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Spectroscopic speciation of U(VI) solutions holding pyridine carboxylic acid N-oxides in a range pH 2.3-
4.5 results in the single component spectrum of the U(VI) isonicotinic acid N-oxide complex. The molar
absorption is 14 +2 Lmol ! cm ! at 415.4 nm. The formation constant lg Ky = 2.1 £ 0.2 (k = 2) is derived
from solution modelling and by multivariate chemometric analysis. The first crystal structure analysis of
a U(VI) pyridine carboxylic acid N-oxide revealed a sheet-like structure where the isonicotinic acid N-
oxide binds to the uranyl(VI) both bidentately by the carboxylate group and monodentately by the N-
O group. The single component spectrum of the [UO,L]" (where L™ is isonicotinate N-oxide) is compared
to the small number of other U(VI) single ligand species. The comparison revealed the possible pitfalls of
U(VI) spectroscopic speciation close to the pH region where U(VI) hydrolysis starts to interfere. On basis
of the results for U(VI)-L coordination and physicochemical properties of the pyridine carboxylic acid N-
oxides some conclusions could be drawn on the likely behaviour of nicotinic acid N-oxide and picolinic
acid N-oxide. For the former, complex formation in a narrow range of pH and U(VI) concentrations close
to the hydrolysis range of U(VI) might reveal thermodynamic data. In the case of picolinic acid N-oxide,
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additional experimental evidence is required to characterize suitable conditions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

This study aims on the characterisation of pyridine carboxylic
acid N-oxides interaction with hexavalent uranium. The respective
compounds are picolinic acid N-oxide (picNO), nicotinic acid N-
oxide (nicNO) and isonicotinic acid N-oxide (isonicNO). In the fol-
lowing discussion, focus is given to spectroscopic speciation of
isonicotinic acid N-oxide (isonicNO). Isonicotinic acid N-oxide
(HL) is a weak acid whose acidity constant pKy is close to the on-
set of U(VI) hydrolysis. Thus, quantitative spectroscopic speciation
is required to avoid misinterpretation of the observations due to
interference by hydrolysis. In addition, the low solubility of HL in
acidic aqueous solution limits the concentration range available
for investigation. Despite the narrow boundaries set by the system
of interest evidence will be forwarded that single component spec-
tra of relevant species are unambiguously obtained by applying the
spectra to the resolution of multi-component spectra.

Pyridine N-oxides have applications in wide range of fields
including, for instance, industry, medicine, biochemistry and nano-
technology [1-8]. They are, for instance, studied for their use as
versatile synthetic intermediates [1-3] and investigated as a new
class of antiviral compounds [3]. The surprisingly small database
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on the solution behaviour of these compounds has triggered a ser-
ies of studies focusing on interaction with fluorescent lanthanides
in aqueous and non-aqueous solutions [5-7]. Structural and spec-
troscopic information has recently been reported for compounds
with transition metals and lanthanides [5-8]. Uranyl(VI) is a fluo-
rescent center where fluorescence is influenced by coordinating li-
gands in various ways. Spectroscopic speciation of fluorescent
metal ions allows characterisation of metal ligand interactions by
multiple parameters, e.g. absorption, excitation and time-resolved
fluorescence spectroscopy [9-12]. Hexavalent uranium occurs al-
most exclusively as uranyl UO2". The UO%" entity is always linear
with O-U-0 bond angles close to 180°. The uranyl group is coordi-
nated in the equatorial plane by 4, 5, or 6 ligands. Bond lengths to
the equatorial ligands are always larger than to the axial uranyl
oxygens. While uranyl(VI) is a suitable fluorescent center, complex
formation with pyridine carboxylic acids N-oxides has not been re-
ported before the advent of this study. Information on the related
U(VI) pyridine carboxylic acids is similarly scarce [13-15].

The study of uranyl solution behaviour and related spectro-
scopic properties until recently has been hampered by contradic-
tory observations and concepts [10,16-20]. A predominant
reason has been the hydrolytic behaviour of U(VI) forming distinct
oligomeric species (UO,),(OH)2" and (UO,)3(OH)! [21]. The char-
acteristic UV-Vis absorption band at 413 nm for UO%*(aq) has a
very low molar absorption of 9.7 Lmol~! cm~! [10,17] while the
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oligomeric hydrolysis species have molar absorptions of
101 Lmol~'cm™! at 421.8 nm and 474 Lmol~'cm™! at 429 nm,
respectively [22]. In addition, various additional species have been
inferred from early curve-fitting exercises ignoring statistical sig-
nificance. For species like (UO;)4(OH)7 or (UO;),(OH)* [23], single
component spectra for UV-Vis absorption and emission have never
been reported while for (UO,),(OH)2" and (UO,)s(OH): single
component spectra and their successful application in spectro-
scopic speciation of various systems are demonstrated [10,22,24-
26]. Due to the significant influence U(VI) hydrolysis contributes
to studies of solution chemistry behaviour even at slightly acidic
media, most published information especially on the single ligand
species requires clarification [19,20].

Symmetry plays an important role in the interpretation of ura-
nyl(VI)) spectra [27,28]. Evidence has been put forward illustrating
a correlation of the U(VI) UV-Vis absorption and vibronic spectra
with the symmetry of equatorial coordination [27-29]. This corre-
lation has been helpful in interpreting single component absorp-
tion spectra of U(VI) carbonato species with two and three
carbonate ligands [30]. For the single ligand species, however, evi-
dence is less clear as will be outlined on basis of the results from
this study.

Thus, this investigation has been motivated by four reasons:
improving the rather poor database on pyridine carboxylic acid
N-oxide behaviour in aqueous solutions, analysis of a complex
and susceptible chemical interaction in aqueous solution by che-
mometric methods, extending the database of single component
spectra for defined U(VI) species and to correlate the results with
existing hypotheses on the correlation of U(VI) UV-Vis absorption
spectra with coordination symmetry. From the results obtained on
the four reasons, a more profound insight into U(VI) interaction
with pyridine carboxylic acid N-oxides was intended in order to
find suitable conditions for analogous studies of nicNO and picNO.
For these both isomers solution behaviour is still unknown. From
the thermodynamic results of this study on U(VI) isonicNO com-
plexation, conclusions on the stability of U(VI) nicNO complexation
will be drawn.

2. Experimental
2.1. Apparatus and data collection

A CP-415 pH-meter with OSH 10-10 combined glass pH elec-
trode was used for all pH measurements. Calibration of the pH-me-
ter was performed using 5-point calibration as recommended by
IUPAC. Merck Co. (Germany) buffer standards have been used. A
Shimadzu UVPC 2401 spectrophotometer with 1cm quartz
cuvettes was used to record spectra in the wavelength range
400-800 nm.

In total 80 spectra have been recorded in the range pH 2-5.
Concentrations in the range 107> moldm™3<[U(V])]<5 x
102moldm > and 10*moldm > <[HL] <2 x 1072 mol dm 3.
From this data set, nine spectra indicated U(VI)-HL interaction.
The majority of spectra was either contaminated by hydrolysis or
unaffected by coordination.

2.2. Reagents

Uranyl nitrate stock solution was prepared from uranyl acetate
dehydrate salt (P.0.Ch. Gliwice, Polish Company), which was previ-
ously placed into a muffle oven at 1073 K for 2 h. Obtained uranyl
oxide U30g was then dissolved in 6 M HCl with addition of solid Zn
to get rid of UO,Cl, and heated with stirring. To the greenish solu-
tion of UCl4 water was added and by gently heating evaporated to
remove HCl. Picolinic acid N-oxide, nicotinic acid N-oxide, and

isonicotinic acid N-oxide were obtained from commercially avail-
able reagents (Aldrich) without further purification. Acetonitrile
(CH3CN), dimethyl sulphoxide (DMSO) and dimethyl formamide
(DMF) were obtained from commercially available sample (Al-
drich), methanol and 1,4-dioxane were obtained from P.O.Ch.
Gliwice/PL.

2.3. Synthesis of single crystals

The uranium tetrachloride solution was diluted (up to 0.05 M)
and its concentration has been checked spectroscopically (solution
A). 0.7 g (5 mmol) of isonicotinic acid N-oxide was added to 90 ml
of water in 200 ml baker. The mixture was heated (80 °C) for 5 min.
and stirred on the stirring bar. After cooling down it was trans-
ferred to the volume flask (100 ml) and filled up using water to ob-
tain the total concentration 0.05 M (solution B). To solution A
(25 ml) solution B (25 ml) was added slowly dropwise with
stirring.

The mixture was gently heated in the beaker for 1h, cooled
down and then let to crystallize in room temperature. The resul-
tant solution was filtered off. Storage of the solution in a desiccator
for several days yielded crystals of the complex [UO,CI(His-
onicNO)(isonicNO)],. The analysis was made with a KUMA
KMA4CCD four-circle diffractometer equipped with a CCD (Charge
Coupled Device) detector.

The carbon, hydrogen and nitrogen content of the compound
were determined by elemental analysis on an Elemental analyser
model VARIO ELIIl. The elemental analysis of the UO,Cl(His-
onicNO)(isonicNO) compound showed the following data:
C=24.38%; H=1.54%; N =4.78%, which are in a very good agree-
ment with the calculated values: C=24.73%; H=1.56%; N=4.81%
for C12H9N203UC1.

2.4. Data analysis

Spectral data was baseline corrected and analysed by multivar-
iate analysis using the TBCAT (Threshold Bootstrap Target Factor
Analysis) code. The code identifies single components from mul-
ti-component UV-Vis spectroscopic data on basis of factor analysis
and Simplex optimisation using non-negativity of absorptions and
species concentrations as well as known single components as
optimisation criteria. Details are given in the text and related ref-
erences. The major factors influencing the results, e.g. measure-
ment uncertainty in the chemical amounts of metal ion and
ligand, and numerical effects, e.g. non-linearity and non-normality,
are taken into account. The numerical results are expressed as
complete measurement uncertainties. The validity of results is fur-
ther corroborated by numerical interpretation of multi-component
spectra due to the identified single components. The TBCAT code is
available in literature together with tutorial information and
example spectra [31]. Further details are given in the text and re-
lated references.

3. Results and discussion

The structure of the three pyridine carboxylate N-oxides: ison-
icNO (I), nicNO (II) and picNO (III) are given schematically in Fig. 1.
Table 1 summarises a few properties of interest: dipole moments,
charge densities and acidity constants of the conjugate acids.

Table 1 shows that the acidity constant of picolinic acid N-oxide
is within the pH region where U(VI) hydrolysis predominates,
while for nicotinic acid N-oxide and isonicotinic acid N-oxide a
small margin remains where an amount of dissociated ligand is
available that might be sufficient to observe U(VI) ligand interac-
tion [32-34]. This study focuses on isonicotinic acid N-oxide.
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Fig. 1. Structural representations of isonicotinicate N-oxide (I), nicotinicate N-oxide
(I) and picolinate N-oxide (III).
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Table 1
Dipole moments and charge densities of pyridine carboxylic acid N-oxides.

Ligand Dipole moment (D)* Charge densities” Acidity (pKs)
isonicNO 9.0 —0.980 2.9 [32]

nicNO 14.8 —0.844 2.63 £0.08 [33]
picNO 16.3 —1.047 (-1.473) 3.63 £0.06 [33]

@ Calculated from caussian 98 [34] at the B3LYP level using a PCM solvent model
for water.

b Calculated from the SCF densities using the ChelpG approach; the figure in
brackets gives the sum of charge densities for the carboxyl group and the neigh-
boring N-oxide group.
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Fig. 2. Constraints in the system U(VI)/isonicotinic acid N-oxide. The dashed line (a)
gives the solubility limit of HL. The vertical solid line (b) indicates the condition
pH = pKy;. The hashed field indicates precipitation of schoepite (UO5; 2H,0) [39].
The stability fields of U(VI) species are obtained for a U(VI) total concentration of
2 x 1073 mol dm 3 and derived from geochemical modelling as outlined in the text.

The system uranyl(VI)-isonicotinate N-oxide (U(VI)-L) is lim-
ited by four constraints: (a) the limited solubility of isonicotinic
acid N oxide (HL) in aqueous solution, (b) the low molar absorption
of UO%" in the characteristic absorption band at 413.8 nm, (c) the
onset of U(VI) hydrolysis at values between pH 3.3 and 3.7
(depending on U(VI) total concentration) while lanthanides hydro-
lyse at values of about pH 5 and (d) the pKy; of isonicotinic acid N
oxide close to U(VI) hydrolysis onset. Hence, complex formation
can be studied in a very narrow range of experimental conditions
- if there is any interaction at all.

Fig. 2 illustrates these constraints. The dashed line a gives the
solubility of HL (HL: isonicotinic acid N-oxide). The solubility of
HL in aqueous solution is 2 x 1072 mol dm~ [32]. The undissoci-
ated molecule does obviously not coordinate to U(VI). The concen-

tration of L~ increases with pH especially at values of pH close and
above the value of pKy;. The value of pKy is indicated by the ver-
tical line b in Fig. 2. UV-Vis spectroscopy is a feasible method to
identify the specific state of U(VI) in aqueous solutions [9,25].
Due to the low molar absorption of the characteristic absorption
band of U(VI) in the range 330-550 nm the species UO%+ can be
spectroscopically identified only at rather high molar concentra-
tions. The molar absorption of U(VI) rises with coordination
[17,27,30]. In order to identify UO2* among other species by spec-
troscopic speciation, the minimum U(VI) amount should not be be-
low 107> mol dm—3. Hydrolysis products of U(VI) above this U(VI)
concentration threshold are oligomeric: [21] (UOZ)Z(OH)g+ and
(UO3)3(0OH)Z. These species form close to the solubility limit of
U(VI). Fig. 2 gives stability fields of the both hydrolysis products
where the respective relative concentration is above 1%. Due to
the high molar absorption of these species they nevertheless will
dominate the observed absorption spectra. Thus identification of
other species will become rather difficult even if that other species
might have the higher relative concentration.

There are further oligomeric hydrolysis products reported in lit-
erature, e.g. (UO,)4(OH); [10,18,23,35]. However, during the
extensive spectroscopic studies in the past almost two decades,
we have been unable to identify even a single of these additional
oligomeric species. Repeated studies of saturated and unsaturated
U(VI) solutions using UV-Vis spectroscopy [26] and laser-induced
time-resolved fluorescence spectroscopy [36,37] indicated that all
hydrolysed solutions could be numerically interpreted by the sin-
gle component spectra of (UOz)z(OHﬁ+ and (UO,)3(OH)J. This
finding is further corroborated in this study and examples will be
given. Due to the oligonuclear nature of these species the stability
fields depend on the total U(VI) concentration. The lower the total
U(VI) concentration the higher the pH at which hydrolysis starts.
Fig. 2 is derived for a U(VI) total concentration of 1072 mol dm3,
Spectroscopic speciation has also performed at lower U(VI) total
concentrations, but the discussion will be based on the data ob-
tained at U(VI) concentration of 0.01 mol dm~—>. The spectra ob-
tained at lower U(VI) concentrations have been included in the
quantitative data evaluation by chemometric methods.

The interest focused on the question to what extent complex
formation with the ligand L can be observed and quantitatively
interpreted in terms of single component spectra and formation
constants of the U(VI)-L species. Its formation constant will be gi-
ven as

log Ky, = Ig[UL"] - Ig[L"] - 1g[UO3"] (1)

where square brackets indicate molar concentrations.

Due to the narrow margin left by the constraints, a formation
constant can be estimated already on basis of solution conditions
indicating onset of complex formation. This value subsequently
may be compared to the result of numerical evaluations using
spectroscopic speciation in combination with chemometric evalu-
ation tools on basis of multivariate analysis [38]. Thus, two inde-
pendent methods are available to estimate formation constants.
The results for multivariate analysis, single component spectra of
the solution species and molar absorptions, have been corrobo-
rated by their application in the deconvolution of UV-Vis spectra
holding other species, e.g. hydrolysis products of U(VI).

The systematic screening of the U(VI)/HL system at various
U(VI) total concentrations mainly indicated either UO3" solutions
or hydrolysis. Fig. 3 gives a characteristic set of spectra collected
for conditions under hydrolysis in the region pH 3.20-4.54. At a gi-
ven total U(VI) concentration of 1 x 1072 mol dm~3, the maximum
absorption rises from about 0.1 to about 0.7 cm™~'. This is due to
the effect of hydrolysis, where the species (UOZ)Z(OH)§+
(UO3)3(0OH)Z prevail. Fig. 4 shows a deconvolution of the spectrum
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Fig. 3. UV-Vis absorption spectra obtained in the range pH 3.20-4.54 at a total
U(VI) concentration of 2 x 10~ mol dm—>. The spectra are related to the open
circles in Fig. 2. The sequence of spectra from top to bottom relates to the sequence
of value of pH at the right-hand-side.
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Fig. 4. Numerical interpretation (least squares fit) of an experimental spectrum at
pH 4.06 by the single components UO%", (UO,),(OH)2" and (UO,)s(OH); .

at pH 4.06. Despite the fact that the single component spectra of
(UO,),(OH)3" and (UO,)3(OH): have been obtained in previous
studies using different equipment at a different laboratory, they
are able to interpret the observed spectrum at pH 4.06 satisfacto-
rily. The parameters of the spectra shown in Fig. 3 are indicated
in Fig. 2 by open circles. Thus, at pH 3.20, the spectrum of the hy-
drated UO3" is observed. At pH 3.78, hydrolysis occurs which pro-
ceeds with increasing pH. The solutions also hold HL and L™ in
increasing concentrations but no influence is observed. Obviously,
the L™ ligand appears to be too weak to compete with hydrolysis.

Among the spectra systematically collected, however, a set in
the region pH 2-3 indicated a weak but systematic change in the
characteristic UV-Vis absorption band of U(VI). This set is given
in Fig. 5. From a heuristic assumption using the expertise collected
during the past 20 years of research in uranium solution chemistry,
the relative amount of the new species was estimated to be below
50%.

On basis of this judgment, the solution composition was mod-
elled using the formation constants given in Table 2 [22,39]. From
this modelling effort, the boundaries for various relative species
concentrations given in Fig. 2 have been obtained. The observa-
tions are in agreement with a formation constant of the UO,L" spe-
cies, g Ky, = 2.1.

Following this ‘expert judgment’, a strictly numerical interpre-
tation was attempted applying multivariate analysis. For this pur-
pose threshold bootstrap computer-assisted target factor analysis
(TBCAT) was applied [38]. TBCAT is able to forward possible decon-
volutions of multi-species spectra if at least one component of the

0.12

0.10

0.08

absorption / [cm'1]

0.04

0.02
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Fig. 5. UV-Vis absorption spectra recorded in the range pH 2.34-3.18 at total U(VI)
concentration of 2 x 10~ mol dm 3. The spectra relate to the solid circles in Fig. 2.
The sequence of spectra in the absorption maximum follows the related values of
pH at the right-hand-side.
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Table 2
Formation constants used for the construction of the stability regions given in Fig. 2.
Species Formation constant Value Reference
(UO,),(OH)%* Ig Kz, —6.1 [22]
(UO2)3(OH)5 Ig K5 -17.1 [22]
L- Py 2.9 [39]
[UO,L]* Ig Ky 2.1 this study
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Fig. 6. Single component spectrum of species UO,L" as obtained from TBCAT
analysis of the spectra Fig. 5. Together with the median spectrum, TBCAT also
estimates the 68% and 95% confidence limits on basis of the influence factors and
their respective magnitudes given in Table 3.

multi-component mixture is known. This known component can
be, for example, the UV-Vis absorption spectrum of the uncoordi-
nated metal species. Factor analysis is a widely used chemometric
technique. Further details have been given in the literature. The
procedure decomposes a matrix A of experimental spectra into
two matrices E and C. The information on single component
spectra of the species and their respective concentrations in matri-
ces E* and C* is given in a mathematical form of eigenvectors that
need to be transformed into physically meaningful values. This
transformation step is known as target rotation using an n x n
rotation matrix T:

E = E'T (2)
C=c*T! (3)

where the superscript —1 represents the inverse of matrix T. The
task of TBCAT is to find a suitable transformation matrix T and its
optimum dimension n on basis of the constraints i*nherent in the
system: non-negative absorption values in matrix E and non-neg-
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Fig. 7. Numerical interpretation (least squares fit) of an experimental spectrum at
PH 2.34 by the single components UO5" and UO,L".

ative concentration values in mQtrix C.The single component spec-
tra in the columns of matrix E are simultaneously obtained from
the same trgnsformation matrix T as are the concentration values
in matrix C . Since the number of species n is a crucial value in
the overall analysis resulting in T, the search strategy implemented
in TBCAT searches for suitable solutions at several values for n. In
some cases more than one solution compatible with all constraints
may be obtained [26].

Fig. 6 presents as a result the single component spectrum of the
[UO,L*] species. The maximum molar absorption is about
(14+2)Lmol "cm™! at 415.4 nm. An application of this single
component spectrum to the interpretation of the UV-Vis spectrum
collected at pH 2.34 is shown in Fig. 7. The evaluated formation
constant is Ig Ky " = 2.0 for this individual spectrum. For the pur-
pose of comparability of experimental results with other studies
a measure of the likely range of a result is required. This likely
range should encompass all influence factors affecting the result.
TBCAT is using computer-intensive resampling algorithms in con-
junction with classical Monte Carlo strategies to obtain such an
estimate. The influence factors taken into account in the current
study are given in Table 3 together with their magnitudes.

The misfit in the calculated sum spectra and the experimentally
measured spectra is taken into account by the threshold bootstrap
resampling procedure. Threshold bootstrap accounts for correla-
tion, non-normality and non-linearity within the experimental
data [26,36,37]. On that basis the complete measurement uncer-
tainty budget has been obtained as a range between the 0.16 per-
centile and the 0.84 percentile of the empirical distribution
function of the evaluated formation constant Ig Ky, shown in
Fig. 8. This relates to Ig Ky, = 2.1 £ 0.1. The complete measurement
uncertainty budget for Ig Ky, is shown in Fig. 8 by its probability
distribution.

The value of the formation constant Ig Ky is in the order of
magnitude found previously for the U0,SO4 species [26] and con-
trasts considerably with the formation constant of the U0,CO3
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Table 3
Influence factors and their estimated uncertainty contribution®.

Influence factor Quantity Uncertainty estimate
uE
Uranium concentration [Ultotar 3.75% relative
Ligand concentration [isonicNO] 4% relative
Acidity constant of PKisonicno 0.2 absolute
isonicNO
UV-Vis absorption A 2% relative

2 Spectroscopic misfit between the optimum calculated sum spectra and the
experimental spectra is taken into account by the threshold bootstrap algorithm.
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Fig. 8. Empirical probability density of the formation constant Ig Ky, as obtained
from multivariate analysis by TBCAT on basis of the influence factors listed in
Table 3.

species [30]. Mean values of formation constants of a few single
ligand uranyl compounds are given below. Carbonate [30], acetate
[28] and nitrate [29] form bidentates with U(VI). Here, the bond
angle between chelating oxygen groups in the ligand is always
smaller than 60°. Such ligands are referred to as ‘short-bite’ li-
gands. Sulfate is not a short-bite ligand. Coordination as a single li-
gand is the only option for the U(VI) monosulfato species.

U0,C05 : 1gK = 8.8 [30]
UO,CH;CO0" : IgK = 3.8 [40]
UO,L" : Igk = 2.1 this work
U0,50; : IgK = 1.8 [26]
UO,NO; : Igk = —1 [40]

The few examples illustrate that there is no simple correlation
between the mode of coordination and the strength of the forma-
tion constant. Hence the question arose whether the L™ ligand, as a

Fig. 9. Structure of [UO,CI(HL)L],. seen along the x-axis. The unit cell is included.

Fig. 10. Sheet section of [UO,CI(HL)L], showing the different links formed by uranyl
entity and the ligands HL (group A) and L™ (group B).

bifunctional species, might coordinate to the uranyl group as a
bidentate via the carboxylate group, or as a monodentate via the
N-O group.

Due to the complete lack of crystallographic information on
isonicotinic acid N oxide compounds with uranyl, experiments
were initiated to obtain suitable compounds.

3.1. Crystallographic study

Due to the complete lack of U(VI) compounds with isonicotinic
acid N oxide, single crystals were obtained from a UCl solution
holding isonicotinic acid N-oxide. Details of the crystallographic
analysis of this compound are given elsewhere [41].

The crystal is monoclinic. The stoichiometry U(VI):HL:L:Cl is
1:1:1:1. Thus, each uranyl center is coordinated by a L™ ligand
where the carboxylate group acts as a bidentate, by an L~ ligand
where the N-O group acts as a monodentate ligand, a HL
ligand where the N-O group acts as a monodentate ligand and a
Cl™ ligand. An L™ ligand links two uranyl centers acting as a biden-
tate ligand via its carboxylate group and as a monodentate via its
N-0 group, as shown in Fig. 9. The chains are linked not only via
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Table 4
Geometry data of L~ and HL molecules obtained from DFT simulations and X-ray
crystallography.

Items DFT X-ray X-ray
Solution B (L") A (HL)
Distance [pm] [pm] [pm]
N,1-0,1 1303 132.6(3) 132.7(3)
Ne1-C,2 137.3 135.1(4) 134.9(4)
C2-C3 138.6 137.9(4) 136.6(5)
C3-C4 140.3 138.2(5) 138.5(5)
C4-C5 140.1 138.4(4) 138.4(4)
C5-C6 138.7 136.3(5) 136.5(5)
C6-N,1 136.9 134.7(4) 135.6(4)
C4-CJ7 155.1 150.7(5) 148.3(4)
C,7-0,2 125.7 126.0(4)
C7-0,3 130.2 126.2(4) 122.4(4)
C,7-0,2(H) 130.9(4)
Angle (°)
0,2-C,7-0,3 131.0 121.2(3) 124.7(3)
0,2-C,7-C,5-C«6 4.5 15.7(5) 1.9(5)

Subscript x refers to A and B, respectively. The atom numbering for ligand L™ in
solution is analogous.

molar absorbance /[l mol™ cm'1]

350 400 450 500
wavelength [nm]

Fig. 11. Single component spectra reported for uranyl(VI) with various ligands and
1:1 stoichiometry: A: hydrated uranyl ([UO,(OH,)s]** as a reference). B:
[UO2(OH,)3CH3CO0]" [27], C: [UO2(OH2)3NOs]* [29], D: [UO2(OH>)4S04], [26] and
E: [UO,(OH,)5C0s] [30].

the uranyl centers but also via HL ligands linking two carboxylic
acid groups by hydrogen bonding. Thus HL groups bind with the
uranyl centers only via the N-O groups while L™ groups link uranyl
centers using both functional groups. Chloride atoms saturate the

coordination sphere of each uranyl center. The uranyl centers are
equatorially pentacoordinated.

Table 4 gives interatomic distances and bond angles from crys-
tallographic analysis in the L~ and HL groups as well as those cal-
culated for L~ from DFT methods. The major difference is observed
in the interatomic distance between C,4 and C,7 where the calcu-
lated value is almost 7 pm higher than the shortest value obtained
from the crystal data (Fig. 10). The otherwise close agreement puts
some confidence in the values calculated for the dipole moments
(cf. Table 1).

While the crystal structure analysis reports the first data on
uranyl(VI) compounds with isonicNO, it does not give an unambig-
uous hint on the likely interaction of L™ in solution. For the time
being, the dependence of U(VI) complexation by isonicNO on pH
gives evidence to uranyl coordiantion by the carboxylate group.
Assuming uranyl coordination by the N-O group does not result
in a satisfactory numerical interpretation by TBCAT analysis.

4. Conclusions

This study was motivated by four reasons: the complete lack of
qualitative and quantitative information on interaction of pyridine
carboxylic acid N-oxides with uranyl. The extension of the cur-
rently rather small data, base on single component UV-Vis spectra
of 1:1 complexes with uranyl. Gorller-Walrand et al. [27-29,42]
have suggested coordination geometry as a relevant factor affect-
ing the shape of U(VI) absorption spectra in the solid state and in
aqueous solution. Fig. 11 summarizes the single component spec-
tra of U(VI) single ligand species from different sources in the range
350-550 nm. This range encloses the characteristic absorption of
uranyl(VI). Toward lower wavelength, almost continuous intense
absorption extents without characteristic features suitable for
spectroscopic speciation.

The general observation that coordination of the [UO,(OH,)5]**
by ligands other than water increases the maximum molar absorp-
tion is also valid for the single ligand species. However, there are
no features characteristic for the single ligand species. The almost
symmetric band found for the [UO,L]" species (cf. Fig. 6) corre-
sponds to [UO,(OH,);CH3COO0]* [27], but is clearly different from
the monosulfato species. The U(VI) monosulfato species, however,
is the only U(VI) single ligand species with known UV-Vis absorp-
tion spectrum forming a monodentate interaction between uranyl
and ligand. For the other species, bidentate coordination may be
assumed. The monosulfate species is also the only of the single li-
gand species showing a clear band structure in its UV-Vis absorp-
tion spectrum. In summary, however, the small database does not
allow to draw any conclusion with some reliability. Thus, this work
calls for further speciation activity to improve the situation.

The procedures to decompose multi-component spectra into
single components are largely undocumented in the literature be-
fore the advent of chemometric methods. With multivariate math-
ematical tools and digital calculators with sufficient memory,
multivariate analysis of UV-Vis spectra has become rather popular.
If absorptions are measured for a given chemical system at k wave-
lengths, k simultaneous linear equations of the type of Eq. (3) are
obtained. The concentrations ¢; in a sample are the same if the
wavelengths are varied, while the molar absorptions ¢;; of each
species are the same in all samples if the concentrations are varied.
Thus, for a given set of n species the spectra obtained at a larger
number of k wavelengths in i samples can be conveniently ex-
pressed as a matrix:

A=EC 4)

where the absorptions a; in matrix A have been obtained at the
same d. The singular value decomposition is an efficient algorithm
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to decompose the matrix A into two matrices of eigenvectors E* and
C*_If the number n of species in solution is known, matrix E* with
dimensions i x k can be reduced to dimensions i x n. Similarly, ma-
trix C* can be reduced to matrix C_ with dimensions n x k. Hence,
the first task is to identify n.

The matrices E and C are still not appropriate estimates of the
true but unknown matrices E and C (cf. Eq. (4)) only hold row and
column eigenvectors of matrix A. While these eigenvectors are
mutually orthogonal to each other, they have no physical meaning
but may hold, for instance, negative values. Absorptions and spe-
cies concentrations, however, have to be non-negative. To obtain
physically meaningful estimates of single component spectra and
species concentrations, the transformation matrix T (cf. Egs. (2)
and (3)) has to be found. Finding an appropriate T is crucial for
the complete procedure. While matrices E* and C* are obtained
by a well-known numerical algorithm automatically, finding an
appropriate T poses two problems:

1. The dimension of T is n x n. So n must be known.

2. The elements t;;, (I = 1-n, m = 1-n) of T can be any real number.
There are no symmetry arguments or other constraints (e.g. T
does not have to be semiidempotent).

There have been a variety of attempts to find mathematical
arguments indicating ‘optimal’ pure variables. As a matter of fact;
the presence of uncertainties (named as disturbances, residuals, er-
rors etc.) reduces the validity of most of these approaches. All pro-
grams, including TBCAT, have to define a criterion for iterative
optimisation. As a weak point in these algorithms the minimisation
procedure was identified. Levenberg-Marquardt minimisation or
Newton-Raphson procedures are frequently used as iterative algo-
rithms for optimisation. These methods, however, require deriva-
tives to locate the minimum of the optimisation routine and,
consequently, a mathematical expression of the relationship be-
tween the parameters and the optimisation criterion.

Optimising T directly by an iterative algorithm has not yet cho-
sen in order to perform the optimisation according to Egs. (2) and
(3). There exist derivative-free iterative optimisation algorithms,
e.g. the Simplex. Thus, computer-assisted target factor analysis
(CAT) is the only known code directly optimising the elements of
matrix T with respect to several constrains simultaneously. A key
element in TBCAT’s optimisation is the availability of a known
component in the multi-component mixture. This component is
usually the hydrated (‘free’) metal ion, where the single component
spectrum can be obtained from an acidic solution. The second cri-
terion is the non—nggativitx of absorptions and species concentra-
tions in matrices E and C . The number n is not inferred from a
statistical test or any other auxiliary criterion but tested numeri-
cally for a range of values. If the system is underdetermined, a con-
siderable misfit results. If the system is over-determined, the
excess parameters will interpret the same information and, as a re-
sult, the spectral shapes of these ‘excess’ single components will
include either negative absorption and/or mimic an already exist-
ing single component spectrum. The consistency of the numerical
solution can be assesse*d independently because the species con-
centrations in matrix C must sum up to the total metal ion con-
centration in solution (which is not optimised), while the total
amount of ligand must not exceed the added total ligand concen-
tration (a value which is also not optimised). Furthermore, from
the solution conditions of each of the k samples and the calculated
single species concentrations, formation quotients can be esti-
mated which likewise have to be cogsisteng for all samples. It must
be emphasised that the matrices E and C are obtained from the
eigenvectors by same transformation matrix T, because T~! is just
the inverse of T. Thus, a single component spectrum as suggested
for [UO,L]" (cf. Fig. 6) results from rather narrow constraints. The

complete measurement uncertainty budget, which is estimated
by a combination of threshold bootstrap (TB) and Monte Carlo sim-
ulation, does not only account for numerical misfit but also at-
tempts to include the relevant influence factors. Details on these
aspects can be found elsewhere [26,36,37]. The numerical optimi-
sation for a given n runs completely automatic - user input is re-
quired in defining n, specifying some starting values (where
Simplex algorithm is much less sensitive to starting conditions
compared to, e.g., the Newton-Raphson method) and setting the
stoichiometry of the system. Nevertheless, finding a satisfactory
solution may become tedious. Occasionally, two possible solutions
for a system may be found where additional reasoning is necessary
to decide for the more probable result [26]. Any set of single com-
ponent spectra should be applied to the resolution of suitable mul-
ti-component spectra, which have not been included into the data
set for the evaluation of the single component spectra (cf. Figs. 4
and 7).

The results of that study allow some optimism that a spectro-
scopic study of U(VI) complexation by nicotinic acid N-oxide may
provide conclusive results. The acidity constant of nicotinic acid
N-oxide is slightly higher compared to that of isonicotinic acid
N-oxide while the calculated dipole moment of nicotinic acid is
considerably larger. Because U(VI) is considered as a hard Pearson
acid, the higher dipole moment of nicNO might result in a higher
formation constant compared to isonicNO. For picolinic acid N-
oxide, the situation is more complex because U(VI) coordination
by picNO may involve both the carboxylate group and the N-O
group [43].
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