 1 1 d . . .
H50 H 0.9610 0.8068 -0.4134 0.046 Uiso 1 1 calc R . .
C51 C 1.0343(8) 0.8783(9) -0.3819(7) 0.042(3) Uani 1 1 d . . .
H51 H 1.0535 0.9186 -0.4370 0.051 Uiso 1 1 calc R . .
C52 C 1.0621(8) 0.8832(8) -0.3142(7) 0.036(3) Uani 1 1 d . . .
H52 H 1.1034 0.9253 -0.3233 0.043 Uiso 1 1 calc R . .
C53 C 1.0308(7) 0.8281(7) -0.2334(6) 0.027(2) Uani 1 1 d . . .
C54 C 1.1314(7) 0.8527(8) -0.1615(7) 0.037(3) Uani 1 1 d . . .
H54 H 1.1751 0.8545 -0.2082 0.045 Uiso 1 1 calc R . .
C55 C 1.1549(7) 0.8698(8) -0.0946(7) 0.034(3) Uani 1 1 d . . .
C56 C 1.2446(8) 0.8639(8) -0.0898(8) 0.042(3) Uani 1 1 d . . .
H56 H 1.2865 0.8444 -0.1281 0.051 Uiso 1 1 calc R . .
C57 C 1.2728(8) 0.8858(9) -0.0305(8) 0.042(3) Uani 1 1 d . . .
H57 H 1.3326 0.8766 -0.0250 0.051 Uiso 1 1 calc R . .
C58 C 1.2125(8) 0.9211(8) 0.0200(7) 0.036(3) Uani 1 1 d . . .
H58 H 1.2319 0.9408 0.0576 0.043 Uiso 1 1 calc R . .
C59 C 1.1253(7) 0.9288(8) 0.0176(7) 0.031(2) Uani 1 1 d . . .
H59 H 1.0854 0.9532 0.0537 0.037 Uiso 1 1 calc R . .
C60 C 1.0940(8) 0.9011(7) -0.0372(7) 0.031(3) Uani 1 1 d . . .
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C61 C 0.5762(7) 0.5945(7) 0.1339(7) 0.029(2) Uani 1 1 d . . .
C62 C 0.5917(9) 0.5032(9) 0.1401(8) 0.042(3) Uani 1 1 d . . .
H62 H 0.6371 0.4867 0.1024 0.050 Uiso 1 1 calc R . .
C63 C 0.5408(9) 0.4378(9) 0.2009(8) 0.048(3) Uani 1 1 d . . .
H63 H 0.5515 0.3765 0.2045 0.057 Uiso 1 1 calc R . .
C64 C 0.4737(10) 0.4606(9) 0.2572(10) 0.056(4) Uani 1 1 d . . .
H64 H 0.4407 0.4148 0.3003 0.067 Uiso 1 1 calc R . .
C65 C 0.4562(9) 0.5502(9) 0.2495(8) 0.049(3) Uani 1 1 d . . .
H65 H 0.4081 0.5662 0.2853 0.059 Uiso 1 1 calc R . .
C66 C 0.5083(7) 0.6192(8) 0.1894(7) 0.032(3) Uani 1 1 d . . .
C67 C 0.4850(7) 0.7111(8) 0.1844(7) 0.034(3) Uani 1 1 d . . .
H67 H 0.4293 0.7236 0.2129 0.040 Uiso 1 1 calc R . .
C68 C 0.4993(7) 0.8664(8) 0.1427(6) 0.029(2) Uani 1 1 d . . .
C69 C 0.4119(7) 0.8962(9) 0.1406(7) 0.038(3) Uani 1 1 d . . .
H69 H 0.3724 0.8584 0.1375 0.046 Uiso 1 1 calc R . .
C70 C 0.3827(7) 0.9810(9) 0.1430(7) 0.039(3) Uani 1 1 d . . .
H70 H 0.3227 1.0008 0.1438 0.046 Uiso 1 1 calc R . .
C71 C 0.4413(8) 1.0370(8) 0.1443(8) 0.040(3) Uani 1 1 d . . .
H71 H 0.4212 1.0960 0.1442 0.047 Uiso 1 1 calc R . .
C72 C 0.5289(8) 1.0084(8) 0.1457(7) 0.033(3) Uani 1 1 d . . .
H72 H 0.5682 1.0469 0.1478 0.040 Uiso 1 1 calc R . .
C73 C 0.5585(7) 0.9226(7) 0.1438(6) 0.029(2) Uani 1 1 d . . .
C74 C 0.6926(7) 0.9118(7) 0.1846(6) 0.027(2) Uani 1 1 d . . .
H74 H 0.6631 0.9510 0.2123 0.033 Uiso 1 1 calc R . .
C75 C 0.7825(6) 0.8865(7) 0.1924(6) 0.024(2) Uani 1 1 d . . .
C76 C 0.8101(8) 0.9049(8) 0.2557(7) 0.035(3) Uani 1 1 d . . .
H76 H 0.7697 0.9342 0.2875 0.042 Uiso 1 1 calc R . .
C77 C 0.8939(8) 0.8814(12) 0.2725(8) 0.053(4) Uani 1 1 d . . .
H77 H 0.9111 0.8928 0.3160 0.064 Uiso 1 1 calc R . .
C78 C 0.9523(8) 0.8409(12) 0.2244(9) 0.058(5) Uani 1 1 d . . .
H78 H 1.0102 0.8244 0.2358 0.070 Uiso 1 1 calc R . .
C79 C 0.9305(8) 0.8234(9) 0.1609(7) 0.037(3) Uani 1 1 d . . .
H79 H 0.9727 0.7955 0.1292 0.045 Uiso 1 1 calc R . .
C80 C 0.8468(7) 0.8464(8) 0.1432(6) 0.028(2) Uani 1 1 d . . .
C81 C 0.6266(17) 0.4636(16) 0.5177(16) 0.118(9) Uani 1 1 d . . .
H81A H 0.5686 0.4716 0.5502 0.141 Uiso 1 1 calc R . .
H81B H 0.6630 0.5103 0.5156 0.141 Uiso 1 1 calc R . .

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_23
_atom_site_aniso_U_13
_atom_site_aniso_U_12
U1 0.0282(2) 0.0230(2) 0.02132(19) -0.00611(16) -0.00871(16) 0.00384(16)
U2 0.0275(2) 0.0255(2) 0.0271(2) -0.01133(17) -0.00740(16) 0.00352(16)
U3 0.0271(2) 0.0229(2) 0.0251(2) -0.00895(16) -0.00523(16) 0.00230(16)
U4 0.0272(2) 0.0243(2) 0.01979(18) -0.00665(16) -0.00649(15) 0.00257(16)
Cl1 0.155(6) 0.118(6) 0.129(6) -0.041(5) -0.034(5) -0.020(5)
Cl2 0.111(4) 0.085(4) 0.141(5) -0.055(4) -0.018(4) -0.002(3)
O1 0.027(4) 0.036(4) 0.024(4) -0.009(3) -0.009(3) 0.006(3)
O2 0.027(4) 0.031(4) 0.035(4) -0.013(4) -0.008(3) 0.008(3)
O3 0.029(4) 0.025(4) 0.017(3) -0.005(3) -0.008(3) 0.007(3)
O4 0.045(5) 0.029(4) 0.023(4) -0.006(3) -0.010(3) 0.001(4)
O5 0.041(5) 0.032(4) 0.025(4) -0.015(3) -0.013(3) 0.002(4)
O6 0.045(5) 0.026(4) 0.038(4) -0.018(4) -0.017(4) 0.003(4)
O7 0.038(4) 0.029(4) 0.021(4) -0.017(3) -0.007(3) 0.009(3)
O8 0.037(4) 0.029(4) 0.028(4) -0.007(3) -0.007(3) 0.010(3)
O9 0.021(4) 0.028(4) 0.036(4) -0.012(3) -0.005(3) 0.001(3)
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O10 0.024(4) 0.030(4) 0.030(4) -0.012(3) -0.002(3) -0.002(3)
O11 0.031(4) 0.024(4) 0.040(4) -0.015(3) -0.009(3) 0.005(3)
O12 0.031(4) 0.019(4) 0.022(3) -0.012(3) 0.002(3) 0.001(3)
O13 0.026(4) 0.028(4) 0.019(3) -0.008(3) -0.005(3) 0.005(3)
O14 0.025(4) 0.029(4) 0.022(4) -0.010(3) -0.001(3) 0.005(3)
O15 0.046(5) 0.025(4) 0.026(4) -0.007(3) -0.008(4) 0.003(4)
O16 0.022(4) 0.030(4) 0.024(4) -0.010(3) 0.000(3) -0.002(3)
N1 0.030(5) 0.025(5) 0.032(5) -0.012(4) -0.009(4) 0.007(4)
N2 0.040(5) 0.025(5) 0.029(5) -0.010(4) -0.014(4) 0.004(4)
N3 0.038(6) 0.038(6) 0.045(6) -0.021(5) -0.011(5) 0.007(5)
N4 0.035(5) 0.034(6) 0.043(6) -0.020(5) 0.001(5) -0.002(4)
N5 0.027(4) 0.027(5) 0.023(4) -0.016(4) -0.005(4) 0.002(4)
N6 0.026(5) 0.031(5) 0.031(5) -0.013(4) -0.001(4) -0.004(4)
N7 0.031(5) 0.027(5) 0.016(4) -0.003(4) -0.003(4) 0.003(4)
N8 0.028(5) 0.023(5) 0.026(5) -0.010(4) -0.009(4) 0.006(4)
C1 0.038(6) 0.027(6) 0.012(4) -0.002(4) 0.001(4) 0.006(5)
C2 0.031(6) 0.024(6) 0.027(5) -0.007(4) -0.010(5) -0.001(5)
C3 0.035(6) 0.033(7) 0.035(6) -0.012(5) -0.013(5) 0.003(5)
C4 0.022(5) 0.037(6) 0.027(5) -0.014(5) -0.005(4) 0.001(5)
C5 0.035(6) 0.027(6) 0.027(6) -0.009(5) -0.007(5) 0.000(5)
C6 0.030(6) 0.032(6) 0.030(6) -0.010(5) -0.011(5) 0.002(5)
C7 0.031(6) 0.025(6) 0.025(5) -0.009(4) -0.003(4) 0.002(5)
C8 0.030(6) 0.028(6) 0.019(5) -0.009(4) 0.001(4) 0.004(5)
C9 0.034(6) 0.048(8) 0.037(7) -0.020(6) -0.010(5) 0.013(6)
C10 0.042(7) 0.055(8) 0.035(7) -0.027(6) -0.008(6) 0.012(6)
C11 0.039(7) 0.053(8) 0.044(7) -0.029(7) -0.005(6) 0.005(6)
C12 0.036(6) 0.025(6) 0.040(7) -0.005(5) -0.019(5) 0.005(5)
C13 0.046(7) 0.024(6) 0.033(6) -0.014(5) -0.013(5) 0.008(5)
C14 0.042(7) 0.021(6) 0.043(7) -0.005(5) -0.011(6) 0.006(5)
C15 0.054(8) 0.022(6) 0.029(6) 0.001(5) -0.014(5) 0.004(5)
C16 0.078(10) 0.027(7) 0.039(7) -0.004(6) -0.005(7) -0.002(7)
C17 0.088(12) 0.051(10) 0.043(8) -0.005(7) -0.013(8) 0.000(9)
C18 0.082(11) 0.049(9) 0.025(6) 0.004(6) -0.013(7) -0.001(8)
C19 0.051(8) 0.041(8) 0.029(6) 0.000(5) -0.011(6) 0.004(6)
C20 0.043(7) 0.029(6) 0.024(5) -0.003(5) -0.008(5) 0.010(5)
C21 0.039(6) 0.040(7) 0.020(5) -0.023(5) -0.013(5) 0.017(5)
C22 0.029(6) 0.054(8) 0.022(5) -0.010(5) -0.008(5) 0.004(6)
C23 0.038(7) 0.056(9) 0.031(6) -0.012(6) -0.017(5) 0.016(6)
C24 0.045(8) 0.095(13) 0.022(6) -0.026(7) -0.010(6) 0.021(8)
C25 0.044(7) 0.064(9) 0.034(7) -0.037(7) -0.018(6) 0.032(7)
C26 0.033(6) 0.061(9) 0.035(7) -0.026(6) -0.010(5) 0.029(6)
C27 0.051(8) 0.069(10) 0.050(8) -0.047(8) -0.025(7) 0.030(7)
C28 0.039(7) 0.054(9) 0.070(9) -0.047(8) -0.013(7) 0.009(6)
C29 0.064(10) 0.065(11) 0.090(12) -0.057(10) -0.042(9) 0.025(8)
C30 0.047(9) 0.075(12) 0.152(18) -0.088(13) -0.036(11) 0.017(8)
C31 0.036(8) 0.063(11) 0.136(16) -0.063(12) -0.035(9) 0.012(7)
C32 0.036(7) 0.038(8) 0.092(11) -0.044(8) -0.006(7) 0.001(6)
C33 0.022(6) 0.051(8) 0.061(8) -0.038(7) -0.004(6) 0.009(5)
C34 0.038(7) 0.032(7) 0.047(7) -0.016(6) 0.003(6) 0.004(5)
C35 0.041(7) 0.016(5) 0.036(6) -0.002(5) -0.004(5) 0.005(5)
C36 0.041(7) 0.025(6) 0.046(7) -0.013(5) 0.003(6) -0.006(5)
C37 0.037(7) 0.033(7) 0.048(8) -0.003(6) -0.007(6) 0.004(5)
C38 0.042(7) 0.030(7) 0.041(7) -0.006(5) -0.014(6) 0.000(5)
C39 0.047(7) 0.032(7) 0.025(6) 0.003(5) -0.004(5) 0.003(6)
C40 0.035(6) 0.027(6) 0.022(5) -0.009(4) 0.005(5) -0.003(5)
C41 0.028(6) 0.030(6) 0.034(6) -0.010(5) -0.013(5) 0.003(5)
C42 0.044(7) 0.027(6) 0.036(6) -0.008(5) -0.011(5) 0.004(5)
C43 0.038(7) 0.031(7) 0.044(7) -0.001(6) -0.014(6) 0.003(5)
C44 0.043(7) 0.021(6) 0.042(7) -0.007(5) -0.009(6) 0.011(5)
C45 0.028(6) 0.026(6) 0.035(6) -0.015(5) -0.006(5) 0.003(5)
C46 0.026(5) 0.035(6) 0.030(6) -0.017(5) -0.006(5) 0.000(5)
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C47 0.033(6) 0.034(6) 0.025(5) -0.021(5) -0.006(5) 0.007(5)
C48 0.025(5) 0.029(6) 0.023(5) -0.013(4) -0.007(4) 0.009(4)
C49 0.029(6) 0.039(7) 0.026(5) -0.017(5) -0.006(5) 0.016(5)
C50 0.041(7) 0.042(7) 0.027(6) -0.012(5) -0.004(5) 0.001(6)
C51 0.048(8) 0.035(7) 0.029(6) -0.005(5) 0.006(6) 0.007(6)
C52 0.039(7) 0.037(7) 0.031(6) -0.018(5) 0.004(5) 0.001(5)
C53 0.035(6) 0.023(6) 0.023(5) -0.012(4) -0.002(5) 0.005(5)
C54 0.029(6) 0.040(7) 0.032(6) -0.008(5) 0.003(5) 0.001(5)
C55 0.031(6) 0.026(6) 0.043(7) -0.006(5) -0.016(5) -0.001(5)
C56 0.030(6) 0.031(7) 0.048(7) 0.004(6) -0.004(5) 0.001(5)
C57 0.033(7) 0.053(8) 0.038(7) -0.013(6) -0.010(6) -0.001(6)
C58 0.050(7) 0.026(6) 0.038(6) -0.011(5) -0.021(6) -0.004(5)
C59 0.035(6) 0.030(6) 0.029(6) -0.014(5) -0.008(5) 0.004(5)
C60 0.040(7) 0.016(5) 0.039(6) -0.011(5) -0.009(5) 0.003(5)
C61 0.032(6) 0.025(6) 0.027(5) -0.007(5) -0.003(5) -0.003(5)
C62 0.051(8) 0.038(7) 0.037(7) -0.016(6) 0.001(6) -0.006(6)
C63 0.053(8) 0.031(7) 0.055(8) -0.019(6) 0.019(7) -0.018(6)
C64 0.067(10) 0.026(7) 0.067(10) -0.014(7) 0.009(8) -0.018(7)
C65 0.047(8) 0.046(8) 0.044(8) -0.013(7) 0.004(6) -0.002(6)
C66 0.030(6) 0.035(7) 0.032(6) -0.012(5) -0.006(5) -0.005(5)
C67 0.026(6) 0.043(7) 0.036(6) -0.016(6) -0.014(5) 0.002(5)
C68 0.031(6) 0.033(6) 0.018(5) -0.005(5) -0.007(4) 0.006(5)
C69 0.028(6) 0.041(7) 0.043(7) -0.010(6) -0.012(5) 0.000(5)
C70 0.025(6) 0.055(8) 0.034(6) -0.022(6) -0.002(5) 0.015(6)
C71 0.044(7) 0.017(6) 0.045(7) 0.000(5) -0.012(6) 0.010(5)
C72 0.036(6) 0.027(6) 0.031(6) -0.005(5) -0.007(5) 0.001(5)
C73 0.028(6) 0.027(6) 0.025(5) -0.006(5) -0.002(4) 0.003(5)
C74 0.031(6) 0.027(6) 0.022(5) -0.012(4) 0.003(4) 0.002(5)
C75 0.020(5) 0.028(6) 0.032(6) -0.021(5) -0.004(4) -0.003(4)
C76 0.034(6) 0.039(7) 0.039(7) -0.024(6) -0.005(5) -0.004(5)
C77 0.031(7) 0.107(13) 0.045(8) -0.049(8) -0.011(6) -0.007(7)
C78 0.030(7) 0.116(14) 0.062(9) -0.076(10) -0.020(6) 0.028(8)
C79 0.036(6) 0.056(8) 0.028(6) -0.028(6) -0.008(5) 0.012(6)
C80 0.036(6) 0.031(6) 0.024(5) -0.013(5) -0.011(5) -0.002(5)
C81 0.13(2) 0.100(18) 0.15(2) -0.056(17) -0.068(18) 0.028(15)

_geom_special_details
;
All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.
;

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance
_geom_bond_site_symmetry_2
_geom_bond_publ_flag
U1 O2 1.775(8) . ?
U1 O1 1.776(8) . ?
U1 O4 2.219(7) . ?
U1 O3 2.402(7) . ?
U1 O7 2.468(7) . ?
U1 N1 2.506(9) . ?
U1 N2 2.543(9) . ?
U1 U2 3.8809(18) . ?
U2 O6 1.764(8) . ?
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U2 O5 1.766(8) . ?
U2 O8 2.240(7) . ?
U2 O7 2.401(7) . ?
U2 O3 2.482(7) . ?
U2 N4 2.535(10) . ?
U2 N3 2.541(10) . ?
U3 O10 1.776(7) . ?
U3 O9 1.778(7) . ?
U3 O11 2.205(8) . ?
U3 O12 2.396(7) . ?
U3 O16 2.496(7) . ?
U3 N6 2.534(9) . ?
U3 N5 2.540(8) . ?
U3 U4 3.8735(16) . ?
U4 O14 1.774(7) . ?
U4 O13 1.782(7) . ?
U4 O15 2.220(8) . ?
U4 O16 2.387(7) . ?
U4 O12 2.445(6) . ?
U4 N8 2.528(8) . ?
U4 N7 2.531(9) . ?
Cl1 C81 1.71(2) . ?
Cl2 C81 1.73(2) . ?
O3 C1 1.362(13) . ?
O4 C20 1.319(13) . ?
O7 C21 1.346(12) . ?
O8 C40 1.326(13) . ?
O11 C60 1.332(13) . ?
O12 C41 1.347(13) . ?
O15 C61 1.327(13) . ?
O16 C80 1.366(12) . ?
N1 C7 1.299(13) . ?
N1 C8 1.438(12) . ?
N2 C14 1.295(14) . ?
N2 C13 1.424(14) . ?
N3 C27 1.297(17) . ?
N3 C28 1.436(17) . ?
N4 C34 1.289(15) . ?
N4 C33 1.427(16) . ?
N5 C47 1.296(14) . ?
N5 C48 1.435(13) . ?
N6 C54 1.328(15) . ?
N6 C53 1.418(13) . ?
N7 C67 1.296(15) . ?
N7 C68 1.424(14) . ?
N8 C74 1.277(13) . ?
N8 C73 1.423(13) . ?
C1 C2 1.390(14) . ?
C1 C6 1.418(15) . ?
C2 C3 1.386(15) . ?
C2 H2 0.9500 . ?
C3 C4 1.410(15) . ?
C3 H3 0.9500 . ?
C4 C5 1.384(14) . ?
C4 H4 0.9500 . ?
C5 C6 1.406(15) . ?
C5 H5 0.9500 . ?
C6 C7 1.452(14) . ?
C7 H7 0.9500 . ?
C8 C9 1.375(15) . ?
C8 C13 1.395(15) . ?
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C9 C10 1.376(16) . ?
C9 H9 0.9500 . ?
C10 C11 1.405(17) . ?
C10 H10 0.9500 . ?
C11 C12 1.370(16) . ?
C11 H11 0.9500 . ?
C12 C13 1.422(15) . ?
C12 H12 0.9500 . ?
C14 C15 1.443(16) . ?
C14 H14 0.9500 . ?
C15 C16 1.394(16) . ?
C15 C20 1.430(17) . ?
C16 C17 1.383(19) . ?
C16 H16 0.9500 . ?
C17 C18 1.37(2) . ?
C17 H17 0.9500 . ?
C18 C19 1.391(18) . ?
C18 H18 0.9500 . ?
C19 C20 1.389(16) . ?
C19 H19 0.9500 . ?
C21 C26 1.403(17) . ?
C21 C22 1.398(17) . ?
C22 C23 1.389(15) . ?
C22 H22 0.9500 . ?
C23 C24 1.38(2) . ?
C23 H23 0.9500 . ?
C24 C25 1.37(2) . ?
C24 H24 0.9500 . ?
C25 C26 1.429(17) . ?
C25 H25 0.9500 . ?
C26 C27 1.43(2) . ?
C27 H27 0.9500 . ?
C28 C33 1.376(19) . ?
C28 C29 1.392(18) . ?
C29 C30 1.41(2) . ?
C29 H29 0.9500 . ?
C30 C31 1.37(2) . ?
C30 H30 0.9500 . ?
C31 C32 1.377(19) . ?
C31 H31 0.9500 . ?
C32 C33 1.413(18) . ?
C32 H32 0.9500 . ?
C34 C35 1.439(18) . ?
C34 H34 0.9500 . ?
C35 C36 1.400(16) . ?
C35 C40 1.431(16) . ?
C36 C37 1.375(18) . ?
C36 H36 0.9500 . ?
C37 C38 1.377(18) . ?
C37 H37 0.9500 . ?
C38 C39 1.366(16) . ?
C38 H38 0.9500 . ?
C39 C40 1.403(17) . ?
C39 H39 0.9500 . ?
C41 C42 1.407(16) . ?
C41 C46 1.435(15) . ?
C42 C43 1.383(16) . ?
C42 H42 0.9500 . ?
C43 C44 1.408(17) . ?
C43 H43 0.9500 . ?
C44 C45 1.367(16) . ?
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C44 H44 0.9500 . ?
C45 C46 1.394(15) . ?
C45 H45 0.9500 . ?
C46 C47 1.451(15) . ?
C47 H47 0.9500 . ?
C48 C49 1.382(14) . ?
C48 C53 1.391(15) . ?
C49 C50 1.407(16) . ?
C49 H49 0.9500 . ?
C50 C51 1.379(18) . ?
C50 H50 0.9500 . ?
C51 C52 1.387(17) . ?
C51 H51 0.9500 . ?
C52 C53 1.384(15) . ?
C52 H52 0.9500 . ?
C54 C55 1.435(17) . ?
C54 H54 0.9500 . ?
C55 C56 1.418(16) . ?
C55 C60 1.427(16) . ?
C56 C57 1.389(18) . ?
C56 H56 0.9500 . ?
C57 C58 1.375(17) . ?
C57 H57 0.9500 . ?
C58 C59 1.366(16) . ?
C58 H58 0.9500 . ?
C59 C60 1.400(15) . ?
C59 H59 0.9500 . ?
C61 C66 1.411(15) . ?
C61 C62 1.410(16) . ?
C62 C63 1.381(17) . ?
C62 H62 0.9500 . ?
C63 C64 1.400(18) . ?
C63 H63 0.9500 . ?
C64 C65 1.379(18) . ?
C64 H64 0.9500 . ?
C65 C66 1.420(17) . ?
C65 H65 0.9500 . ?
C66 C67 1.435(16) . ?
C67 H67 0.9500 . ?
C68 C69 1.391(15) . ?
C68 C73 1.391(16) . ?
C69 C70 1.381(17) . ?
C69 H69 0.9500 . ?
C70 C71 1.383(18) . ?
C70 H70 0.9500 . ?
C71 C72 1.389(16) . ?
C71 H71 0.9500 . ?
C72 C73 1.394(15) . ?
C72 H72 0.9500 . ?
C74 C75 1.432(14) . ?
C74 H74 0.9500 . ?
C75 C76 1.417(14) . ?
C75 C80 1.435(14) . ?
C76 C77 1.377(16) . ?
C76 H76 0.9500 . ?
C77 C78 1.381(17) . ?
C77 H77 0.9500 . ?
C78 C79 1.370(15) . ?
C78 H78 0.9500 . ?
C79 C80 1.380(15) . ?
C79 H79 0.9500 . ?
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C81 H81A 0.9900 . ?
C81 H81B 0.9900 . ?

loop_
_geom_angle_atom_site_label_1
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_1
_geom_angle_site_symmetry_3
_geom_angle_publ_flag
O2 U1 O1 175.1(3) . . ?
O2 U1 O4 92.1(3) . . ?
O1 U1 O4 90.1(3) . . ?
O2 U1 O3 93.6(3) . . ?
O1 U1 O3 86.4(3) . . ?
O4 U1 O3 152.0(3) . . ?
O2 U1 O7 89.2(3) . . ?
O1 U1 O7 95.5(3) . . ?
O4 U1 O7 83.0(3) . . ?
O3 U1 O7 69.6(2) . . ?
O2 U1 N1 89.6(3) . . ?
O1 U1 N1 85.7(3) . . ?
O4 U1 N1 134.7(3) . . ?
O3 U1 N1 72.8(3) . . ?
O7 U1 N1 142.3(3) . . ?
O2 U1 N2 89.1(3) . . ?
O1 U1 N2 87.5(3) . . ?
O4 U1 N2 70.9(3) . . ?
O3 U1 N2 136.6(3) . . ?
O7 U1 N2 153.8(3) . . ?
N1 U1 N2 63.9(3) . . ?
O2 U1 U2 77.2(2) . . ?
O1 U1 U2 105.6(2) . . ?
O4 U1 U2 117.7(2) . . ?
O3 U1 U2 38.11(17) . . ?
O7 U1 U2 36.56(17) . . ?
N1 U1 U2 106.9(2) . . ?
N2 U1 U2 163.8(2) . . ?
O6 U2 O5 175.7(3) . . ?
O6 U2 O8 89.9(3) . . ?
O5 U2 O8 91.8(3) . . ?
O6 U2 O7 91.9(3) . . ?
O5 U2 O7 88.5(3) . . ?
O8 U2 O7 152.4(3) . . ?
O6 U2 O3 90.4(3) . . ?
O5 U2 O3 93.7(3) . . ?
O8 U2 O3 83.1(3) . . ?
O7 U2 O3 69.4(2) . . ?
O6 U2 N4 93.3(3) . . ?
O5 U2 N4 83.5(3) . . ?
O8 U2 N4 70.9(3) . . ?
O7 U2 N4 136.3(3) . . ?
O3 U2 N4 153.7(3) . . ?
O6 U2 N3 88.3(3) . . ?
O5 U2 N3 87.7(3) . . ?
O8 U2 N3 134.5(3) . . ?
O7 U2 N3 73.0(3) . . ?
O3 U2 N3 142.3(3) . . ?
N4 U2 N3 63.8(3) . . ?
O6 U2 U1 77.0(2) . . ?
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O5 U2 U1 105.7(3) . . ?
O8 U2 U1 116.7(2) . . ?
O7 U2 U1 37.74(15) . . ?
O3 U2 U1 36.67(15) . . ?
N4 U2 U1 167.2(2) . . ?
N3 U2 U1 107.1(2) . . ?
O10 U3 O9 175.8(3) . . ?
O10 U3 O11 93.5(3) . . ?
O9 U3 O11 87.9(3) . . ?
O10 U3 O12 94.6(3) . . ?
O9 U3 O12 85.7(3) . . ?
O11 U3 O12 156.2(2) . . ?
O10 U3 O16 86.8(3) . . ?
O9 U3 O16 97.1(3) . . ?
O11 U3 O16 89.0(3) . . ?
O12 U3 O16 69.2(2) . . ?
O10 U3 N6 88.9(3) . . ?
O9 U3 N6 87.9(3) . . ?
O11 U3 N6 70.1(3) . . ?
O12 U3 N6 132.3(3) . . ?
O16 U3 N6 158.4(3) . . ?
O10 U3 N5 86.8(3) . . ?
O9 U3 N5 89.3(3) . . ?
O11 U3 N5 132.2(3) . . ?
O12 U3 N5 70.6(3) . . ?
O16 U3 N5 138.6(3) . . ?
N6 U3 N5 62.1(3) . . ?
O10 U3 U4 77.1(2) . . ?
O9 U3 U4 105.3(2) . . ?
O11 U3 U4 124.34(19) . . ?
O12 U3 U4 37.30(15) . . ?
O16 U3 U4 36.54(17) . . ?
N6 U3 U4 160.0(2) . . ?
N5 U3 U4 102.3(2) . . ?
O14 U4 O13 176.2(3) . . ?
O14 U4 O15 92.3(3) . . ?
O13 U4 O15 89.5(3) . . ?
O14 U4 O16 91.4(3) . . ?
O13 U4 O16 88.5(3) . . ?
O15 U4 O16 152.1(3) . . ?
O14 U4 O12 87.7(3) . . ?
O13 U4 O12 95.8(3) . . ?
O15 U4 O12 82.4(3) . . ?
O16 U4 O12 70.2(2) . . ?
O14 U4 N8 88.8(3) . . ?
O13 U4 N8 87.6(3) . . ?
O15 U4 N8 134.5(3) . . ?
O16 U4 N8 73.1(3) . . ?
O12 U4 N8 143.0(3) . . ?
O14 U4 N7 90.4(3) . . ?
O13 U4 N7 87.1(3) . . ?
O15 U4 N7 70.5(3) . . ?
O16 U4 N7 137.1(3) . . ?
O12 U4 N7 152.7(3) . . ?
N8 U4 N7 64.0(3) . . ?
O14 U4 U3 75.4(2) . . ?
O13 U4 U3 106.7(2) . . ?
O15 U4 U3 116.7(2) . . ?
O16 U4 U3 38.49(16) . . ?
O12 U4 U3 36.43(17) . . ?
N8 U4 U3 107.5(2) . . ?
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N7 U4 U3 163.96(19) . . ?
C1 O3 U1 124.2(6) . . ?
C1 O3 U2 125.3(6) . . ?
U1 O3 U2 105.2(3) . . ?
C20 O4 U1 136.3(7) . . ?
C21 O7 U2 126.9(6) . . ?
C21 O7 U1 124.6(7) . . ?
U2 O7 U1 105.7(2) . . ?
C40 O8 U2 127.1(6) . . ?
C60 O11 U3 130.4(6) . . ?
C41 O12 U3 123.8(6) . . ?
C41 O12 U4 125.9(6) . . ?
U3 O12 U4 106.3(2) . . ?
C61 O15 U4 130.2(7) . . ?
C80 O16 U4 125.3(6) . . ?
C80 O16 U3 125.2(6) . . ?
U4 O16 U3 105.0(3) . . ?
C7 N1 C8 117.0(9) . . ?
C7 N1 U1 124.3(7) . . ?
C8 N1 U1 117.6(6) . . ?
C14 N2 C13 118.2(10) . . ?
C14 N2 U1 125.7(8) . . ?
C13 N2 U1 115.7(7) . . ?
C27 N3 C28 118.4(12) . . ?
C27 N3 U2 126.0(9) . . ?
C28 N3 U2 115.3(8) . . ?
C34 N4 C33 119.5(11) . . ?
C34 N4 U2 123.4(9) . . ?
C33 N4 U2 116.7(8) . . ?
C47 N5 C48 117.8(8) . . ?
C47 N5 U3 127.4(7) . . ?
C48 N5 U3 114.8(6) . . ?
C54 N6 C53 120.0(9) . . ?
C54 N6 U3 125.5(7) . . ?
C53 N6 U3 114.5(7) . . ?
C67 N7 C68 118.2(9) . . ?
C67 N7 U4 124.5(7) . . ?
C68 N7 U4 116.4(7) . . ?
C74 N8 C73 118.9(9) . . ?
C74 N8 U4 124.2(7) . . ?
C73 N8 U4 116.0(7) . . ?
O3 C1 C2 120.6(10) . . ?
O3 C1 C6 120.3(9) . . ?
C2 C1 C6 119.0(10) . . ?
C1 C2 C3 120.8(11) . . ?
C1 C2 H2 119.6 . . ?
C3 C2 H2 119.6 . . ?
C2 C3 C4 121.4(10) . . ?
C2 C3 H3 119.3 . . ?
C4 C3 H3 119.3 . . ?
C5 C4 C3 117.7(10) . . ?
C5 C4 H4 121.2 . . ?
C3 C4 H4 121.2 . . ?
C4 C5 C6 122.1(11) . . ?
C4 C5 H5 119.0 . . ?
C6 C5 H5 119.0 . . ?
C5 C6 C1 119.1(10) . . ?
C5 C6 C7 114.4(10) . . ?
C1 C6 C7 126.5(10) . . ?
N1 C7 C6 127.1(10) . . ?
N1 C7 H7 116.5 . . ?
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C6 C7 H7 116.5 . . ?
C9 C8 C13 121.9(10) . . ?
C9 C8 N1 122.9(10) . . ?
C13 C8 N1 115.2(9) . . ?
C8 C9 C10 119.5(11) . . ?
C8 C9 H9 120.3 . . ?
C10 C9 H9 120.3 . . ?
C9 C10 C11 120.7(11) . . ?
C9 C10 H10 119.7 . . ?
C11 C10 H10 119.7 . . ?
C12 C11 C10 119.6(11) . . ?
C12 C11 H11 120.2 . . ?
C10 C11 H11 120.2 . . ?
C11 C12 C13 120.6(10) . . ?
C11 C12 H12 119.7 . . ?
C13 C12 H12 119.7 . . ?
C8 C13 C12 117.7(10) . . ?
C8 C13 N2 117.8(9) . . ?
C12 C13 N2 124.5(10) . . ?
N2 C14 C15 127.3(11) . . ?
N2 C14 H14 116.4 . . ?
C15 C14 H14 116.4 . . ?
C16 C15 C20 120.3(11) . . ?
C16 C15 C14 117.0(11) . . ?
C20 C15 C14 122.6(10) . . ?
C15 C16 C17 119.8(14) . . ?
C15 C16 H16 120.1 . . ?
C17 C16 H16 120.1 . . ?
C18 C17 C16 120.5(14) . . ?
C18 C17 H17 119.7 . . ?
C16 C17 H17 119.7 . . ?
C17 C18 C19 120.5(13) . . ?
C17 C18 H18 119.7 . . ?
C19 C18 H18 119.7 . . ?
C20 C19 C18 121.0(13) . . ?
C20 C19 H19 119.5 . . ?
C18 C19 H19 119.5 . . ?
O4 C20 C19 121.4(11) . . ?
O4 C20 C15 120.8(10) . . ?
C19 C20 C15 117.8(11) . . ?
O7 C21 C26 121.8(12) . . ?
O7 C21 C22 119.7(9) . . ?
C26 C21 C22 118.4(10) . . ?
C21 C22 C23 121.8(12) . . ?
C21 C22 H22 119.1 . . ?
C23 C22 H22 119.1 . . ?
C24 C23 C22 119.9(14) . . ?
C24 C23 H23 120.0 . . ?
C22 C23 H23 120.0 . . ?
C25 C24 C23 119.6(12) . . ?
C25 C24 H24 120.2 . . ?
C23 C24 H24 120.2 . . ?
C24 C25 C26 121.7(12) . . ?
C24 C25 H25 119.1 . . ?
C26 C25 H25 119.1 . . ?
C21 C26 C25 118.3(14) . . ?
C21 C26 C27 126.5(11) . . ?
C25 C26 C27 115.2(12) . . ?
N3 C27 C26 128.1(12) . . ?
N3 C27 H27 116.0 . . ?
C26 C27 H27 116.0 . . ?
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C33 C28 C29 119.6(14) . . ?
C33 C28 N3 117.3(12) . . ?
C29 C28 N3 123.1(14) . . ?
C28 C29 C30 119.4(16) . . ?
C28 C29 H29 120.3 . . ?
C30 C29 H29 120.3 . . ?
C31 C30 C29 120.8(15) . . ?
C31 C30 H30 119.6 . . ?
C29 C30 H30 119.6 . . ?
C32 C31 C30 119.8(16) . . ?
C32 C31 H31 120.1 . . ?
C30 C31 H31 120.1 . . ?
C31 C32 C33 119.8(15) . . ?
C31 C32 H32 120.1 . . ?
C33 C32 H32 120.1 . . ?
C28 C33 N4 117.0(12) . . ?
C28 C33 C32 120.5(13) . . ?
N4 C33 C32 122.3(13) . . ?
N4 C34 C35 126.9(12) . . ?
N4 C34 H34 116.5 . . ?
C35 C34 H34 116.5 . . ?
C36 C35 C40 118.6(12) . . ?
C36 C35 C34 119.7(11) . . ?
C40 C35 C34 121.7(10) . . ?
C37 C36 C35 122.4(12) . . ?
C37 C36 H36 118.8 . . ?
C35 C36 H36 118.8 . . ?
C38 C37 C36 118.4(11) . . ?
C38 C37 H37 120.8 . . ?
C36 C37 H37 120.8 . . ?
C39 C38 C37 121.5(12) . . ?
C39 C38 H38 119.2 . . ?
C37 C38 H38 119.2 . . ?
C38 C39 C40 121.6(12) . . ?
C38 C39 H39 119.2 . . ?
C40 C39 H39 119.2 . . ?
O8 C40 C39 121.3(10) . . ?
O8 C40 C35 121.3(10) . . ?
C39 C40 C35 117.3(10) . . ?
O12 C41 C42 121.3(10) . . ?
O12 C41 C46 120.9(10) . . ?
C42 C41 C46 117.7(10) . . ?
C43 C42 C41 120.7(11) . . ?
C43 C42 H42 119.6 . . ?
C41 C42 H42 119.6 . . ?
C42 C43 C44 121.5(11) . . ?
C42 C43 H43 119.3 . . ?
C44 C43 H43 119.3 . . ?
C45 C44 C43 118.0(11) . . ?
C45 C44 H44 121.0 . . ?
C43 C44 H44 121.0 . . ?
C44 C45 C46 122.8(10) . . ?
C44 C45 H45 118.6 . . ?
C46 C45 H45 118.6 . . ?
C45 C46 C41 119.3(10) . . ?
C45 C46 C47 117.6(10) . . ?
C41 C46 C47 123.1(10) . . ?
N5 C47 C46 126.8(9) . . ?
N5 C47 H47 116.6 . . ?
C46 C47 H47 116.6 . . ?
C49 C48 C53 120.7(10) . . ?
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C49 C48 N5 124.7(10) . . ?
C53 C48 N5 114.6(9) . . ?
C48 C49 C50 118.3(12) . . ?
C48 C49 H49 120.8 . . ?
C50 C49 H49 120.8 . . ?
C51 C50 C49 121.9(12) . . ?
C51 C50 H50 119.1 . . ?
C49 C50 H50 119.1 . . ?
C50 C51 C52 118.2(11) . . ?
C50 C51 H51 120.9 . . ?
C52 C51 H51 120.9 . . ?
C53 C52 C51 121.4(12) . . ?
C53 C52 H52 119.3 . . ?
C51 C52 H52 119.3 . . ?
C48 C53 C52 119.5(10) . . ?
C48 C53 N6 116.3(9) . . ?
C52 C53 N6 124.1(11) . . ?
N6 C54 C55 123.2(10) . . ?
N6 C54 H54 118.4 . . ?
C55 C54 H54 118.4 . . ?
C56 C55 C60 117.5(11) . . ?
C56 C55 C54 118.3(11) . . ?
C60 C55 C54 123.9(10) . . ?
C57 C56 C55 121.7(12) . . ?
C57 C56 H56 119.2 . . ?
C55 C56 H56 119.2 . . ?
C58 C57 C56 118.7(12) . . ?
C58 C57 H57 120.6 . . ?
C56 C57 H57 120.6 . . ?
C59 C58 C57 121.8(11) . . ?
C59 C58 H58 119.1 . . ?
C57 C58 H58 119.1 . . ?
C58 C59 C60 120.9(11) . . ?
C58 C59 H59 119.6 . . ?
C60 C59 H59 119.6 . . ?
O11 C60 C59 121.7(10) . . ?
O11 C60 C55 119.1(10) . . ?
C59 C60 C55 119.1(11) . . ?
O15 C61 C66 120.4(10) . . ?
O15 C61 C62 119.6(10) . . ?
C66 C61 C62 120.0(11) . . ?
C63 C62 C61 120.1(12) . . ?
C63 C62 H62 120.0 . . ?
C61 C62 H62 120.0 . . ?
C62 C63 C64 121.0(12) . . ?
C62 C63 H63 119.5 . . ?
C64 C63 H63 119.5 . . ?
C65 C64 C63 119.2(13) . . ?
C65 C64 H64 120.4 . . ?
C63 C64 H64 120.4 . . ?
C64 C65 C66 121.5(12) . . ?
C64 C65 H65 119.2 . . ?
C66 C65 H65 119.2 . . ?
C61 C66 C65 118.1(11) . . ?
C61 C66 C67 123.5(11) . . ?
C65 C66 C67 118.2(11) . . ?
N7 C67 C66 125.4(11) . . ?
N7 C67 H67 117.3 . . ?
C66 C67 H67 117.3 . . ?
C69 C68 C73 120.7(11) . . ?
C69 C68 N7 123.2(11) . . ?
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C73 C68 N7 116.1(9) . . ?
C68 C69 C70 119.7(12) . . ?
C68 C69 H69 120.1 . . ?
C70 C69 H69 120.1 . . ?
C71 C70 C69 119.8(10) . . ?
C71 C70 H70 120.1 . . ?
C69 C70 H70 120.1 . . ?
C70 C71 C72 121.0(11) . . ?
C70 C71 H71 119.5 . . ?
C72 C71 H71 119.5 . . ?
C73 C72 C71 119.4(11) . . ?
C73 C72 H72 120.3 . . ?
C71 C72 H72 120.3 . . ?
C72 C73 C68 119.3(10) . . ?
C72 C73 N8 122.9(10) . . ?
C68 C73 N8 117.7(9) . . ?
N8 C74 C75 128.0(9) . . ?
N8 C74 H74 116.0 . . ?
C75 C74 H74 116.0 . . ?
C76 C75 C80 117.2(9) . . ?
C76 C75 C74 115.3(9) . . ?
C80 C75 C74 127.5(9) . . ?
C77 C76 C75 121.8(11) . . ?
C77 C76 H76 119.1 . . ?
C75 C76 H76 119.1 . . ?
C76 C77 C78 118.3(11) . . ?
C76 C77 H77 120.9 . . ?
C78 C77 H77 120.9 . . ?
C79 C78 C77 122.9(11) . . ?
C79 C78 H78 118.6 . . ?
C77 C78 H78 118.6 . . ?
C80 C79 C78 119.7(10) . . ?
C80 C79 H79 120.2 . . ?
C78 C79 H79 120.2 . . ?
O16 C80 C79 120.9(10) . . ?
O16 C80 C75 119.0(9) . . ?
C79 C80 C75 120.1(9) . . ?
Cl1 C81 Cl2 114.4(14) . . ?
Cl1 C81 H81A 108.7 . . ?
Cl2 C81 H81A 108.7 . . ?
Cl1 C81 H81B 108.7 . . ?
Cl2 C81 H81B 108.7 . . ?
H81A C81 H81B 107.6 . . ?

_diffrn_measured_fraction_theta_max 0.975
_diffrn_reflns_theta_full 27.48
_diffrn_measured_fraction_theta_full 0.975
_refine_diff_density_max 2.490
_refine_diff_density_min -2.984
_refine_diff_density_rms 0.239
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data_shelxl

_audit_creation_method SHELXL-97
_chemical_name_systematic
;
?
;
_chemical_name_common ?
_chemical_melting_point ?
_chemical_formula_moiety ’C22 H20 N2 O5 S U ’
_chemical_formula_sum
’C22 H20 N2 O5 S U’
_chemical_formula_weight 662.49

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
’C’ ’C’ 0.0033 0.0016
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’H’ ’H’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’N’ ’N’ 0.0061 0.0033
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’O’ ’O’ 0.0106 0.0060
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’S’ ’S’ 0.1246 0.1234
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’U’ ’U’ -9.6767 9.6646
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’

_symmetry_cell_setting monoclinic
_symmetry_space_group_name_H-M ’P 1 21 1’
_symmetry_Int_Tables_number 4
loop_
_symmetry_equiv_pos_as_xyz
’x, y, z’
’-x, y+1/2, -z’
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_cell_length_a 13.303(7)
_cell_length_b 9.422(4)
_cell_length_c 17.205(8)
_cell_angle_alpha 90.00
_cell_angle_beta 94.45(5)
_cell_angle_gamma 90.00
_cell_volume 2149.9(17)
_cell_formula_units_Z 4
_cell_measurement_temperature 113(2)
_cell_measurement_reflns_used 22909
_cell_measurement_theta_min 3.1
_cell_measurement_theta_max 27.6

_exptl_crystal_description ’block’
_exptl_crystal_colour ’yellow’
_exptl_crystal_size_max 0.27
_exptl_crystal_size_mid 0.15
_exptl_crystal_size_min 0.07
_exptl_crystal_density_meas ?
_exptl_crystal_density_diffrn 2.047
_exptl_crystal_density_method ’not measured’
_exptl_crystal_F_000 1256
_exptl_absorpt_coefficient_mu 7.684
_exptl_absorpt_correction_T_min 0.2308
_exptl_absorpt_correction_T_max 0.6153
_exptl_absorpt_correction_type numerical
_exptl_absorpt_process_details
;

Higashi, T. (1999). Program for Absorption Correction.
Rigaku Corporation, Tokyo, Japan.

;

_diffrn_ambient_temperature 113(2)
_diffrn_radiation_wavelength 0.71075
_diffrn_radiation_type MoKYa
_diffrn_radiation_source ’fine-focus sealed tube’
_diffrn_radiation_monochromator graphite
_diffrn_measurement_device_type ’Rigaku RAXIS-RAPID’
_diffrn_measurement_method Yw
_diffrn_detector_area_resol_mean 10.00
_diffrn_reflns_number 19478
_diffrn_reflns_av_R_equivalents 0.0352
_diffrn_reflns_av_sigmaI/netI 0.0295
_diffrn_reflns_limit_h_min -15
_diffrn_reflns_limit_h_max 17
_diffrn_reflns_limit_k_min -11
_diffrn_reflns_limit_k_max 12
_diffrn_reflns_limit_l_min -22
_diffrn_reflns_limit_l_max 22
_diffrn_reflns_theta_min 3.07
_diffrn_reflns_theta_max 27.49
_reflns_number_total 9110
_reflns_number_gt 8357
_reflns_threshold_expression >2sigma(I)

_computing_data_collection ’PROCESS-AUTO’
_computing_cell_refinement ’PROCESS-AUTO’
_computing_data_reduction ’CrystalStructure’
_computing_structure_solution ’DIRDIF99 (PATTY)’
_computing_structure_refinement ’SHELXL-97 (Sheldrick, 1997)’
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_computing_molecular_graphics ?
_computing_publication_material ?

_refine_special_details
;
Refinement of Fˆ2ˆ against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on Fˆ2ˆ, conventional R-factors R are based
on F, with F set to zero for negative Fˆ2ˆ. The threshold expression of
Fˆ2ˆ > 2sigma(Fˆ2ˆ) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on Fˆ2ˆ are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.
;

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details
’calc w=1/[Ysˆ2ˆ(Foˆ2ˆ)+(0.0356P)ˆ2ˆ+4.8982P] where P=(Foˆ2ˆ+2Fcˆ2ˆ)/3’
_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine_ls_hydrogen_treatment mixed
_refine_ls_extinction_method SHELXL
_refine_ls_extinction_coef 0.00069(9)
_refine_ls_extinction_expression
’Fcˆ*ˆ=kFc[1+0.001xFcˆ2ˆYlˆ3ˆ/sin(2Yq)]ˆ-1/4ˆ’
_refine_ls_abs_structure_details
’Flack H D (1983), Acta Cryst. A39, 876-881’
_refine_ls_abs_structure_Flack 0.012(6)
_refine_ls_number_reflns 9110
_refine_ls_number_parameters 560
_refine_ls_number_restraints 1
_refine_ls_R_factor_all 0.0313
_refine_ls_R_factor_gt 0.0267
_refine_ls_wR_factor_ref 0.0677
_refine_ls_wR_factor_gt 0.0658
_refine_ls_goodness_of_fit_ref 1.088
_refine_ls_restrained_S_all 1.088
_refine_ls_shift/su_max 0.001
_refine_ls_shift/su_mean 0.000

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
U1 U -0.241447(12) -0.49750(3) -0.008426(9) 0.01257(5) Uani 1 1 d . . .
U2 U 0.233812(13) -0.50161(3) -0.469079(9) 0.01390(5) Uani 1 1 d . . .
S1 S -0.34365(12) -0.17559(16) 0.05030(9) 0.0197(3) Uani 1 1 d . . .
S2 S 0.07819(12) -0.17917(16) -0.44373(9) 0.0196(3) Uani 1 1 d . . .
O1 O -0.1289(3) -0.3944(4) -0.0015(2) 0.0179(9) Uani 1 1 d . . .
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O2 O -0.3492(4) -0.6116(5) -0.0135(3) 0.0223(9) Uani 1 1 d . . .
O3 O -0.3460(4) -0.2875(5) -0.0136(2) 0.0244(10) Uani 1 1 d . . .
O4 O -0.2603(3) -0.4559(4) -0.1378(2) 0.0197(9) Uani 1 1 d . . .
O5 O -0.2584(3) -0.4552(4) 0.1200(2) 0.0167(9) Uani 1 1 d . . .
O6 O 0.3310(3) -0.3719(4) -0.4712(2) 0.0199(9) Uani 1 1 d . . .
O7 O 0.1422(4) -0.6394(5) -0.4659(3) 0.0219(10) Uani 1 1 d . . .
O8 O 0.0971(3) -0.3371(4) -0.4582(3) 0.0186(9) Uani 1 1 d . . .
O9 O 0.1952(3) -0.4489(4) -0.5966(2) 0.0201(9) Uani 1 1 d . . .
O10 O 0.2423(3) -0.4734(5) -0.3374(2) 0.0228(12) Uani 1 1 d . . .
N1 N -0.1415(4) -0.6783(5) -0.0804(3) 0.0130(9) Uani 1 1 d . . .
N2 N -0.1399(4) -0.6790(5) 0.0744(3) 0.0146(9) Uani 1 1 d . . .
N3 N 0.3271(4) -0.6719(5) -0.5562(3) 0.0184(10) Uani 1 1 d . . .
N4 N 0.3680(4) -0.6636(5) -0.4025(3) 0.0177(10) Uani 1 1 d . . .
C1 C -0.1910(5) -0.4359(6) -0.1877(3) 0.0169(12) Uani 1 1 d . . .
C2 C -0.2002(5) -0.3234(7) -0.2415(4) 0.0233(13) Uani 1 1 d . . .
H2 H -0.2550 -0.2591 -0.2401 0.028 Uiso 1 1 calc R . .
C3 C -0.1305(5) -0.3045(6) -0.2967(3) 0.0228(13) Uani 1 1 d . . .
H3 H -0.1387 -0.2280 -0.3326 0.027 Uiso 1 1 calc R . .
C4 C -0.0484(5) -0.3967(7) -0.3002(3) 0.0235(14) Uani 1 1 d . . .
H4 H -0.0002 -0.3829 -0.3375 0.028 Uiso 1 1 calc R . .
C5 C -0.0393(4) -0.5069(10) -0.2485(3) 0.0192(10) Uani 1 1 d . . .
H5 H 0.0155 -0.5710 -0.2513 0.023 Uiso 1 1 calc R . .
C6 C -0.1082(5) -0.5296(5) -0.1909(3) 0.0166(13) Uani 1 1 d . . .
C7 C -0.0946(4) -0.6562(6) -0.1423(3) 0.0163(11) Uani 1 1 d . . .
H7 H -0.0486 -0.7265 -0.1571 0.020 Uiso 1 1 calc R . .
C8 C -0.1309(5) -0.8139(6) -0.0440(3) 0.0171(11) Uani 1 1 d . . .
C9 C -0.1242(5) -0.9405(6) -0.0833(4) 0.0171(12) Uani 1 1 d . . .
H9 H -0.1268 -0.9408 -0.1387 0.020 Uiso 1 1 calc R . .
C10 C -0.1139(5) -1.0665(6) -0.0430(4) 0.0179(12) Uani 1 1 d . . .
H10 H -0.1080 -1.1532 -0.0704 0.022 Uiso 1 1 calc R . .
C11 C -0.1121(5) -1.0671(6) 0.0376(4) 0.0178(12) Uani 1 1 d . . .
H11 H -0.1053 -1.1543 0.0653 0.021 Uiso 1 1 calc R . .
C12 C -0.1201(5) -0.9409(6) 0.0780(4) 0.0178(12) Uani 1 1 d . . .
H12 H -0.1202 -0.9421 0.1332 0.021 Uiso 1 1 calc R . .
C13 C -0.1280(4) -0.8128(6) 0.0382(3) 0.0140(11) Uani 1 1 d . . .
C14 C -0.0917(4) -0.6524(6) 0.1401(3) 0.0152(11) Uani 1 1 d . . .
H14 H -0.0442 -0.7213 0.1598 0.018 Uiso 1 1 calc R . .
C15 C -0.1034(4) -0.5261(6) 0.1871(3) 0.0169(13) Uani 1 1 d . . .
C16 C -0.0287(4) -0.5009(10) 0.2492(2) 0.0175(9) Uani 1 1 d . . .
H16 H 0.0277 -0.5628 0.2556 0.021 Uiso 1 1 calc R . .
C17 C -0.0356(5) -0.3891(6) 0.3006(3) 0.0201(12) Uani 1 1 d . . .
H17 H 0.0154 -0.3723 0.3413 0.024 Uiso 1 1 calc R . .
C18 C -0.1215(5) -0.3009(6) 0.2903(3) 0.0186(12) Uani 1 1 d . . .
H18 H -0.1284 -0.2239 0.3252 0.022 Uiso 1 1 calc R . .
C19 C -0.1952(5) -0.3237(7) 0.2311(3) 0.0235(13) Uani 1 1 d . . .
H19 H -0.2526 -0.2635 0.2265 0.028 Uiso 1 1 calc R . .
C20 C -0.1871(5) -0.4353(6) 0.1770(3) 0.0153(11) Uani 1 1 d . . .
C21 C -0.4448(5) -0.2194(7) 0.1061(4) 0.0248(14) Uani 1 1 d . . .
H21A H -0.4277 -0.3047 0.1370 0.037 Uiso 1 1 calc R . .
H21B H -0.5053 -0.2374 0.0713 0.037 Uiso 1 1 calc R . .
H21C H -0.4575 -0.1405 0.1412 0.037 Uiso 1 1 calc R . .
C22 C -0.3943(5) -0.0202(8) 0.0013(4) 0.0294(16) Uani 1 1 d . . .
H22A H -0.3452 0.0173 -0.0330 0.044 Uiso 1 1 calc R . .
H22B H -0.4088 0.0519 0.0399 0.044 Uiso 1 1 calc R . .
H22C H -0.4567 -0.0450 -0.0298 0.044 Uiso 1 1 calc R . .
C23 C 0.2542(5) -0.4241(6) -0.6530(3) 0.0188(12) Uani 1 1 d . . .
C24 C 0.2426(5) -0.3003(7) -0.6989(3) 0.0214(13) Uani 1 1 d . . .
H24 H 0.1944 -0.2310 -0.6867 0.026 Uiso 1 1 calc R . .
C25 C 0.2998(5) -0.2779(7) -0.7612(3) 0.0217(13) Uani 1 1 d . . .
H25 H 0.2922 -0.1921 -0.7901 0.026 Uiso 1 1 calc R . .
C26 C 0.3695(5) -0.3804(7) -0.7827(3) 0.0222(13) Uani 1 1 d . . .
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H26 H 0.4061 -0.3664 -0.8274 0.027 Uiso 1 1 calc R . .
C27 C 0.3839(4) -0.5019(11) -0.7378(3) 0.0199(10) Uani 1 1 d . . .
H27 H 0.4302 -0.5723 -0.7521 0.024 Uiso 1 1 calc R . .
C28 C 0.3305(5) -0.5218(7) -0.6713(3) 0.0183(14) Uani 1 1 d . . .
C29 C 0.3540(5) -0.6477(6) -0.6258(3) 0.0189(12) Uani 1 1 d . . .
H29 H 0.3925 -0.7190 -0.6488 0.023 Uiso 1 1 calc R . .
C30 C 0.3583(4) -0.8019(6) -0.5206(3) 0.0167(11) Uani 1 1 d . . .
C31 C 0.3639(5) -0.9310(6) -0.5597(4) 0.0218(13) Uani 1 1 d . . .
H31 H 0.3464 -0.9357 -0.6143 0.026 Uiso 1 1 calc R . .
C32 C 0.3949(5) -1.0524(7) -0.5192(5) 0.0240(14) Uani 1 1 d . . .
H32 H 0.3985 -1.1402 -0.5461 0.029 Uiso 1 1 calc R . .
C33 C 0.4208(5) -1.0463(7) -0.4393(4) 0.0230(14) Uani 1 1 d . . .
H33 H 0.4434 -1.1295 -0.4121 0.028 Uiso 1 1 calc R . .
C34 C 0.4136(5) -0.9184(7) -0.3992(4) 0.0240(14) Uani 1 1 d . . .
H34 H 0.4296 -0.9148 -0.3445 0.029 Uiso 1 1 calc R . .
C35 C 0.3832(4) -0.7974(6) -0.4394(3) 0.0151(11) Uani 1 1 d . . .
C36 C 0.4303(5) -0.6242(6) -0.3450(3) 0.0178(12) Uani 1 1 d . . .
H36 H 0.4890 -0.6804 -0.3342 0.021 Uiso 1 1 calc R . .
C37 C 0.4182(4) -0.5018(10) -0.2959(3) 0.0194(10) Uani 1 1 d . . .
C38 C 0.5017(5) -0.4575(7) -0.2458(3) 0.0231(15) Uani 1 1 d . . .
H38 H 0.5651 -0.5024 -0.2493 0.028 Uiso 1 1 calc R . .
C39 C 0.4929(5) -0.3504(7) -0.1919(4) 0.0250(14) Uani 1 1 d . . .
H39 H 0.5501 -0.3188 -0.1601 0.030 Uiso 1 1 calc R . .
C40 C 0.3975(6) -0.2892(7) -0.1852(4) 0.0274(15) Uani 1 1 d . . .
H40 H 0.3902 -0.2162 -0.1481 0.033 Uiso 1 1 calc R . .
C41 C 0.3143(6) -0.3340(8) -0.2321(4) 0.0282(15) Uani 1 1 d . . .
H41 H 0.2501 -0.2943 -0.2244 0.034 Uiso 1 1 calc R . .
C42 C 0.3219(5) -0.4369(7) -0.2908(3) 0.0192(12) Uani 1 1 d . . .
C43 C 0.1867(5) -0.1189(8) -0.3872(5) 0.0323(16) Uani 1 1 d . . .
H43A H 0.1871 -0.1583 -0.3344 0.048 Uiso 1 1 calc R . .
H43B H 0.1858 -0.0150 -0.3845 0.048 Uiso 1 1 calc R . .
H43C H 0.2473 -0.1501 -0.4113 0.048 Uiso 1 1 calc R . .
C44 C 0.0980(6) -0.0937(7) -0.5330(4) 0.0328(17) Uani 1 1 d . . .
H44A H 0.0426 -0.1170 -0.5717 0.049 Uiso 1 1 calc R . .
H44B H 0.1619 -0.1260 -0.5516 0.049 Uiso 1 1 calc R . .
H44C H 0.1005 0.0093 -0.5249 0.049 Uiso 1 1 calc R . .

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_23
_atom_site_aniso_U_13
_atom_site_aniso_U_12
U1 0.01350(9) 0.01247(9) 0.01163(9) -0.00065(15) 0.00028(6) 0.00148(14)
U2 0.01401(10) 0.01555(9) 0.01213(9) 0.00260(16) 0.00096(6) 0.00093(15)
S1 0.0195(8) 0.0207(7) 0.0191(7) -0.0009(5) 0.0028(6) 0.0016(6)
S2 0.0172(8) 0.0215(7) 0.0206(7) 0.0011(5) 0.0045(6) 0.0033(6)
O1 0.021(2) 0.0119(18) 0.020(2) 0.0001(15) 0.0027(17) 0.0000(17)
O2 0.027(3) 0.023(2) 0.017(2) -0.0013(17) 0.0015(18) -0.0018(19)
O3 0.030(3) 0.027(3) 0.016(2) -0.0020(17) -0.0022(18) 0.015(2)
O4 0.028(2) 0.020(2) 0.0119(19) 0.0017(13) 0.0036(16) 0.0051(16)
O5 0.017(2) 0.020(2) 0.0126(19) -0.0007(13) -0.0001(15) 0.0050(15)
O6 0.021(2) 0.018(2) 0.021(2) 0.0013(16) 0.0037(17) -0.0039(18)
O7 0.024(3) 0.027(2) 0.015(2) 0.0047(17) 0.0025(19) -0.004(2)
O8 0.018(2) 0.017(2) 0.022(2) 0.0010(16) 0.0058(18) 0.0056(18)
O9 0.021(2) 0.025(2) 0.014(2) 0.0071(15) 0.0002(16) 0.0053(17)
O10 0.015(2) 0.039(4) 0.0144(17) 0.0023(18) -0.0001(14) 0.005(2)
N1 0.013(2) 0.012(2) 0.013(2) -0.0017(17) -0.0050(17) 0.0019(19)
N2 0.017(3) 0.013(2) 0.014(2) 0.0012(17) 0.0023(18) 0.0001(19)
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N3 0.019(3) 0.017(2) 0.019(2) 0.0018(19) -0.0021(19) -0.003(2)
N4 0.018(3) 0.020(2) 0.014(2) 0.0035(18) -0.0021(19) -0.001(2)
C1 0.020(3) 0.015(3) 0.015(3) -0.002(2) -0.001(2) -0.003(2)
C2 0.029(4) 0.019(3) 0.021(3) 0.002(2) -0.004(2) 0.004(3)
C3 0.036(4) 0.017(3) 0.015(3) 0.004(2) -0.002(2) -0.005(3)
C4 0.036(4) 0.022(3) 0.014(3) -0.003(2) 0.007(3) -0.006(3)
C5 0.021(3) 0.022(3) 0.015(2) 0.001(4) 0.0027(17) 0.001(4)
C6 0.023(3) 0.015(4) 0.011(2) -0.0017(18) -0.002(2) -0.002(2)
C7 0.012(3) 0.019(3) 0.018(3) -0.003(2) -0.001(2) 0.004(2)
C8 0.017(3) 0.019(3) 0.016(3) 0.000(2) 0.001(2) 0.004(2)
C9 0.019(3) 0.018(3) 0.014(3) -0.003(2) 0.001(2) -0.005(2)
C10 0.014(3) 0.013(3) 0.026(3) 0.001(2) -0.001(3) 0.003(2)
C11 0.012(3) 0.015(3) 0.026(3) -0.001(2) 0.000(3) -0.005(2)
C12 0.014(3) 0.018(3) 0.021(3) 0.002(2) 0.000(3) 0.000(2)
C13 0.011(3) 0.014(3) 0.017(3) -0.003(2) 0.000(2) 0.000(2)
C14 0.011(3) 0.016(3) 0.019(3) 0.000(2) 0.001(2) -0.002(2)
C15 0.021(3) 0.018(4) 0.012(2) 0.003(2) 0.0019(19) 0.001(2)
C16 0.021(3) 0.016(2) 0.015(2) -0.003(4) 0.0030(17) -0.006(4)
C17 0.026(4) 0.021(3) 0.013(3) -0.002(2) 0.001(2) -0.011(3)
C18 0.027(3) 0.015(3) 0.015(3) -0.004(2) 0.003(2) -0.003(2)
C19 0.030(4) 0.027(3) 0.014(3) 0.002(2) 0.007(2) 0.002(3)
C20 0.018(3) 0.017(3) 0.011(3) 0.000(2) 0.001(2) -0.003(2)
C21 0.021(3) 0.028(3) 0.027(3) 0.003(3) 0.011(3) 0.007(3)
C22 0.035(4) 0.023(4) 0.031(3) 0.002(3) 0.005(3) 0.004(3)
C23 0.021(3) 0.023(3) 0.013(3) 0.001(2) 0.000(2) -0.001(2)
C24 0.023(3) 0.025(3) 0.016(3) 0.003(2) 0.000(2) -0.001(3)
C25 0.025(3) 0.022(3) 0.017(3) 0.008(2) -0.005(2) -0.002(3)
C26 0.018(3) 0.035(3) 0.015(3) 0.006(2) 0.002(2) -0.007(3)
C27 0.017(3) 0.024(3) 0.018(2) 0.001(4) -0.0010(18) -0.001(4)
C28 0.025(3) 0.017(4) 0.013(2) -0.005(2) 0.0005(19) -0.004(3)
C29 0.018(3) 0.023(3) 0.016(3) -0.004(2) 0.000(2) -0.002(2)
C30 0.013(3) 0.013(3) 0.024(3) 0.003(2) 0.002(2) 0.002(2)
C31 0.020(4) 0.019(3) 0.026(3) 0.003(3) 0.005(3) 0.001(3)
C32 0.020(4) 0.014(3) 0.039(4) -0.001(3) 0.008(3) 0.001(2)
C33 0.012(3) 0.020(3) 0.037(4) 0.008(2) 0.002(3) 0.004(2)
C34 0.018(4) 0.025(4) 0.028(4) 0.009(3) -0.004(3) 0.002(3)
C35 0.011(3) 0.015(3) 0.019(3) 0.003(2) -0.001(2) -0.002(2)
C36 0.013(3) 0.021(3) 0.019(3) 0.009(2) -0.003(2) 0.001(2)
C37 0.021(3) 0.024(2) 0.014(2) 0.006(4) 0.0006(17) 0.000(4)
C38 0.016(3) 0.033(4) 0.021(3) 0.005(2) 0.001(2) -0.004(2)
C39 0.030(4) 0.030(3) 0.014(3) 0.001(2) -0.003(2) -0.008(3)
C40 0.040(4) 0.021(3) 0.022(3) -0.003(2) 0.003(3) -0.003(3)
C41 0.033(4) 0.038(4) 0.013(3) -0.002(3) 0.001(3) 0.003(3)
C42 0.024(3) 0.023(3) 0.010(3) 0.002(2) 0.000(2) 0.001(2)
C43 0.023(4) 0.033(4) 0.040(4) -0.014(3) 0.002(3) -0.001(3)
C44 0.037(5) 0.028(4) 0.034(4) 0.013(3) 0.012(3) 0.001(3)

_geom_special_details
;
All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.
;

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance
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_geom_bond_site_symmetry_2
_geom_bond_publ_flag
U1 O1 1.780(4) . ?
U1 O2 1.788(5) . ?
U1 O4 2.255(4) . ?
U1 O5 2.274(4) . ?
U1 O3 2.416(4) . ?
U1 N1 2.541(5) . ?
U1 N2 2.545(5) . ?
U2 O6 1.781(4) . ?
U2 O7 1.784(5) . ?
U2 O9 2.270(4) . ?
U2 O10 2.276(4) . ?
U2 O8 2.408(4) . ?
U2 N4 2.551(5) . ?
U2 N3 2.580(5) . ?
S1 O3 1.522(5) . ?
S1 C21 1.762(6) . ?
S1 C22 1.795(7) . ?
S2 O8 1.533(4) . ?
S2 C44 1.772(7) . ?
S2 C43 1.771(7) . ?
O4 C1 1.321(7) . ?
O5 C20 1.323(7) . ?
O9 C23 1.314(7) . ?
O10 C42 1.323(7) . ?
N1 C7 1.292(8) . ?
N1 C8 1.425(7) . ?
N2 C14 1.280(7) . ?
N2 C13 1.421(7) . ?
N3 C29 1.296(8) . ?
N3 C30 1.417(7) . ?
N4 C36 1.295(8) . ?
N4 C35 1.433(8) . ?
C1 C2 1.407(8) . ?
C1 C6 1.415(8) . ?
C2 C3 1.388(9) . ?
C2 H2 0.9500 . ?
C3 C4 1.401(10) . ?
C3 H3 0.9500 . ?
C4 C5 1.366(10) . ?
C4 H4 0.9500 . ?
C5 C6 1.419(7) . ?
C5 H5 0.9500 . ?
C6 C7 1.460(8) . ?
C7 H7 0.9500 . ?
C8 C9 1.378(8) . ?
C8 C13 1.411(8) . ?
C9 C10 1.377(8) . ?
C9 H9 0.9500 . ?
C10 C11 1.385(10) . ?
C10 H10 0.9500 . ?
C11 C12 1.385(8) . ?
C11 H11 0.9500 . ?
C12 C13 1.388(8) . ?
C12 H12 0.9500 . ?
C14 C15 1.454(8) . ?
C14 H14 0.9500 . ?
C15 C20 1.405(8) . ?
C15 C16 1.420(7) . ?
C16 C17 1.383(10) . ?
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C16 H16 0.9500 . ?
C17 C18 1.412(9) . ?
C17 H17 0.9500 . ?
C18 C19 1.375(9) . ?
C18 H18 0.9500 . ?
C19 C20 1.415(8) . ?
C19 H19 0.9500 . ?
C21 H21A 0.9800 . ?
C21 H21B 0.9800 . ?
C21 H21C 0.9800 . ?
C22 H22A 0.9800 . ?
C22 H22B 0.9800 . ?
C22 H22C 0.9800 . ?
C23 C24 1.411(8) . ?
C23 C28 1.424(9) . ?
C24 C25 1.378(9) . ?
C24 H24 0.9500 . ?
C25 C26 1.407(9) . ?
C25 H25 0.9500 . ?
C26 C27 1.387(11) . ?
C26 H26 0.9500 . ?
C27 C28 1.405(7) . ?
C27 H27 0.9500 . ?
C28 C29 1.442(9) . ?
C29 H29 0.9500 . ?
C30 C31 1.396(8) . ?
C30 C35 1.410(8) . ?
C31 C32 1.386(8) . ?
C31 H31 0.9500 . ?
C32 C33 1.392(11) . ?
C32 H32 0.9500 . ?
C33 C34 1.396(9) . ?
C33 H33 0.9500 . ?
C34 C35 1.378(8) . ?
C34 H34 0.9500 . ?
C36 C37 1.446(10) . ?
C36 H36 0.9500 . ?
C37 C42 1.428(9) . ?
C37 C38 1.414(8) . ?
C38 C39 1.382(9) . ?
C38 H38 0.9500 . ?
C39 C40 1.407(10) . ?
C39 H39 0.9500 . ?
C40 C41 1.384(10) . ?
C40 H40 0.9500 . ?
C41 C42 1.410(9) . ?
C41 H41 0.9500 . ?
C43 H43A 0.9800 . ?
C43 H43B 0.9800 . ?
C43 H43C 0.9800 . ?
C44 H44A 0.9800 . ?
C44 H44B 0.9800 . ?
C44 H44C 0.9800 . ?

loop_
_geom_angle_atom_site_label_1
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_1
_geom_angle_site_symmetry_3
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_geom_angle_publ_flag
O1 U1 O2 176.00(19) . . ?
O1 U1 O4 89.97(18) . . ?
O2 U1 O4 91.68(18) . . ?
O1 U1 O5 89.20(17) . . ?
O2 U1 O5 90.74(18) . . ?
O4 U1 O5 156.48(14) . . ?
O1 U1 O3 91.98(18) . . ?
O2 U1 O3 91.9(2) . . ?
O4 U1 O3 78.55(14) . . ?
O5 U1 O3 77.99(14) . . ?
O1 U1 N1 85.94(17) . . ?
O2 U1 N1 91.21(18) . . ?
O4 U1 N1 70.01(15) . . ?
O5 U1 N1 133.33(14) . . ?
O3 U1 N1 148.48(15) . . ?
O1 U1 N2 85.54(18) . . ?
O2 U1 N2 90.68(19) . . ?
O4 U1 N2 133.08(15) . . ?
O5 U1 N2 70.25(15) . . ?
O3 U1 N2 148.17(14) . . ?
N1 U1 N2 63.10(15) . . ?
O6 U2 O7 176.5(2) . . ?
O6 U2 O9 86.54(18) . . ?
O7 U2 O9 94.88(19) . . ?
O6 U2 O10 87.74(18) . . ?
O7 U2 O10 92.06(19) . . ?
O9 U2 O10 158.01(16) . . ?
O6 U2 O8 96.55(18) . . ?
O7 U2 O8 86.80(18) . . ?
O9 U2 O8 79.58(15) . . ?
O10 U2 O8 80.01(16) . . ?
O6 U2 N4 86.34(19) . . ?
O7 U2 N4 90.37(19) . . ?
O9 U2 N4 131.51(16) . . ?
O10 U2 N4 69.15(16) . . ?
O8 U2 N4 148.91(15) . . ?
O6 U2 N3 91.83(18) . . ?
O7 U2 N3 85.72(19) . . ?
O9 U2 N3 69.94(16) . . ?
O10 U2 N3 131.50(16) . . ?
O8 U2 N3 147.81(16) . . ?
N4 U2 N3 62.43(16) . . ?
O3 S1 C21 104.9(3) . . ?
O3 S1 C22 103.9(3) . . ?
C21 S1 C22 99.9(3) . . ?
O8 S2 C44 105.3(3) . . ?
O8 S2 C43 105.3(3) . . ?
C44 S2 C43 99.2(4) . . ?
S1 O3 U1 124.1(2) . . ?
C1 O4 U1 129.5(4) . . ?
C20 O5 U1 128.7(4) . . ?
S2 O8 U2 140.5(3) . . ?
C23 O9 U2 130.5(4) . . ?
C42 O10 U2 127.5(4) . . ?
C7 N1 C8 118.0(5) . . ?
C7 N1 U1 126.7(4) . . ?
C8 N1 U1 115.1(3) . . ?
C14 N2 C13 119.7(5) . . ?
C14 N2 U1 124.8(4) . . ?
C13 N2 U1 115.1(3) . . ?
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C29 N3 C30 117.4(5) . . ?
C29 N3 U2 127.4(4) . . ?
C30 N3 U2 115.1(4) . . ?
C36 N4 C35 119.1(5) . . ?
C36 N4 U2 123.7(4) . . ?
C35 N4 U2 116.5(4) . . ?
O4 C1 C2 120.4(6) . . ?
O4 C1 C6 121.4(5) . . ?
C2 C1 C6 118.2(6) . . ?
C3 C2 C1 121.2(6) . . ?
C3 C2 H2 119.4 . . ?
C1 C2 H2 119.4 . . ?
C2 C3 C4 120.9(6) . . ?
C2 C3 H3 119.5 . . ?
C4 C3 H3 119.5 . . ?
C5 C4 C3 118.3(6) . . ?
C5 C4 H4 120.9 . . ?
C3 C4 H4 120.9 . . ?
C4 C5 C6 122.7(7) . . ?
C4 C5 H5 118.7 . . ?
C6 C5 H5 118.7 . . ?
C1 C6 C5 118.7(6) . . ?
C1 C6 C7 123.3(5) . . ?
C5 C6 C7 117.7(6) . . ?
N1 C7 C6 123.9(5) . . ?
N1 C7 H7 118.1 . . ?
C6 C7 H7 118.1 . . ?
C9 C8 N1 124.6(5) . . ?
C9 C8 C13 120.1(6) . . ?
N1 C8 C13 115.3(5) . . ?
C8 C9 C10 120.4(5) . . ?
C8 C9 H9 119.8 . . ?
C10 C9 H9 119.8 . . ?
C9 C10 C11 120.1(5) . . ?
C9 C10 H10 120.0 . . ?
C11 C10 H10 120.0 . . ?
C12 C11 C10 120.2(6) . . ?
C12 C11 H11 119.9 . . ?
C10 C11 H11 119.9 . . ?
C11 C12 C13 120.3(5) . . ?
C11 C12 H12 119.9 . . ?
C13 C12 H12 119.9 . . ?
C12 C13 N2 124.2(5) . . ?
C12 C13 C8 118.9(5) . . ?
N2 C13 C8 116.8(5) . . ?
N2 C14 C15 125.7(5) . . ?
N2 C14 H14 117.1 . . ?
C15 C14 H14 117.1 . . ?
C20 C15 C16 119.5(6) . . ?
C20 C15 C14 123.1(5) . . ?
C16 C15 C14 117.2(6) . . ?
C17 C16 C15 122.1(7) . . ?
C17 C16 H16 119.0 . . ?
C15 C16 H16 119.0 . . ?
C16 C17 C18 117.5(6) . . ?
C16 C17 H17 121.3 . . ?
C18 C17 H17 121.3 . . ?
C19 C18 C17 121.6(5) . . ?
C19 C18 H18 119.2 . . ?
C17 C18 H18 119.2 . . ?
C18 C19 C20 121.2(6) . . ?
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C18 C19 H19 119.4 . . ?
C20 C19 H19 119.4 . . ?
O5 C20 C15 121.5(5) . . ?
O5 C20 C19 120.4(6) . . ?
C15 C20 C19 118.1(5) . . ?
S1 C21 H21A 109.5 . . ?
S1 C21 H21B 109.5 . . ?
H21A C21 H21B 109.5 . . ?
S1 C21 H21C 109.5 . . ?
H21A C21 H21C 109.5 . . ?
H21B C21 H21C 109.5 . . ?
S1 C22 H22A 109.5 . . ?
S1 C22 H22B 109.5 . . ?
H22A C22 H22B 109.5 . . ?
S1 C22 H22C 109.5 . . ?
H22A C22 H22C 109.5 . . ?
H22B C22 H22C 109.5 . . ?
O9 C23 C24 121.0(6) . . ?
O9 C23 C28 121.7(5) . . ?
C24 C23 C28 117.3(5) . . ?
C25 C24 C23 121.3(6) . . ?
C25 C24 H24 119.4 . . ?
C23 C24 H24 119.4 . . ?
C24 C25 C26 120.9(6) . . ?
C24 C25 H25 119.5 . . ?
C26 C25 H25 119.5 . . ?
C27 C26 C25 119.1(6) . . ?
C27 C26 H26 120.5 . . ?
C25 C26 H26 120.5 . . ?
C26 C27 C28 120.5(7) . . ?
C26 C27 H27 119.8 . . ?
C28 C27 H27 119.8 . . ?
C27 C28 C23 120.5(6) . . ?
C27 C28 C29 116.8(6) . . ?
C23 C28 C29 122.6(5) . . ?
N3 C29 C28 125.7(6) . . ?
N3 C29 H29 117.2 . . ?
C28 C29 H29 117.2 . . ?
C31 C30 C35 119.1(5) . . ?
C31 C30 N3 124.7(6) . . ?
C35 C30 N3 116.2(5) . . ?
C30 C31 C32 120.1(6) . . ?
C30 C31 H31 119.9 . . ?
C32 C31 H31 119.9 . . ?
C31 C32 C33 120.3(6) . . ?
C31 C32 H32 119.9 . . ?
C33 C32 H32 119.9 . . ?
C34 C33 C32 120.2(6) . . ?
C34 C33 H33 119.9 . . ?
C32 C33 H33 119.9 . . ?
C35 C34 C33 119.7(6) . . ?
C35 C34 H34 120.2 . . ?
C33 C34 H34 120.2 . . ?
C34 C35 C30 120.6(6) . . ?
C34 C35 N4 123.5(6) . . ?
C30 C35 N4 115.8(5) . . ?
N4 C36 C37 125.5(5) . . ?
N4 C36 H36 117.2 . . ?
C37 C36 H36 117.2 . . ?
C42 C37 C38 120.1(7) . . ?
C42 C37 C36 121.2(5) . . ?
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C38 C37 C36 118.3(6) . . ?
C39 C38 C37 121.4(6) . . ?
C39 C38 H38 119.3 . . ?
C37 C38 H38 119.3 . . ?
C38 C39 C40 118.5(6) . . ?
C38 C39 H39 120.7 . . ?
C40 C39 H39 120.7 . . ?
C41 C40 C39 120.9(6) . . ?
C41 C40 H40 119.5 . . ?
C39 C40 H40 119.5 . . ?
C40 C41 C42 121.9(7) . . ?
C40 C41 H41 119.1 . . ?
C42 C41 H41 119.1 . . ?
O10 C42 C41 120.9(6) . . ?
O10 C42 C37 122.1(6) . . ?
C41 C42 C37 117.0(6) . . ?
S2 C43 H43A 109.5 . . ?
S2 C43 H43B 109.5 . . ?
H43A C43 H43B 109.5 . . ?
S2 C43 H43C 109.5 . . ?
H43A C43 H43C 109.5 . . ?
H43B C43 H43C 109.5 . . ?
S2 C44 H44A 109.5 . . ?
S2 C44 H44B 109.5 . . ?
H44A C44 H44B 109.5 . . ?
S2 C44 H44C 109.5 . . ?
H44A C44 H44C 109.5 . . ?
H44B C44 H44C 109.5 . . ?

_diffrn_measured_fraction_theta_max 0.973
_diffrn_reflns_theta_full 27.49
_diffrn_measured_fraction_theta_full 0.973
_refine_diff_density_max 0.955
_refine_diff_density_min -0.918
_refine_diff_density_rms 0.140



Appendix E

Crystallographic Information of
UVIO2(dbm)2DMSO

data_shelxl

_audit_creation_method SHELXL-97
_chemical_name_systematic
;
?
;
_chemical_name_common ?
_chemical_melting_point ?
_chemical_formula_moiety ?
_chemical_formula_sum
’C32 H28 O7 S U’
_chemical_formula_weight 794.63

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
’C’ ’C’ 0.0033 0.0016
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’H’ ’H’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’O’ ’O’ 0.0106 0.0060
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’S’ ’S’ 0.1246 0.1234
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’U’ ’U’ -9.6767 9.6646
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’

_symmetry_cell_setting ?
_symmetry_space_group_name_H-M ?

loop_
_symmetry_equiv_pos_as_xyz
’x, y, z’
’-x+1/2, y+1/2, z+1/2’
’x+1/2, -y+1/2, z’
’-x, -y, z+1/2’
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_cell_length_a 16.090(6)
_cell_length_b 9.975(3)
_cell_length_c 35.845(8)
_cell_angle_alpha 90.00
_cell_angle_beta 90.00
_cell_angle_gamma 90.00
_cell_volume 5753(3)
_cell_formula_units_Z 8
_cell_measurement_temperature 93(2)
_cell_measurement_reflns_used ?
_cell_measurement_theta_min ?
_cell_measurement_theta_max ?

_exptl_crystal_description ?
_exptl_crystal_colour ?
_exptl_crystal_size_max 0.10
_exptl_crystal_size_mid 0.10
_exptl_crystal_size_min 0.10
_exptl_crystal_density_meas ?
_exptl_crystal_density_diffrn 1.835
_exptl_crystal_density_method ’not measured’
_exptl_crystal_F_000 3072
_exptl_absorpt_coefficient_mu 5.763
_exptl_absorpt_correction_type ?
_exptl_absorpt_correction_T_min 0.5965
_exptl_absorpt_correction_T_max 0.5965
_exptl_absorpt_process_details ?

_exptl_special_details
;
?
;

_diffrn_ambient_temperature 93(2)
_diffrn_radiation_wavelength 0.71075
_diffrn_radiation_type MoKYa
_diffrn_radiation_source ’fine-focus sealed tube’
_diffrn_radiation_monochromator graphite
_diffrn_measurement_device_type ?
_diffrn_measurement_method ?
_diffrn_detector_area_resol_mean ?
_diffrn_standards_number ?
_diffrn_standards_interval_count ?
_diffrn_standards_interval_time ?
_diffrn_standards_decay_% ?
_diffrn_reflns_number 66370
_diffrn_reflns_av_R_equivalents 0.0427
_diffrn_reflns_av_sigmaI/netI 0.0298
_diffrn_reflns_limit_h_min -20
_diffrn_reflns_limit_h_max 20
_diffrn_reflns_limit_k_min -11
_diffrn_reflns_limit_k_max 12
_diffrn_reflns_limit_l_min -46
_diffrn_reflns_limit_l_max 46
_diffrn_reflns_theta_min 3.05
_diffrn_reflns_theta_max 27.49
_reflns_number_total 13170
_reflns_number_gt 11663
_reflns_threshold_expression >2sigma(I)
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_computing_data_collection ’PROCESS-AUTO’
_computing_cell_refinement ’PROCESS-AUTO’
_computing_data_reduction ’CrystalStructure’
_computing_structure_solution ’DIRDIF99 (PATTY)’
_computing_structure_refinement ’SHELXL-97 (Sheldrick, 1997)’
_computing_molecular_graphics ?
_computing_publication_material ?

_refine_special_details
;
Refinement of Fˆ2ˆ against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on Fˆ2ˆ, conventional R-factors R are based
on F, with F set to zero for negative Fˆ2ˆ. The threshold expression of
Fˆ2ˆ > 2sigma(Fˆ2ˆ) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on Fˆ2ˆ are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.
;

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details
’calc w=1/[Ysˆ2ˆ(Foˆ2ˆ)+(0.0312P)ˆ2ˆ+38.5857P] where P=(Foˆ2ˆ+2Fcˆ2ˆ)/3’
_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens geom
_refine_ls_hydrogen_treatment mixed
_refine_ls_extinction_method SHELXL
_refine_ls_extinction_coef 0.00019(3)
_refine_ls_extinction_expression
’Fcˆ*ˆ=kFc[1+0.001xFcˆ2ˆYlˆ3ˆ/sin(2Yq)]ˆ-1/4ˆ’
_refine_ls_abs_structure_details
’Flack H D (1983), Acta Cryst. A39, 876-881’
_refine_ls_abs_structure_Flack 0.460(6)
_refine_ls_number_reflns 13170
_refine_ls_number_parameters 740
_refine_ls_number_restraints 1
_refine_ls_R_factor_all 0.0417
_refine_ls_R_factor_gt 0.0340
_refine_ls_wR_factor_ref 0.0776
_refine_ls_wR_factor_gt 0.0743
_refine_ls_goodness_of_fit_ref 1.024
_refine_ls_restrained_S_all 1.024
_refine_ls_shift/su_max 0.001
_refine_ls_shift/su_mean 0.000

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
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U1 U 0.196401(13) 0.17809(2) 0.000808(5) 0.01262(5) Uani 1 1 d . . .
U2 U 0.033981(14) -0.32068(2) -0.284230(6) 0.01492(6) Uani 1 1 d . . .
S1 S 0.39606(12) 0.1669(2) 0.04166(6) 0.0324(5) Uani 1 1 d . . .
S2 S -0.1514(2) -0.2436(3) -0.33051(11) 0.0838(13) Uani 1 1 d . . .
O1 O 0.2673(3) 0.2675(5) -0.02850(14) 0.0202(10) Uani 1 1 d . . .
O2 O 0.1268(3) 0.0892(5) 0.03095(13) 0.0183(10) Uani 1 1 d . . .
O3 O 0.3029(3) 0.1627(5) 0.04887(13) 0.0207(10) Uani 1 1 d . . .
O4 O 0.1852(4) 0.3735(6) 0.03707(15) 0.0228(12) Uani 1 1 d . . .
O5 O 0.0847(3) 0.3090(5) -0.01943(14) 0.0207(10) Uani 1 1 d . . .
O6 O 0.2698(3) -0.0212(5) -0.01062(12) 0.0172(10) Uani 1 1 d . . .
O7 O 0.1420(3) 0.0716(5) -0.05220(13) 0.0178(10) Uani 1 1 d . . .
O8 O -0.0379(3) -0.2368(6) -0.25516(16) 0.0236(11) Uani 1 1 d . . .
O9 O 0.1055(4) -0.4033(6) -0.31475(15) 0.0241(11) Uani 1 1 d . . .
O10 O -0.0707(4) -0.3247(6) -0.33347(17) 0.0368(14) Uani 1 1 d . . .
O11 O 0.0489(4) -0.1259(6) -0.31997(15) 0.0253(12) Uani 1 1 d . . .
O12 O 0.1411(3) -0.1857(5) -0.25940(14) 0.0226(10) Uani 1 1 d . . .
O13 O -0.0378(3) -0.5234(5) -0.27521(12) 0.0185(10) Uani 1 1 d . . .
O14 O 0.0884(3) -0.4317(5) -0.23198(14) 0.0215(11) Uani 1 1 d . . .
C1 C 0.2595(5) 0.5584(8) 0.0814(2) 0.0330(19) Uani 1 1 d . . .
H1 H 0.2694 0.4655 0.0851 0.040 Uiso 1 1 calc R . .
C2 C 0.2936(6) 0.6506(10) 0.1059(3) 0.040(2) Uani 1 1 d . . .
H2 H 0.3242 0.6204 0.1270 0.048 Uiso 1 1 calc R . .
C3 C 0.2833(5) 0.7870(8) 0.0998(2) 0.0267(17) Uani 1 1 d . . .
H3 H 0.3085 0.8502 0.1161 0.032 Uiso 1 1 calc R . .
C4 C 0.2365(5) 0.8305(8) 0.06990(19) 0.0216(14) Uani 1 1 d . . .
H4 H 0.2285 0.9237 0.0658 0.026 Uiso 1 1 calc R . .
C5 C 0.2008(4) 0.7372(8) 0.0458(2) 0.0176(15) Uani 1 1 d . . .
H5 H 0.1690 0.7678 0.0252 0.021 Uiso 1 1 calc R . .
C6 C 0.2109(5) 0.5998(8) 0.0514(2) 0.0185(15) Uani 1 1 d . . .
C7 C 0.1751(5) 0.4945(7) 0.02667(18) 0.0171(13) Uani 1 1 d . . .
C8 C 0.1275(4) 0.5291(7) -0.0048(2) 0.0204(14) Uani 1 1 d . . .
H8 H 0.1271 0.6199 -0.0129 0.024 Uiso 1 1 calc R . .
C9 C 0.0809(4) 0.4356(7) -0.02475(18) 0.0162(13) Uani 1 1 d . . .
C10 C 0.0194(4) 0.4827(7) -0.05336(19) 0.0161(13) Uani 1 1 d . . .
C11 C 0.0271(4) 0.6053(8) -0.0712(2) 0.0194(15) Uani 1 1 d . . .
H11 H 0.0739 0.6609 -0.0664 0.023 Uiso 1 1 calc R . .
C12 C -0.0343(5) 0.6467(7) -0.0962(2) 0.0228(15) Uani 1 1 d . . .
H12 H -0.0287 0.7302 -0.1087 0.027 Uiso 1 1 calc R . .
C13 C -0.1030(5) 0.5679(8) -0.1029(2) 0.0223(15) Uani 1 1 d . . .
H13 H -0.1451 0.5982 -0.1195 0.027 Uiso 1 1 calc R . .
C14 C -0.1107(5) 0.4433(8) -0.08542(18) 0.0208(15) Uani 1 1 d . . .
H14 H -0.1579 0.3887 -0.0902 0.025 Uiso 1 1 calc R . .
C15 C -0.0492(4) 0.3991(7) -0.06094(18) 0.0175(14) Uani 1 1 d . . .
H15 H -0.0534 0.3134 -0.0495 0.021 Uiso 1 1 calc R . .
C16 C 0.3969(4) -0.2006(7) -0.0014(2) 0.0197(13) Uani 1 1 d . . .
H16 H 0.3992 -0.1168 0.0111 0.024 Uiso 1 1 calc R . .
C17 C 0.4596(4) -0.2938(8) 0.0041(2) 0.0241(16) Uani 1 1 d . . .
H17 H 0.5044 -0.2737 0.0204 0.029 Uiso 1 1 calc R . .
C18 C 0.4571(5) -0.4167(8) -0.0142(2) 0.0246(16) Uani 1 1 d . . .
H18 H 0.5012 -0.4792 -0.0113 0.030 Uiso 1 1 calc R . .
C19 C 0.3903(5) -0.4473(8) -0.0368(2) 0.0260(16) Uani 1 1 d . . .
H19 H 0.3880 -0.5322 -0.0487 0.031 Uiso 1 1 calc R . .
C20 C 0.3262(5) -0.3557(7) -0.0422(2) 0.0212(15) Uani 1 1 d . . .
H20 H 0.2799 -0.3790 -0.0573 0.025 Uiso 1 1 calc R . .
C21 C 0.3301(4) -0.2285(7) -0.02521(18) 0.0160(13) Uani 1 1 d . . .
C22 C 0.2672(4) -0.1227(7) -0.03197(19) 0.0153(13) Uani 1 1 d . . .
C23 C 0.2099(5) -0.1352(8) -0.0614(2) 0.0195(15) Uani 1 1 d . . .
H23 H 0.2094 -0.2163 -0.0753 0.023 Uiso 1 1 calc R . .
C24 C 0.1536(4) -0.0343(7) -0.07135(18) 0.0165(13) Uani 1 1 d . . .
C25 C 0.1026(4) -0.0481(7) -0.10616(19) 0.0169(13) Uani 1 1 d . . .
C26 C 0.1231(5) -0.1385(8) -0.13480(19) 0.0210(14) Uani 1 1 d . . .
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H26 H 0.1717 -0.1920 -0.1328 0.025 Uiso 1 1 calc R . .
C27 C 0.0723(5) -0.1497(8) -0.1661(2) 0.0232(15) Uani 1 1 d . . .
H27 H 0.0860 -0.2121 -0.1851 0.028 Uiso 1 1 calc R . .
C28 C 0.0025(5) -0.0714(8) -0.1696(2) 0.0245(16) Uani 1 1 d . . .
H28 H -0.0319 -0.0801 -0.1910 0.029 Uiso 1 1 calc R . .
C29 C -0.0177(4) 0.0198(7) -0.1422(2) 0.0215(14) Uani 1 1 d . . .
H29 H -0.0658 0.0741 -0.1448 0.026 Uiso 1 1 calc R . .
C30 C 0.0324(4) 0.0330(8) -0.1104(2) 0.0182(15) Uani 1 1 d . . .
H30 H 0.0186 0.0970 -0.0918 0.022 Uiso 1 1 calc R . .
C31 C 0.4255(6) 0.3348(10) 0.0506(5) 0.077(5) Uani 1 1 d . . .
H31A H 0.4001 0.3938 0.0320 0.116 Uiso 1 1 calc R . .
H31B H 0.4861 0.3426 0.0493 0.116 Uiso 1 1 calc R . .
H31C H 0.4065 0.3609 0.0756 0.116 Uiso 1 1 calc R . .
C32 C 0.4465(8) 0.0883(14) 0.0767(4) 0.072(4) Uani 1 1 d . . .
H32A H 0.4361 -0.0084 0.0752 0.108 Uiso 1 1 calc R . .
H32B H 0.4264 0.1224 0.1007 0.108 Uiso 1 1 calc R . .
H32C H 0.5063 0.1052 0.0746 0.108 Uiso 1 1 calc R . .
C33 C -0.0062(5) 0.0521(8) -0.37002(19) 0.0234(15) Uani 1 1 d . . .
H33 H -0.0098 -0.0417 -0.3744 0.028 Uiso 1 1 calc R . .
C34 C -0.0373(5) 0.1402(8) -0.3964(2) 0.0287(17) Uani 1 1 d . . .
H34 H -0.0609 0.1071 -0.4189 0.034 Uiso 1 1 calc R . .
C35 C -0.0338(5) 0.2762(9) -0.3899(2) 0.0250(16) Uani 1 1 d . . .
H35 H -0.0564 0.3367 -0.4077 0.030 Uiso 1 1 calc R . .
C36 C 0.0021(5) 0.3248(8) -0.3579(2) 0.0233(15) Uani 1 1 d . . .
H36 H 0.0044 0.4188 -0.3537 0.028 Uiso 1 1 calc R . .
C37 C 0.0354(4) 0.2370(8) -0.3315(2) 0.0173(15) Uani 1 1 d . . .
H37 H 0.0616 0.2709 -0.3097 0.021 Uiso 1 1 calc R . .
C38 C 0.0298(4) 0.0978(8) -0.3374(2) 0.0184(15) Uani 1 1 d . . .
C39 C 0.0618(4) -0.0022(7) -0.31058(18) 0.0164(13) Uani 1 1 d . . .
C40 C 0.1065(4) 0.0336(7) -0.27845(18) 0.0164(13) Uani 1 1 d . . .
H40 H 0.1082 0.1255 -0.2716 0.020 Uiso 1 1 calc R . .
C41 C 0.1488(4) -0.0592(7) -0.25600(19) 0.0172(14) Uani 1 1 d . . .
C42 C 0.2121(4) -0.0129(8) -0.22940(19) 0.0168(14) Uani 1 1 d . . .
C43 C 0.2082(5) 0.1157(8) -0.2130(2) 0.0191(14) Uani 1 1 d . . .
H43 H 0.1628 0.1733 -0.2184 0.023 Uiso 1 1 calc R . .
C44 C 0.2706(5) 0.1583(7) -0.18900(18) 0.0199(14) Uani 1 1 d . . .
H44 H 0.2675 0.2446 -0.1779 0.024 Uiso 1 1 calc R . .
C45 C 0.3371(5) 0.0753(8) -0.18127(19) 0.0214(15) Uani 1 1 d . . .
H45 H 0.3802 0.1052 -0.1652 0.026 Uiso 1 1 calc R . .
C46 C 0.3411(5) -0.0519(8) -0.1970(2) 0.0219(14) Uani 1 1 d . . .
H46 H 0.3868 -0.1091 -0.1916 0.026 Uiso 1 1 calc R . .
C47 C 0.2789(4) -0.0947(7) -0.22042(19) 0.0196(14) Uani 1 1 d . . .
H47 H 0.2817 -0.1824 -0.2307 0.023 Uiso 1 1 calc R . .
C48 C -0.1608(4) -0.7064(7) -0.2879(2) 0.0218(15) Uani 1 1 d . . .
H48 H -0.1616 -0.6232 -0.3008 0.026 Uiso 1 1 calc R . .
C49 C -0.2218(5) -0.8010(8) -0.2946(2) 0.0278(18) Uani 1 1 d . . .
H49 H -0.2654 -0.7808 -0.3116 0.033 Uiso 1 1 calc R . .
C50 C -0.2205(4) -0.9233(8) -0.2773(2) 0.0251(16) Uani 1 1 d . . .
H50 H -0.2629 -0.9873 -0.2822 0.030 Uiso 1 1 calc R . .
C51 C -0.1568(5) -0.9532(8) -0.2524(2) 0.0265(17) Uani 1 1 d . . .
H51 H -0.1547 -1.0386 -0.2407 0.032 Uiso 1 1 calc R . .
C52 C -0.0958(5) -0.8577(8) -0.2448(2) 0.0214(15) Uani 1 1 d . . .
H52 H -0.0525 -0.8782 -0.2277 0.026 Uiso 1 1 calc R . .
C53 C -0.0979(4) -0.7332(7) -0.26194(18) 0.0159(13) Uani 1 1 d . . .
C54 C -0.0358(4) -0.6252(7) -0.2538(2) 0.0171(14) Uani 1 1 d . . .
C55 C 0.0200(4) -0.6382(7) -0.2238(2) 0.0164(14) Uani 1 1 d . . .
H55 H 0.0194 -0.7194 -0.2099 0.020 Uiso 1 1 calc R . .
C56 C 0.0761(4) -0.5390(7) -0.21332(17) 0.0142(12) Uani 1 1 d . . .
C57 C 0.1265(4) -0.5521(7) -0.17835(18) 0.0160(13) Uani 1 1 d . . .
C58 C 0.1064(5) -0.6445(7) -0.15018(18) 0.0189(14) Uani 1 1 d . . .
H58 H 0.0591 -0.7005 -0.1530 0.023 Uiso 1 1 calc R . .
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C59 C 0.1548(5) -0.6547(7) -0.11839(19) 0.0204(14) Uani 1 1 d . . .
H59 H 0.1401 -0.7165 -0.0993 0.024 Uiso 1 1 calc R . .
C60 C 0.2249(5) -0.5747(8) -0.1143(2) 0.0230(15) Uani 1 1 d . . .
H60 H 0.2594 -0.5840 -0.0929 0.028 Uiso 1 1 calc R . .
C61 C 0.2446(5) -0.4802(7) -0.1418(2) 0.0222(14) Uani 1 1 d . . .
H61 H 0.2916 -0.4236 -0.1387 0.027 Uiso 1 1 calc R . .
C62 C 0.1957(4) -0.4691(8) -0.1736(2) 0.0195(15) Uani 1 1 d . . .
H62 H 0.2094 -0.4048 -0.1921 0.023 Uiso 1 1 calc R . .
C63 C -0.1699(9) -0.1979(16) -0.3800(4) 0.096(6) Uani 1 1 d . . .
H63A H -0.1297 -0.1293 -0.3877 0.143 Uiso 1 1 calc R . .
H63B H -0.2264 -0.1627 -0.3828 0.143 Uiso 1 1 calc R . .
H63C H -0.1632 -0.2776 -0.3958 0.143 Uiso 1 1 calc R . .
C64 C -0.2294(7) -0.3599(14) -0.3276(4) 0.069(4) Uani 1 1 d . . .
H64A H -0.2309 -0.3975 -0.3023 0.103 Uiso 1 1 calc R . .
H64B H -0.2193 -0.4319 -0.3456 0.103 Uiso 1 1 calc R . .
H64C H -0.2828 -0.3169 -0.3331 0.103 Uiso 1 1 calc R . .

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_23
_atom_site_aniso_U_13
_atom_site_aniso_U_12
U1 0.01269(10) 0.01144(10) 0.01373(10) 0.00007(17) -0.00223(9) 0.00022(9)
U2 0.01566(11) 0.01253(10) 0.01658(11) 0.00155(17) -0.00500(9) -0.00137(9)
S1 0.0160(8) 0.0411(12) 0.0402(11) -0.0175(9) -0.0064(7) 0.0054(8)
S2 0.092(2) 0.0518(17) 0.108(3) -0.0404(18) -0.080(2) 0.0377(18)
O1 0.022(3) 0.017(2) 0.022(3) 0.001(2) -0.001(2) -0.004(2)
O2 0.017(2) 0.020(2) 0.018(2) 0.0043(19) -0.0013(19) -0.001(2)
O3 0.016(2) 0.024(3) 0.021(2) 0.001(2) -0.0069(19) 0.000(2)
O4 0.031(3) 0.020(3) 0.017(3) -0.005(2) -0.004(2) 0.007(2)
O5 0.020(2) 0.013(2) 0.030(3) 0.002(2) -0.006(2) -0.001(2)
O6 0.018(2) 0.014(2) 0.020(2) -0.0023(18) -0.0049(18) 0.0031(19)
O7 0.019(2) 0.012(2) 0.022(2) -0.0013(18) -0.007(2) 0.0030(19)
O8 0.024(3) 0.022(3) 0.025(3) -0.002(2) -0.002(2) 0.003(2)
O9 0.025(3) 0.024(3) 0.023(3) 0.000(2) 0.000(2) -0.002(2)
O10 0.043(3) 0.025(3) 0.042(3) 0.009(3) -0.026(3) -0.006(3)
O11 0.037(3) 0.019(3) 0.020(3) 0.005(2) -0.008(2) -0.006(2)
O12 0.022(3) 0.021(2) 0.025(2) 0.006(2) -0.009(2) -0.006(2)
O13 0.019(2) 0.013(2) 0.023(3) 0.0023(18) -0.0066(19) -0.002(2)
O14 0.026(3) 0.019(3) 0.020(2) 0.0066(19) -0.008(2) -0.006(2)
C1 0.038(5) 0.019(4) 0.042(5) -0.009(3) -0.019(4) 0.013(3)
C2 0.041(5) 0.036(5) 0.044(5) -0.003(4) -0.028(4) 0.009(4)
C3 0.025(4) 0.025(4) 0.031(4) -0.011(3) -0.009(3) -0.002(3)
C4 0.025(4) 0.019(3) 0.020(3) 0.000(3) 0.000(3) 0.000(3)
C5 0.017(3) 0.024(4) 0.011(3) 0.000(3) 0.000(2) -0.001(3)
C6 0.021(4) 0.021(4) 0.014(3) -0.001(3) -0.002(3) 0.004(3)
C7 0.019(3) 0.018(3) 0.014(3) -0.001(3) 0.003(3) 0.003(3)
C8 0.021(3) 0.019(3) 0.021(4) -0.004(3) -0.002(3) 0.003(3)
C9 0.012(3) 0.019(3) 0.018(3) 0.003(3) 0.002(2) 0.001(3)
C10 0.014(3) 0.019(3) 0.015(3) -0.007(3) 0.001(2) 0.005(3)
C11 0.020(4) 0.022(4) 0.016(3) 0.004(3) 0.002(3) -0.001(3)
C12 0.023(4) 0.023(4) 0.023(3) 0.002(3) 0.006(3) 0.003(3)
C13 0.023(4) 0.027(4) 0.017(3) 0.000(3) 0.000(3) 0.005(3)
C14 0.021(3) 0.029(4) 0.013(3) -0.003(3) -0.003(3) 0.001(3)
C15 0.019(4) 0.017(3) 0.016(3) -0.004(3) 0.000(3) 0.002(3)
C16 0.014(3) 0.022(3) 0.023(3) 0.001(3) 0.002(3) 0.000(2)
C17 0.018(3) 0.027(4) 0.027(4) 0.008(3) -0.004(3) -0.001(2)
C18 0.021(4) 0.022(4) 0.031(4) 0.005(3) 0.005(3) 0.010(3)



Crystallographic Information of UVIO2(dbm)2DMSO 199

C19 0.023(4) 0.024(4) 0.031(4) -0.003(3) 0.000(3) 0.004(3)
C20 0.019(4) 0.015(3) 0.030(4) -0.004(3) -0.004(3) 0.003(3)
C21 0.014(3) 0.020(3) 0.014(3) -0.001(3) 0.004(2) 0.000(3)
C22 0.016(3) 0.011(3) 0.019(3) 0.002(2) 0.000(3) 0.001(3)
C23 0.021(4) 0.017(4) 0.021(4) -0.003(3) -0.001(3) -0.002(3)
C24 0.014(3) 0.019(3) 0.017(3) 0.000(3) 0.004(2) -0.002(3)
C25 0.013(3) 0.018(3) 0.020(3) 0.002(3) -0.002(2) -0.003(3)
C26 0.017(3) 0.026(4) 0.019(3) 0.002(3) 0.001(3) 0.001(3)
C27 0.026(4) 0.025(4) 0.019(3) -0.001(3) -0.002(3) -0.007(3)
C28 0.030(4) 0.022(4) 0.021(4) 0.005(3) -0.008(3) -0.006(3)
C29 0.019(3) 0.022(4) 0.024(3) 0.006(3) -0.009(3) -0.002(3)
C30 0.015(4) 0.021(4) 0.019(4) -0.001(3) -0.001(2) -0.001(3)
C31 0.017(4) 0.034(5) 0.180(15) 0.052(7) -0.021(6) -0.020(4)
C32 0.054(7) 0.074(9) 0.087(9) 0.022(7) -0.045(7) 0.011(6)
C33 0.026(4) 0.024(4) 0.021(3) 0.003(3) 0.000(3) -0.002(3)
C34 0.034(4) 0.026(4) 0.026(4) 0.001(3) -0.015(3) -0.001(3)
C35 0.024(4) 0.028(4) 0.023(4) 0.004(3) -0.005(3) 0.000(3)
C36 0.025(4) 0.019(3) 0.026(4) 0.001(3) 0.003(3) 0.005(3)
C37 0.019(3) 0.017(4) 0.016(4) 0.002(3) 0.001(2) 0.001(3)
C38 0.014(3) 0.022(4) 0.020(3) 0.006(3) 0.000(3) -0.002(3)
C39 0.013(3) 0.018(3) 0.019(3) 0.005(3) 0.004(3) -0.001(3)
C40 0.016(3) 0.018(3) 0.015(3) -0.002(3) -0.002(2) 0.002(3)
C41 0.017(3) 0.018(3) 0.017(3) 0.003(3) 0.002(3) -0.004(3)
C42 0.016(3) 0.022(4) 0.013(3) -0.002(3) 0.000(2) 0.000(3)
C43 0.020(3) 0.020(4) 0.017(3) 0.003(3) 0.000(3) 0.002(3)
C44 0.029(4) 0.019(3) 0.012(3) -0.002(2) -0.006(3) -0.004(3)
C45 0.022(4) 0.029(4) 0.013(3) -0.004(3) -0.002(3) -0.005(3)
C46 0.019(3) 0.023(4) 0.023(3) 0.002(3) -0.006(3) 0.002(3)
C47 0.022(4) 0.016(3) 0.020(3) 0.001(3) -0.001(3) 0.000(3)
C48 0.022(3) 0.019(4) 0.025(4) 0.003(3) -0.008(3) 0.000(3)
C49 0.018(3) 0.031(4) 0.035(4) -0.001(3) -0.010(3) -0.001(3)
C50 0.013(3) 0.026(4) 0.036(4) -0.004(3) -0.005(3) -0.007(3)
C51 0.025(4) 0.016(4) 0.039(4) 0.003(3) 0.003(3) -0.002(3)
C52 0.019(4) 0.023(4) 0.023(4) -0.001(3) -0.004(3) 0.000(3)
C53 0.014(3) 0.018(3) 0.016(3) -0.003(3) 0.002(2) -0.004(3)
C54 0.015(3) 0.016(3) 0.020(3) -0.003(3) 0.004(3) 0.003(3)
C55 0.016(3) 0.014(3) 0.019(3) 0.000(3) -0.001(3) 0.000(3)
C56 0.013(3) 0.017(3) 0.012(3) -0.002(2) -0.005(2) 0.003(3)
C57 0.017(3) 0.015(3) 0.016(3) -0.004(3) -0.002(2) 0.003(3)
C58 0.024(4) 0.020(3) 0.013(3) 0.000(2) -0.002(3) 0.001(3)
C59 0.024(4) 0.023(4) 0.015(3) 0.003(3) 0.001(3) 0.001(3)
C60 0.026(4) 0.023(4) 0.020(3) -0.005(3) -0.009(3) 0.006(3)
C61 0.022(4) 0.018(3) 0.027(3) -0.002(3) -0.004(3) -0.001(3)
C62 0.023(4) 0.014(4) 0.021(4) -0.002(3) -0.003(3) 0.001(3)
C63 0.072(8) 0.109(12) 0.106(11) 0.063(10) -0.061(9) -0.027(9)
C64 0.046(6) 0.082(9) 0.077(8) 0.037(7) 0.025(6) 0.019(6)

_geom_special_details
;
All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.
;

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance
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_geom_bond_site_symmetry_2
_geom_bond_publ_flag
U1 O1 1.789(5) . ?
U1 O2 1.791(5) . ?
U1 O5 2.337(5) . ?
U1 O7 2.346(5) . ?
U1 O6 2.348(5) . ?
U1 O4 2.350(6) . ?
U1 O3 2.435(5) . ?
U2 O8 1.768(5) . ?
U2 O9 1.788(6) . ?
U2 O11 2.340(6) . ?
U2 O14 2.346(5) . ?
U2 O13 2.351(5) . ?
U2 O12 2.361(5) . ?
U2 O10 2.440(5) . ?
S1 O3 1.521(5) . ?
S1 C32 1.690(10) . ?
S1 C31 1.770(11) . ?
S2 O10 1.533(7) . ?
S2 C64 1.713(14) . ?
S2 C63 1.857(13) . ?
O4 C7 1.274(9) . ?
O5 C9 1.279(8) . ?
O6 C22 1.270(8) . ?
O7 C24 1.273(8) . ?
O11 C39 1.296(9) . ?
O12 C41 1.274(9) . ?
O13 C54 1.273(9) . ?
O14 C56 1.277(8) . ?
C1 C6 1.391(10) . ?
C1 C2 1.386(12) . ?
C1 H1 0.9500 . ?
C2 C3 1.388(12) . ?
C2 H2 0.9500 . ?
C3 C4 1.380(11) . ?
C3 H3 0.9500 . ?
C4 C5 1.392(11) . ?
C4 H4 0.9500 . ?
C5 C6 1.395(11) . ?
C5 H5 0.9500 . ?
C6 C7 1.490(10) . ?
C7 C8 1.408(10) . ?
C8 C9 1.393(10) . ?
C8 H8 0.9500 . ?
C9 C10 1.501(9) . ?
C10 C11 1.385(11) . ?
C10 C15 1.409(10) . ?
C11 C12 1.397(10) . ?
C11 H11 0.9500 . ?
C12 C13 1.377(11) . ?
C12 H12 0.9500 . ?
C13 C14 1.398(11) . ?
C13 H13 0.9500 . ?
C14 C15 1.395(10) . ?
C14 H14 0.9500 . ?
C15 H15 0.9500 . ?
C16 C17 1.386(10) . ?
C16 C21 1.400(10) . ?
C16 H16 0.9500 . ?
C17 C18 1.392(11) . ?
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C17 H17 0.9500 . ?
C18 C19 1.379(11) . ?
C18 H18 0.9500 . ?
C19 C20 1.392(11) . ?
C19 H19 0.9500 . ?
C20 C21 1.409(10) . ?
C20 H20 0.9500 . ?
C21 C22 1.482(10) . ?
C22 C23 1.406(10) . ?
C23 C24 1.400(10) . ?
C23 H23 0.9500 . ?
C24 C25 1.499(9) . ?
C25 C30 1.398(10) . ?
C25 C26 1.406(10) . ?
C26 C27 1.392(10) . ?
C26 H26 0.9500 . ?
C27 C28 1.375(11) . ?
C27 H27 0.9500 . ?
C28 C29 1.379(11) . ?
C28 H28 0.9500 . ?
C29 C30 1.400(10) . ?
C29 H29 0.9500 . ?
C30 H30 0.9500 . ?
C31 H31A 0.9800 . ?
C31 H31B 0.9800 . ?
C31 H31C 0.9800 . ?
C32 H32A 0.9800 . ?
C32 H32B 0.9800 . ?
C32 H32C 0.9800 . ?
C33 C38 1.382(10) . ?
C33 C34 1.385(10) . ?
C33 H33 0.9500 . ?
C34 C35 1.377(12) . ?
C34 H34 0.9500 . ?
C35 C36 1.372(11) . ?
C35 H35 0.9500 . ?
C36 C37 1.397(11) . ?
C36 H36 0.9500 . ?
C37 C38 1.407(11) . ?
C37 H37 0.9500 . ?
C38 C39 1.478(10) . ?
C39 C40 1.404(9) . ?
C40 C41 1.403(10) . ?
C40 H40 0.9500 . ?
C41 C42 1.470(10) . ?
C42 C47 1.387(10) . ?
C42 C43 1.413(11) . ?
C43 C44 1.388(10) . ?
C43 H43 0.9500 . ?
C44 C45 1.382(10) . ?
C44 H44 0.9500 . ?
C45 C46 1.390(10) . ?
C45 H45 0.9500 . ?
C46 C47 1.374(10) . ?
C46 H46 0.9500 . ?
C47 H47 0.9500 . ?
C48 C49 1.383(10) . ?
C48 C53 1.400(10) . ?
C48 H48 0.9500 . ?
C49 C50 1.370(11) . ?
C49 H49 0.9500 . ?
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C50 C51 1.390(11) . ?
C50 H50 0.9500 . ?
C51 C52 1.394(11) . ?
C51 H51 0.9500 . ?
C52 C53 1.386(10) . ?
C52 H52 0.9500 . ?
C53 C54 1.497(10) . ?
C54 C55 1.408(10) . ?
C55 C56 1.391(10) . ?
C55 H55 0.9500 . ?
C56 C57 1.499(9) . ?
C57 C62 1.399(10) . ?
C57 C58 1.405(10) . ?
C58 C59 1.384(9) . ?
C58 H58 0.9500 . ?
C59 C60 1.391(11) . ?
C59 H59 0.9500 . ?
C60 C61 1.399(11) . ?
C60 H60 0.9500 . ?
C61 C62 1.388(10) . ?
C61 H61 0.9500 . ?
C62 H62 0.9500 . ?
C63 H63A 0.9800 . ?
C63 H63B 0.9800 . ?
C63 H63C 0.9800 . ?
C64 H64A 0.9800 . ?
C64 H64B 0.9800 . ?
C64 H64C 0.9800 . ?

loop_
_geom_angle_atom_site_label_1
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_1
_geom_angle_site_symmetry_3
_geom_angle_publ_flag
O1 U1 O2 178.8(2) . . ?
O1 U1 O5 91.7(2) . . ?
O2 U1 O5 89.0(2) . . ?
O1 U1 O7 89.3(2) . . ?
O2 U1 O7 91.8(2) . . ?
O5 U1 O7 73.43(17) . . ?
O1 U1 O6 90.0(2) . . ?
O2 U1 O6 90.0(2) . . ?
O5 U1 O6 143.66(17) . . ?
O7 U1 O6 70.29(16) . . ?
O1 U1 O4 87.7(2) . . ?
O2 U1 O4 91.7(2) . . ?
O5 U1 O4 69.48(18) . . ?
O7 U1 O4 142.67(17) . . ?
O6 U1 O4 146.85(17) . . ?
O1 U1 O3 89.9(2) . . ?
O2 U1 O3 89.0(2) . . ?
O5 U1 O3 142.76(17) . . ?
O7 U1 O3 143.80(17) . . ?
O6 U1 O3 73.52(16) . . ?
O4 U1 O3 73.42(18) . . ?
O8 U2 O9 178.4(3) . . ?
O8 U2 O11 89.8(2) . . ?
O9 U2 O11 88.9(2) . . ?
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O8 U2 O14 89.8(2) . . ?
O9 U2 O14 91.8(2) . . ?
O11 U2 O14 142.27(18) . . ?
O8 U2 O13 90.3(2) . . ?
O9 U2 O13 90.2(2) . . ?
O11 U2 O13 147.13(18) . . ?
O14 U2 O13 70.59(17) . . ?
O8 U2 O12 89.2(2) . . ?
O9 U2 O12 91.4(2) . . ?
O11 U2 O12 69.99(18) . . ?
O14 U2 O12 72.28(17) . . ?
O13 U2 O12 142.87(16) . . ?
O8 U2 O10 89.0(2) . . ?
O9 U2 O10 89.6(2) . . ?
O11 U2 O10 71.8(2) . . ?
O14 U2 O10 145.86(19) . . ?
O13 U2 O10 75.30(18) . . ?
O12 U2 O10 141.79(18) . . ?
O3 S1 C32 109.5(5) . . ?
O3 S1 C31 105.0(4) . . ?
C32 S1 C31 100.1(7) . . ?
O10 S2 C64 105.5(5) . . ?
O10 S2 C63 101.5(7) . . ?
C64 S2 C63 96.2(6) . . ?
S1 O3 U1 124.9(3) . . ?
C7 O4 U1 129.3(5) . . ?
C9 O5 U1 129.3(4) . . ?
C22 O6 U1 139.8(4) . . ?
C24 O7 U1 139.3(4) . . ?
S2 O10 U2 121.7(4) . . ?
C39 O11 U2 131.7(5) . . ?
C41 O12 U2 132.2(5) . . ?
C54 O13 U2 139.2(4) . . ?
C56 O14 U2 139.1(4) . . ?
C6 C1 C2 121.0(8) . . ?
C6 C1 H1 119.5 . . ?
C2 C1 H1 119.5 . . ?
C3 C2 C1 120.2(8) . . ?
C3 C2 H2 119.9 . . ?
C1 C2 H2 119.9 . . ?
C4 C3 C2 119.8(7) . . ?
C4 C3 H3 120.1 . . ?
C2 C3 H3 120.1 . . ?
C3 C4 C5 119.7(7) . . ?
C3 C4 H4 120.1 . . ?
C5 C4 H4 120.1 . . ?
C6 C5 C4 121.4(7) . . ?
C6 C5 H5 119.3 . . ?
C4 C5 H5 119.3 . . ?
C1 C6 C5 117.9(7) . . ?
C1 C6 C7 117.9(7) . . ?
C5 C6 C7 124.2(7) . . ?
O4 C7 C8 122.5(7) . . ?
O4 C7 C6 116.3(6) . . ?
C8 C7 C6 121.0(6) . . ?
C9 C8 C7 122.6(7) . . ?
C9 C8 H8 118.7 . . ?
C7 C8 H8 118.7 . . ?
O5 C9 C8 124.0(6) . . ?
O5 C9 C10 116.2(6) . . ?
C8 C9 C10 119.7(6) . . ?
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C11 C10 C15 120.2(7) . . ?
C11 C10 C9 122.1(6) . . ?
C15 C10 C9 117.6(6) . . ?
C10 C11 C12 119.6(7) . . ?
C10 C11 H11 120.2 . . ?
C12 C11 H11 120.2 . . ?
C13 C12 C11 120.8(7) . . ?
C13 C12 H12 119.6 . . ?
C11 C12 H12 119.6 . . ?
C12 C13 C14 120.0(7) . . ?
C12 C13 H13 120.0 . . ?
C14 C13 H13 120.0 . . ?
C15 C14 C13 120.1(7) . . ?
C15 C14 H14 120.0 . . ?
C13 C14 H14 120.0 . . ?
C14 C15 C10 119.3(7) . . ?
C14 C15 H15 120.3 . . ?
C10 C15 H15 120.3 . . ?
C17 C16 C21 120.8(7) . . ?
C17 C16 H16 119.6 . . ?
C21 C16 H16 119.6 . . ?
C16 C17 C18 120.2(7) . . ?
C16 C17 H17 119.9 . . ?
C18 C17 H17 119.9 . . ?
C19 C18 C17 119.6(7) . . ?
C19 C18 H18 120.2 . . ?
C17 C18 H18 120.2 . . ?
C20 C19 C18 121.0(7) . . ?
C20 C19 H19 119.5 . . ?
C18 C19 H19 119.5 . . ?
C19 C20 C21 119.8(7) . . ?
C19 C20 H20 120.1 . . ?
C21 C20 H20 120.1 . . ?
C16 C21 C20 118.5(6) . . ?
C16 C21 C22 118.8(6) . . ?
C20 C21 C22 122.7(6) . . ?
O6 C22 C23 122.9(6) . . ?
O6 C22 C21 116.5(6) . . ?
C23 C22 C21 120.5(6) . . ?
C24 C23 C22 123.5(7) . . ?
C24 C23 H23 118.3 . . ?
C22 C23 H23 118.3 . . ?
O7 C24 C23 123.6(6) . . ?
O7 C24 C25 116.4(6) . . ?
C23 C24 C25 120.0(6) . . ?
C30 C25 C26 118.7(7) . . ?
C30 C25 C24 118.7(6) . . ?
C26 C25 C24 122.6(6) . . ?
C27 C26 C25 120.2(7) . . ?
C27 C26 H26 119.9 . . ?
C25 C26 H26 119.9 . . ?
C28 C27 C26 120.6(7) . . ?
C28 C27 H27 119.7 . . ?
C26 C27 H27 119.7 . . ?
C27 C28 C29 120.1(7) . . ?
C27 C28 H28 120.0 . . ?
C29 C28 H28 120.0 . . ?
C28 C29 C30 120.4(7) . . ?
C28 C29 H29 119.8 . . ?
C30 C29 H29 119.8 . . ?
C29 C30 C25 120.0(7) . . ?
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C29 C30 H30 120.0 . . ?
C25 C30 H30 120.0 . . ?
S1 C31 H31A 109.5 . . ?
S1 C31 H31B 109.5 . . ?
H31A C31 H31B 109.5 . . ?
S1 C31 H31C 109.5 . . ?
H31A C31 H31C 109.5 . . ?
H31B C31 H31C 109.5 . . ?
S1 C32 H32A 109.5 . . ?
S1 C32 H32B 109.5 . . ?
H32A C32 H32B 109.5 . . ?
S1 C32 H32C 109.5 . . ?
H32A C32 H32C 109.5 . . ?
H32B C32 H32C 109.5 . . ?
C38 C33 C34 121.3(7) . . ?
C38 C33 H33 119.4 . . ?
C34 C33 H33 119.4 . . ?
C35 C34 C33 119.6(7) . . ?
C35 C34 H34 120.2 . . ?
C33 C34 H34 120.2 . . ?
C36 C35 C34 120.5(7) . . ?
C36 C35 H35 119.8 . . ?
C34 C35 H35 119.8 . . ?
C35 C36 C37 120.4(8) . . ?
C35 C36 H36 119.8 . . ?
C37 C36 H36 119.8 . . ?
C36 C37 C38 119.5(7) . . ?
C36 C37 H37 120.3 . . ?
C38 C37 H37 120.3 . . ?
C33 C38 C37 118.7(7) . . ?
C33 C38 C39 118.3(7) . . ?
C37 C38 C39 123.0(7) . . ?
O11 C39 C40 122.5(6) . . ?
O11 C39 C38 114.7(6) . . ?
C40 C39 C38 122.8(6) . . ?
C41 C40 C39 123.5(6) . . ?
C41 C40 H40 118.3 . . ?
C39 C40 H40 118.3 . . ?
O12 C41 C40 123.4(6) . . ?
O12 C41 C42 116.2(6) . . ?
C40 C41 C42 120.1(6) . . ?
C47 C42 C43 118.2(7) . . ?
C47 C42 C41 120.2(7) . . ?
C43 C42 C41 121.6(7) . . ?
C44 C43 C42 120.2(7) . . ?
C44 C43 H43 119.9 . . ?
C42 C43 H43 119.9 . . ?
C45 C44 C43 120.1(7) . . ?
C45 C44 H44 120.0 . . ?
C43 C44 H44 120.0 . . ?
C44 C45 C46 120.1(7) . . ?
C44 C45 H45 120.0 . . ?
C46 C45 H45 120.0 . . ?
C47 C46 C45 119.9(7) . . ?
C47 C46 H46 120.1 . . ?
C45 C46 H46 120.1 . . ?
C42 C47 C46 121.6(7) . . ?
C42 C47 H47 119.2 . . ?
C46 C47 H47 119.2 . . ?
C49 C48 C53 119.9(7) . . ?
C49 C48 H48 120.0 . . ?
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C53 C48 H48 120.0 . . ?
C50 C49 C48 121.2(7) . . ?
C50 C49 H49 119.4 . . ?
C48 C49 H49 119.4 . . ?
C49 C50 C51 119.6(7) . . ?
C49 C50 H50 120.2 . . ?
C51 C50 H50 120.2 . . ?
C50 C51 C52 119.8(7) . . ?
C50 C51 H51 120.1 . . ?
C52 C51 H51 120.1 . . ?
C53 C52 C51 120.6(7) . . ?
C53 C52 H52 119.7 . . ?
C51 C52 H52 119.7 . . ?
C52 C53 C48 118.9(6) . . ?
C52 C53 C54 122.9(6) . . ?
C48 C53 C54 118.3(6) . . ?
O13 C54 C55 123.4(7) . . ?
O13 C54 C53 116.1(6) . . ?
C55 C54 C53 120.5(7) . . ?
C56 C55 C54 123.7(7) . . ?
C56 C55 H55 118.2 . . ?
C54 C55 H55 118.2 . . ?
O14 C56 C55 123.8(6) . . ?
O14 C56 C57 115.3(6) . . ?
C55 C56 C57 121.0(6) . . ?
C62 C57 C58 118.9(6) . . ?
C62 C57 C56 118.8(6) . . ?
C58 C57 C56 122.3(6) . . ?
C59 C58 C57 120.7(7) . . ?
C59 C58 H58 119.6 . . ?
C57 C58 H58 119.6 . . ?
C58 C59 C60 120.1(7) . . ?
C58 C59 H59 120.0 . . ?
C60 C59 H59 120.0 . . ?
C61 C60 C59 119.7(7) . . ?
C61 C60 H60 120.1 . . ?
C59 C60 H60 120.1 . . ?
C60 C61 C62 120.2(7) . . ?
C60 C61 H61 119.9 . . ?
C62 C61 H61 119.9 . . ?
C57 C62 C61 120.3(7) . . ?
C57 C62 H62 119.8 . . ?
C61 C62 H62 119.8 . . ?
S2 C63 H63A 109.5 . . ?
S2 C63 H63B 109.5 . . ?
H63A C63 H63B 109.5 . . ?
S2 C63 H63C 109.5 . . ?
H63A C63 H63C 109.5 . . ?
H63B C63 H63C 109.5 . . ?
S2 C64 H64A 109.5 . . ?
S2 C64 H64B 109.5 . . ?
H64A C64 H64B 109.5 . . ?
S2 C64 H64C 109.5 . . ?
H64A C64 H64C 109.5 . . ?
H64B C64 H64C 109.5 . . ?

loop_
_geom_torsion_atom_site_label_1
_geom_torsion_atom_site_label_2
_geom_torsion_atom_site_label_3
_geom_torsion_atom_site_label_4
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_geom_torsion
_geom_torsion_site_symmetry_1
_geom_torsion_site_symmetry_2
_geom_torsion_site_symmetry_3
_geom_torsion_site_symmetry_4
_geom_torsion_publ_flag
C32 S1 O3 U1 -155.3(6) . . . . ?
C31 S1 O3 U1 97.9(6) . . . . ?
O1 U1 O3 S1 -25.6(4) . . . . ?
O2 U1 O3 S1 154.8(4) . . . . ?
O5 U1 O3 S1 -118.2(4) . . . . ?
O7 U1 O3 S1 63.1(5) . . . . ?
O6 U1 O3 S1 64.4(3) . . . . ?
O4 U1 O3 S1 -113.2(4) . . . . ?
O1 U1 O4 C7 45.9(7) . . . . ?
O2 U1 O4 C7 -135.1(7) . . . . ?
O5 U1 O4 C7 -46.8(6) . . . . ?
O7 U1 O4 C7 -39.9(8) . . . . ?
O6 U1 O4 C7 132.3(6) . . . . ?
O3 U1 O4 C7 136.5(7) . . . . ?
O1 U1 O5 C9 -42.6(6) . . . . ?
O2 U1 O5 C9 136.5(6) . . . . ?
O7 U1 O5 C9 -131.4(6) . . . . ?
O6 U1 O5 C9 -134.8(5) . . . . ?
O4 U1 O5 C9 44.3(6) . . . . ?
O3 U1 O5 C9 49.5(7) . . . . ?
O1 U1 O6 C22 -95.8(7) . . . . ?
O2 U1 O6 C22 85.3(7) . . . . ?
O5 U1 O6 C22 -3.0(8) . . . . ?
O7 U1 O6 C22 -6.5(7) . . . . ?
O4 U1 O6 C22 178.4(6) . . . . ?
O3 U1 O6 C22 174.3(7) . . . . ?
O1 U1 O7 C24 91.1(7) . . . . ?
O2 U1 O7 C24 -88.5(7) . . . . ?
O5 U1 O7 C24 -176.9(7) . . . . ?
O6 U1 O7 C24 0.9(6) . . . . ?
O4 U1 O7 C24 176.4(6) . . . . ?
O3 U1 O7 C24 2.2(8) . . . . ?
C64 S2 O10 U2 -113.9(6) . . . . ?
C63 S2 O10 U2 146.3(5) . . . . ?
O8 U2 O10 S2 10.8(5) . . . . ?
O9 U2 O10 S2 -168.4(4) . . . . ?
O11 U2 O10 S2 -79.4(4) . . . . ?
O14 U2 O10 S2 99.0(5) . . . . ?
O13 U2 O10 S2 101.3(4) . . . . ?
O12 U2 O10 S2 -76.6(6) . . . . ?
O8 U2 O11 C39 48.2(7) . . . . ?
O9 U2 O11 C39 -132.8(7) . . . . ?
O14 U2 O11 C39 -41.3(8) . . . . ?
O13 U2 O11 C39 138.4(6) . . . . ?
O12 U2 O11 C39 -41.0(6) . . . . ?
O10 U2 O11 C39 137.2(7) . . . . ?
O8 U2 O12 C41 -52.4(6) . . . . ?
O9 U2 O12 C41 126.1(6) . . . . ?
O11 U2 O12 C41 37.7(6) . . . . ?
O14 U2 O12 C41 -142.5(7) . . . . ?
O13 U2 O12 C41 -141.7(6) . . . . ?
O10 U2 O12 C41 34.9(8) . . . . ?
O8 U2 O13 C54 -93.2(7) . . . . ?
O9 U2 O13 C54 88.3(7) . . . . ?
O11 U2 O13 C54 176.7(6) . . . . ?
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O14 U2 O13 C54 -3.4(6) . . . . ?
O12 U2 O13 C54 -4.2(8) . . . . ?
O10 U2 O13 C54 177.9(7) . . . . ?
O8 U2 O14 C56 89.0(7) . . . . ?
O9 U2 O14 C56 -91.0(7) . . . . ?
O11 U2 O14 C56 178.5(6) . . . . ?
O13 U2 O14 C56 -1.4(7) . . . . ?
O12 U2 O14 C56 178.1(7) . . . . ?
O10 U2 O14 C56 1.0(9) . . . . ?
C6 C1 C2 C3 -3.4(15) . . . . ?
C1 C2 C3 C4 2.3(14) . . . . ?
C2 C3 C4 C5 -0.9(12) . . . . ?
C3 C4 C5 C6 0.5(11) . . . . ?
C2 C1 C6 C5 2.9(13) . . . . ?
C2 C1 C6 C7 -178.9(8) . . . . ?
C4 C5 C6 C1 -1.5(12) . . . . ?
C4 C5 C6 C7 -179.5(7) . . . . ?
U1 O4 C7 C8 34.3(10) . . . . ?
U1 O4 C7 C6 -150.4(5) . . . . ?
C1 C6 C7 O4 6.6(11) . . . . ?
C5 C6 C7 O4 -175.3(7) . . . . ?
C1 C6 C7 C8 -178.0(7) . . . . ?
C5 C6 C7 C8 0.0(11) . . . . ?
O4 C7 C8 C9 6.8(11) . . . . ?
C6 C7 C8 C9 -168.3(7) . . . . ?
U1 O5 C9 C8 -30.3(10) . . . . ?
U1 O5 C9 C10 152.3(4) . . . . ?
C7 C8 C9 O5 -8.9(11) . . . . ?
C7 C8 C9 C10 168.5(6) . . . . ?
O5 C9 C10 C11 -157.5(7) . . . . ?
C8 C9 C10 C11 24.9(10) . . . . ?
O5 C9 C10 C15 24.5(9) . . . . ?
C8 C9 C10 C15 -153.1(6) . . . . ?
C15 C10 C11 C12 1.2(10) . . . . ?
C9 C10 C11 C12 -176.8(6) . . . . ?
C10 C11 C12 C13 0.9(11) . . . . ?
C11 C12 C13 C14 -1.7(11) . . . . ?
C12 C13 C14 C15 0.3(10) . . . . ?
C13 C14 C15 C10 1.7(10) . . . . ?
C11 C10 C15 C14 -2.5(10) . . . . ?
C9 C10 C15 C14 175.6(6) . . . . ?
C21 C16 C17 C18 0.3(11) . . . . ?
C16 C17 C18 C19 -2.5(12) . . . . ?
C17 C18 C19 C20 1.7(12) . . . . ?
C18 C19 C20 C21 1.4(12) . . . . ?
C17 C16 C21 C20 2.7(10) . . . . ?
C17 C16 C21 C22 -176.4(7) . . . . ?
C19 C20 C21 C16 -3.6(11) . . . . ?
C19 C20 C21 C22 175.5(7) . . . . ?
U1 O6 C22 C23 5.4(11) . . . . ?
U1 O6 C22 C21 -176.4(4) . . . . ?
C16 C21 C22 O6 -12.1(9) . . . . ?
C20 C21 C22 O6 168.9(6) . . . . ?
C16 C21 C22 C23 166.2(7) . . . . ?
C20 C21 C22 C23 -12.9(10) . . . . ?
O6 C22 C23 C24 3.8(12) . . . . ?
C21 C22 C23 C24 -174.3(7) . . . . ?
U1 O7 C24 C23 5.2(11) . . . . ?
U1 O7 C24 C25 -175.1(5) . . . . ?
C22 C23 C24 O7 -8.5(11) . . . . ?
C22 C23 C24 C25 171.8(7) . . . . ?
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O7 C24 C25 C30 -16.7(9) . . . . ?
C23 C24 C25 C30 163.0(7) . . . . ?
O7 C24 C25 C26 162.8(6) . . . . ?
C23 C24 C25 C26 -17.6(10) . . . . ?
C30 C25 C26 C27 -2.3(11) . . . . ?
C24 C25 C26 C27 178.3(6) . . . . ?
C25 C26 C27 C28 1.0(11) . . . . ?
C26 C27 C28 C29 0.3(12) . . . . ?
C27 C28 C29 C30 -0.3(11) . . . . ?
C28 C29 C30 C25 -1.0(11) . . . . ?
C26 C25 C30 C29 2.3(11) . . . . ?
C24 C25 C30 C29 -178.3(6) . . . . ?
C38 C33 C34 C35 -1.3(12) . . . . ?
C33 C34 C35 C36 1.7(13) . . . . ?
C34 C35 C36 C37 -0.2(12) . . . . ?
C35 C36 C37 C38 -1.7(11) . . . . ?
C34 C33 C38 C37 -0.7(11) . . . . ?
C34 C33 C38 C39 -179.9(7) . . . . ?
C36 C37 C38 C33 2.1(11) . . . . ?
C36 C37 C38 C39 -178.7(6) . . . . ?
U2 O11 C39 C40 30.6(10) . . . . ?
U2 O11 C39 C38 -152.7(5) . . . . ?
C33 C38 C39 O11 -3.0(10) . . . . ?
C37 C38 C39 O11 177.9(7) . . . . ?
C33 C38 C39 C40 173.7(7) . . . . ?
C37 C38 C39 C40 -5.5(11) . . . . ?
O11 C39 C40 C41 7.2(11) . . . . ?
C38 C39 C40 C41 -169.2(7) . . . . ?
U2 O12 C41 C40 -23.8(10) . . . . ?
U2 O12 C41 C42 162.3(5) . . . . ?
C39 C40 C41 O12 -10.5(11) . . . . ?
C39 C40 C41 C42 163.1(6) . . . . ?
O12 C41 C42 C47 24.4(10) . . . . ?
C40 C41 C42 C47 -149.6(7) . . . . ?
O12 C41 C42 C43 -157.1(7) . . . . ?
C40 C41 C42 C43 28.9(10) . . . . ?
C47 C42 C43 C44 0.8(11) . . . . ?
C41 C42 C43 C44 -177.7(7) . . . . ?
C42 C43 C44 C45 0.5(11) . . . . ?
C43 C44 C45 C46 -1.1(11) . . . . ?
C44 C45 C46 C47 0.3(11) . . . . ?
C43 C42 C47 C46 -1.6(11) . . . . ?
C41 C42 C47 C46 176.9(7) . . . . ?
C45 C46 C47 C42 1.1(11) . . . . ?
C53 C48 C49 C50 -2.2(12) . . . . ?
C48 C49 C50 C51 -0.1(12) . . . . ?
C49 C50 C51 C52 1.4(12) . . . . ?
C50 C51 C52 C53 -0.4(12) . . . . ?
C51 C52 C53 C48 -1.8(11) . . . . ?
C51 C52 C53 C54 177.9(7) . . . . ?
C49 C48 C53 C52 3.1(11) . . . . ?
C49 C48 C53 C54 -176.6(7) . . . . ?
U2 O13 C54 C55 3.0(11) . . . . ?
U2 O13 C54 C53 -177.7(4) . . . . ?
C52 C53 C54 O13 170.4(6) . . . . ?
C48 C53 C54 O13 -9.9(9) . . . . ?
C52 C53 C54 C55 -10.2(10) . . . . ?
C48 C53 C54 C55 169.4(7) . . . . ?
O13 C54 C55 C56 3.0(11) . . . . ?
C53 C54 C55 C56 -176.2(6) . . . . ?
U2 O14 C56 C55 6.2(11) . . . . ?
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U2 O14 C56 C57 -173.5(5) . . . . ?
C54 C55 C56 O14 -7.2(11) . . . . ?
C54 C55 C56 C57 172.4(6) . . . . ?
O14 C56 C57 C62 -16.1(9) . . . . ?
C55 C56 C57 C62 164.2(7) . . . . ?
O14 C56 C57 C58 163.7(6) . . . . ?
C55 C56 C57 C58 -16.0(10) . . . . ?
C62 C57 C58 C59 -0.8(10) . . . . ?
C56 C57 C58 C59 179.4(6) . . . . ?
C57 C58 C59 C60 -1.1(11) . . . . ?
C58 C59 C60 C61 2.4(11) . . . . ?
C59 C60 C61 C62 -1.9(11) . . . . ?
C58 C57 C62 C61 1.4(11) . . . . ?
C56 C57 C62 C61 -178.9(6) . . . . ?
C60 C61 C62 C57 0.0(11) . . . . ?

_diffrn_measured_fraction_theta_max 0.998
_diffrn_reflns_theta_full 27.49
_diffrn_measured_fraction_theta_full 0.998
_refine_diff_density_max 1.481
_refine_diff_density_min -1.404
_refine_diff_density_rms 0.108



Appendix F

NMR Relaxation Times in Paramagnetic
Solutions65, 182, 183)

Chemical exchange reactions which occur in a system at equilibrium may be conveniently
characterized by the mean lifetime (τ) of the exchanging species in each of the chemical sites
between which it exchanges. Thus, for a siteA the mean lifetime of the exchanging species
in that site (τA) is related to the observed and actual chemical exchange rate constantskA and
k, respectively, by Eq. F.1.

τ−1
A [A] = kA[A] = k[A]a[B]b · · · (F.1)

wherea, b, . . . are the orders of the reaction for the concentrations of the reactants. The order
of the reaction may be established by determining the variation ofτA as the concentrations
of each of the reactants are varied, and the activation parameters may be determined from
the temperature variation ofτA using Eq. F.2

τ−1
A = kA =

kBT
h

exp

[
−∆H‡

R
· 1

T
+
∆S‡

R

]
(F.2)

wherekB, T, h, R, ∆H‡, and∆S‡ are the Boltzmann constant, the absolute temperature,
the Planck constant, the gas constant, the activation enthalpy, and the activation entropy,
respectively. In the chemical exchange between sitesi and j, the mean lifetimes (τi, τ j) and
rate constants (ki, kj) are related by Eqs. F.3 and F.4, respectively.

τiPj = τ jPi (F.3)

kiPi = kjPj (F.4)

where the populations (molar fractions) of the nuclei in the sitesi and j are denoted byPi

andPj, respectively.
If one considers both the effects of a relaxation time and a chemical shift in the NMR

spectrum of the solution containing paramagnetic species, it is necessary to carry out a rigor-
ous solution of the Bloch equations for the system. For a solution containing a paramagnetic
metal ion, the relaxation time is given by,

(T−1
2obs− T−1

2n )
PL

PM
= τ−1

M

[
T−2

2M + T−1
2Mτ

−1
M + ∆ω

2
M

(T−1
2M + τ

−1
M )2 + ∆ω2

M

]
(F.5)
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Figure F.1. Temperature dependence ofP−1
M (T−1

2 −T0 −1
2A ) for the protons in CH3CN solutions of Ni(CH3CN)2+6

at 56.4 MHz quoted from a review by Stengle and Langford,183) whereT2 = T2osb andT0
2A = T2n in Eq. F.5.

PL can be neglected because of the dilute solution.

whereT2obs andT2n are the transverse relaxation times of a free ligand in the presence and
absence of the paramagnetic species, respectively, andT2M is that of the coordinated ligand.
PL andPM are the molar fractions of the free and coordinated ligand, respectively. Further,
τM is the mean lifetime of the coordinate ligand, and∆ωM is the difference between the
chemical shifts of the free and coordinated ligand.

At low temperatures, where the exchange is negligible, the line-width of the free ligand
show a very slight temperature dependence. This is illustrated in Region I of Figure F.1
which shows the bulk solvent proton resonance of the acetonitrile-Ni2+ system over a wide
temperature range.

It is convenient to consider the implications of Eq. F.5 for two limiting cases depending
on the magnitude ofτM. If the chemical shift is large, andτM not too small (∆ω2

M � T−2
2M,

τ−2
M ), Eq. F.5 leads to,

(T−1
2obs− T−1

2n )
PL

PM
= τ−1

M (F.6)

The same result for the line-width is also obtained when the factors other than the chemical
shift dominate the relaxation process,i.e., T−2

2M � ∆ω2
M, τ−2

M . Hence, in such a temperature
region (Region II in Figure F.1), the exchange rate can be determined regardless of the re-
laxation mechanism. This is a fortunate result, because the details of the relaxation process
are often unclear. TheτM is related with the first-order rate constant (kex) of the exchange
reaction of L in its metal complex by replacingτA andkA in Eq. F.2 withτM andkex, respec-
tively. Therefore, it is a simple matter to calculate the activation parameters for the first-order
exchange reaction from this equation. Many ligand–metal systems have been analyzed using
this expression.

If the exchange rate is rapid compared with the conditions for which Eq. F.6 are appro-
priate, the line-width, (T−1

2obs−T−1
2n )PL/PM, changes with temperature as shown in Regions III

and IV of Figure F.1. Here, the lifetime in the coordination sphere is too short for relaxation
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to occur each time the ligand binds to the metal ion. Since several encounters between the
ligand and metal ion are required for relaxation, the line-width is no longer directly propor-
tional to the exchange rate. As before, there are two possibilities; effects due to chemical
shift may predominate, or, if∆ωM is small, terms depending onT2M will be important. In
the former situation (τ−2

M � ∆ωM � T−1
2Mτ

−1
M , Region III), we have,

(T−1
2obs− T−1

2n )
PL

PM
= τ−1

M ∆ω
2
M (F.7)

Since the line-width depends uponτM, it will change rapidly with temperature but in a di-
rection opposite to Region II. If the chemical shift is independently known,τM values and
hence the exchange rate can be determined.

Finally, when the exchange rate is extremely fast, or the chemical shift is small (T−1
2Mτ

−1
M �

T−2
2M, ∆ω2

M, Region IV), we have,

(T−1
2obs− T−1

2n )
PL

PM
= T−1

2M (F.8)

Here, the line-width no longer depends on the exchange rate, and it varies but slightly with
temperature. This is the limiting high temperature region found in most systems; it is gener-
ally called the “fast exchange region”.


