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Abstract

The interaction of Nd(l11) with four carboxylated pyridinéoxide derivatives in aqueous solutions is studied by UV—vis absorption spec-
troscopy. From factor analysis in combination with computer-intensive bootstrap resampling methods the empirical probability distributions
of the formation quotients of the 1:1 Nd(l1l) complexes with nicotinic agidxide (), picolinic acidN-oxide (I), pyridine 2,4 dicarboxylic
acid N-oxide (II), and dicarboxylic acid 2,8/-oxide [V) are evaluated. The strength of the interaction was found to correlate with the
charge density around the coordinating groups. Charge density was calculated by ab initio methods using a polarised continuum model t
account for solvation effects. Evidence for a 1:2 species Idtis presented. A speciation diagram for this model is obtained from the prob-
abilistic speciation code LJUNGSKILE, which visualises the rather weak evidence for a two-species system. Thus, the formation quotients
19 B11=2.3+0.0; (I), Ig B11=2.7+ 0.0y (IT), Ig B11= 2.8+ 0.0 (III), and IgB11 = 3.0+ 0.0 (IV) are found to describe the chemical systems
satisfactorily.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Chemometrics; Metrology; Ab initio quantum chemical calculations; Thermodynamical data; Spectroscopy

1. Introduction are comparisons, and only if two different comparisons are
made under identical conditions, the results obtained from
The changes in the UV-vis absorption and emission these both comparisons can be compared to each [@her
bands of lanthanide metal ions upon variation of chem- Environmental influences limit the degree to which condi-
ical composition of the solution are interpreted by the tions can be considered to be identical. The results from each
interaction of ligands with the metal ion. The well-known measurement itself carry limitations due to the fact that it
Bouguer—Lambert—-Beer Law provides a rational for the is impossible to eliminate the undesired noise completely.
numerical interpretation of the experimentally observed sig- Hence, in comparing the results from two measurements, it
nals. Chemometric methods allow a simultaneous numeri- is essential to have anidea of the magnitude of the noise onthe
cal analysis of the digitised spectra recorded in multivariate results. Even worse, the numerical methods used to analyse
experimental desigfiL,2]. The chemometric tools are con- the patterns contribute their own bias to the re§dltisHence,
tinuing to grow in power and complexity. to comparatively discuss results of a study makes only sense
Unfortunately, the patterns in the signals are influenced by if the reported patterns are appropriately contrasted with the
the world surrounding the system under study. Measurementsnoise in the data, and the bias in experiment and data evalua-
tion. There is always the abyss of convention that prevents a
* Corresponding author. Tel.: +49 851 70372. clear assessment of understanding in favour of mere mutual
E-mail address: rer@panet.de (G. Meinrath). agreemen{s].
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While exploring the absorption and luminescence prop- 3. Results and discussions
erties of different pyridingv-oxide carboxylic acid$6—9]
the question arose to which degree of certainty what state- The calculated optimised solution structures with atom
ments on the speciation in solution could be made on the basidabelling are giveniifrig. 1a (nicotinatev-oxid ion,I), Fig. 1b
of UV-vis spectroscopic measurements. It is understood (picolinateN-oxide,II), Fig. 1c (pyridine 2,4 dicarboxylate
that the experimenter’s ability, e.g., to control the solution N-oxide, III), and Fig. 1d (pyridine 2,6 dicarboxylatev-
composition, are limited both by the fact that each manip- oxide,IV). The respective electrostatic potentials are given
ulation results in small variations, that instrumental opera- in Table 1
tions like baseline correction introduce variation etc. Volume  Typically, 12—15 spectra are recordéibfo — *Ggyo tran-
operations for instance were found to be approximately nor- sition). The molar absorption increases continuously with
mally distributed with a 2% standard deviation (S.D.) from increasing ligand concentration. The free Nd(lll) spectrum
a Kolmogorov—Smirnov test from repetition studies using has lowest maximum absorption. The maximum amount
pipettes and a calibrated balance. It is also understood thabf ligand is limited by the constraints in ionic strength. A
the variations in the observed absorption spectra of lanthanidemodest bathochromic shift is observed for all four ligands.
ions are weak resulting in large coefficients of correlajjpon  Because there is no indication that at some wavelengths
(p~0.9)[10]. only one species is absorbing exclusively, such systems can
be resolved by factor analytical methods. Factor analysis
is well introduced in chemistryl,2] and no further com-
2. Methodologies ments will be given. A main task is the transformation of
the row eigenvector matrix ‘Cand the column eigenvector
The N-oxides of isomeric pyridine carboxylic and pyri- matrix E', calculated by available algorithms like SVD, into
dine dicarboxylic acids were prepared from commercially physically meaningful spectra. CAT uses constraints fromthe
available pyridine carboxylic acids (Aldrich) of highest purity experimental settings, e.g., non-negativity of absorptions and
and used without further purification. Details are given else- concentrations values, to optimise the target transformation
wher¢[7]. Nd solutions were obtained from M@3 produced matrix T in order to obtain the estimates of single component
spectroscopically pure at the Department of Rare Earth, Fac-spectra in matrices E and species concentrations C according
ulty of Chemistry, Adam Mickiewicz University, Poznan. The to Eq.(1). This approach is effective because T generally has
samples were prepared in 0.1 M perchlorate medium in vol- a low dimensionality.
umetric flasks of 10 ml volume. Spectra were recorded from _,___ ;1 .
four separate runs in quartz cuvettes with 5cm path length ETTC =EC (1)
and averaged to reduce noise. The room temperature varied Thus, sets of spectra are quickly evaluated, if the species
between 18 and 2ZC. and their stoichiometry is known. As an example, the sin-
For each system, 12-15 different solution compositions gle component spectra of the 1:1 complexes between Nd(l1l)
were studied and simultaneously analysed. Numerical evalu-and the compoundsII, ITI, andIV are shown irFig. 2 The
ations of the recorded spectra were performed by computer-molar absorption increases continuously from compolind
assisted target factor analy§ld]. Analysis of the complete  toIV. In the same way, the formation quotientglg calcu-
measurement uncertainty budgetis performed using a thresh{ated from the species concentration information in matrix C,
old bootstrap scheme described previodi&B,13]
With the intention to get some clues about the proba-
ble structural and electronic properties of the four ligands Table 1
under study, ab initio quantum chemical calculations were Computed charge distribution in solvated idn#l, III, andIV

performed on the B3LYP level (6 31 +G(d) basis set for alll I I 1 v
atoms) using the code GAUSSIAN §B4] with the keyword 1 —0.710 —0.720 -0.710 -0.720
SCF =tight. The effect of solvation was accounted for by the 2 046N 043N 044 N 037N
polarised continuum modgl5]. The electrostatic potentials i gzg g gggg 8238 Olggg
given here are those derived from electrostatic energy surface 0880 0920 0880 0920
calculations on bas!s of the CheIpG scheme of Wlbgrg etal. g —006C _012¢C Q06 C _010C
[16]. These calculations had the limited scope to derive some 7 —0.08C —0.06C 109 C 108 C
systematics in the structure and electrostatic properties of the 8 014 H 014H -0930 -0920
ligand molecules. The electrostatic potentials, e.g., are not 9 -011lcC -013C —-0920 —-0930

. o 10 013H 014 H -0.12cC -0.10C
measurable but the experience shows that ab initio calcula-

. . R -0.11cC —-0.06 C -0.18C -0.15C
tions allow to geta reasonablg idea of 'the charge distribution ;, Q14 H Q13 H Q13 H 013 H
within a molecule. Here, the interest is not on the absolute 13 -012C —015C —-019C Qo3cC
values for these properties but on trends in comparing thesel4 015H 015H 016 H 013H
properties for several similar structures. For visualising the 1° —-005C -016C

6 016 H Q13H

calculated properties the code MOLEKIEL7] was used.
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Fig. 1. Ball-and-stick representations of the ligands nicotinatide (I), picolinateN-oxide (), pyridine 2,4 dicarboxylat&/-oxide (II), and pyridine 2,6
dicarboxylatev-oxide (dipyr 2,6 NO) IV). The structures are optimised by ab initio calculations in aqueous solution using a polarised continuum model. The
atom labels correspond to the labels giveifable 1

increase accordingly as shownTable 2 Also included in action between lanthanide ion and ligand is considered to be
Table 2are the computed dipole moments and group charge predominantly ionic while covalent contributions are almost
densities of the carboxylatd)(and carboxylate NO group  negligible. Using the computed electrostatic potentials, how-
(IL, II1, andLV). ever, shows that the carboxyl group in I, being unassisted
It is obvious that the dipole moment alone is not a good by a neighbouring NO group, has a considerably weaker
criterion to judge coordination strength, even though inter- electrostatic potential compared to those compounds with

Table 2
Thermodynamical properties of liganBidl, III, andIV in aqueous solution calculated by quantum-chemical methods and formation quotigntsighe
interaction for the 1:1 complex of these ligands with Nd(lll) from spectroscopic measurements evaluated by CAT

Ligand lgB11 Ig B11 (TB CAT)? Dipole moment (DY Charge densitiés
I 2.31+0.13 2.312.37 2.41 148 —0.844 (-0.844)
1I 2.644+0.11 2.672.712.74 163 —1.047 (1.473)
I 2.78+0.09 2.722.81 2.86 855 —1.029 (-1.466)
10% 2.864+0.20 2.902.96 3.00 159 —1.105 (1.478)

@ Bold figure gives the median, I.h.s. values gives lower, r.h.s. values upper 0.68 percentile limits from the empirical probability distribimszhioyt2800
TB CAT cycles.

b Calculated from Gaussian 98 at the B3LYP level using a PCM solvent model for water.

¢ Calculated from the SCF densities using the CHelpG approach; the largest charge density of the carboxyl group is given, while data in brackets give the
sum of the carboxyl group and the neighbouring N-O group where applicable.
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20 into the output data. The evaluated formation quotients are
then pooled to obtain a mean value and a S.D. in a classical
way. The resulting mean values together with the S.D.s are
---------- 3 given in the second column dfble 2

n The classical approach does have its limitations. Clearly,
a mean value-based analysis is ignoring information in the
CAT output asking for caution in the data interpretation. For
illustration, non-normal distribution of the observed forma-
tion quotients, outliers in the spectral data and outlier(s) in
the samples can be mentioned. Classical, mean value based
factor analytical methods give no hint.

A second caveat comes from the fact that only one possible
interpretation has been considered, namely the formation of
a 1:1 complex for all four ligands. Previous researchers claim
formation of 1:1 and 1:2 complexes between lanthanides and
picolinic acidN-oxide (I) [19]. From that study, #11=2.91
is reported from pH titration in 2.0 M perchlorate medium.

It is not possible to make a comment on this previous work,
because no estimate of uncertainty has been given. Like all
other methods, pH titrations are affected by a series of influ-
ences, which cannot be controlled by the experimenter with
arbitrary accuracy. Hence it remains unclear to what degree
the experimental variance attributed to the 1:2 complex was
statistically significant. It is understood that computational
capabilities in the mid-60s were very limited, but today these
T guestions nevertheless arise. Judging values without mean-
580 600 620 ingful estimate of uncertainty is metrologically unacceptable.

15+

-
o
|

absorption / [dm3 mol” cm'1]

wavelength/[nm]

3.2. Complete uncertainty budget approach: threshold

Fig. 2. Single component spectra of the 1:1 species of Nd(lll) with the bootstrap

ligandsl, II, III, andIV. The spectra are evaluated from single CAT runs.
Mean values are given. . ) . .
Likewise, spectroscopic studies are affected by several

a neighbouring NO group. A linear trend analysis of the factors limiting our capabilities in recognising the informa-
formation constants as a function of the carboxylate chargetion about the investigated chemical systefable 3gives a
densities even results in a reasonable Pearson coefficient ofist of these measurement uncertainties and the type of con-
correlationr = —0.95; a parameter which is often mistakenly tribution they make. Random contributions must be taken
reported as measure of goodness of fit. The correlation indi- into account in the evaluation procedure. Bias, however, must
cates that some common trend is to be found in the evaluatedbe avoided or at least minimised by the experimenter. If the
formation quotients and the electrostatic potentials. bias can be quantified, it is sometimes possible to correct
The spectroscopic information can be analysed on severalfor. In the present study, three random effects are consid-
levels. First, factor analysis is used to evaluate single compo-ered by normal distributions: relative uncertainty in the metal
nent spectraand formation quotients from the available exper-ion concentration of 4%, relative uncertainty in the ligand
imental data. For each sample holding a species in appropri-concentration of 7% and a relative uncertainty in each vol-
ate amounts, one formation quotient will be obtained. This ume operation by 2%. Other random contributions have a
approach is classical. Its results will be critically discussed marginal magnitude. The major contribution to the measure-
and the rational for the more complex threshold bootstrap ment uncertainty budget, however, must be accounted for

approach will emerge. by more complex statistical procedures. These effects are
correlation in the residuals, correlation in the spectra, non-

3.1. Classical approach: mean value-oriented normality and non-linearity. Further contributions are the

evaluation statistical optimisation criterion, the weighing scheme and

Monte-Carlo effects. Here, computer-intensive resampling
CAT evaluates a formation constant for each solution schemes have been made available in recent years allowing
where the concentration of educts and products are satisfyingto incorporate statistical analysis into complex data evalua-
the physical constraints and some statistical significance cri-tion procedure$20]. Threshold bootstrap is a self-adaptive
terion based on the Clifford’s multivariate methd@]. Such resampling scheme which requires the CAT procedure to be
preliminary statistical analysis avoids to include spurious data repeated a larger number of times, e.g., 1000—2000 repeti-
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Causes and type of measurement uncertainties considered by TB CAT

Cause

Contribution

Type of
contribution

Metal ion concentration

Ligand concentration

Spectrometer settings

Cuvette cells

Temperature
lonic strength

Purity of compound
Concentration of stock
solution
Accuracy/precision of
volumetric operations
Accuracy/precision of
balance

Purity of compound
Concentration of stock
solution
Accuracy/precision of
volumetric operations
Stability of solution
(e.g., photodegradation)
Accuracy/precision of
balance

Slit width
Averaging
Repeatability
Wavelengths stability
Scan speed/attenuation
Background noise

Path length
Difference sample
cell/blank cell
Colloidal effects
Stray light
Dust
Photodegradation

Bias
Random

Random
Random

Bias
Random

Random
Random
Random

Bias
Bias
Random
Random
Random
Random

Systematic
Systematic

Random
Systematic
Random
Random/
systematic
Random
Random

30
25

20 4 oy

15

probability density

10—- (@] (@]

lg B,

Fig. 3. A comparison of the probability densities of the quantitgslgfrom

2000 TB CAT cycles with mean values (circles with drop values) and normal
probability density estimates (dashed gaussian curves) for the 1:1 species
of Nd(I11) with ligandsT, II, III, andIV. In the single CAT runs, measure-
ment uncertainties were not included. The gaussian curves represent merely
the variability of calculated I1; within the 12 sample solutions. The TB
CAT derived probability densities include measurement uncertainties and
correlation effects (cfTable J).

tions. In each repetition, the spectra are contaminated withcussed previously9,10]. In both cases, no explanation of
some noise in a defined way, while the other input quanti- the spectral information on basis of a two species system was
ties, e.g., concentrations are modified randomly according possible.

to the above given relative uncertainties, and the analysis is

The pyridine 2,6 dicarboxylic acid ligand{) shows

repeated. From the formation constants evaluated in each ofa high charge density over the GENO-CQ-group with
the repetitions, the empirical distribution of the formation its doubly negative charge. Therefore, it may be argued

constants is evaluated. A result is showrrig. 3 where the

that its tendency to coordinate with formally singly charged

empirical distributions for the 1:1 model are contrasted with [Nd(dipyr 2,6 NO)J species is higher compared to ligadils
normal distributions representing the mean values and S.D.sandIlIl. In fact, an analysis by TB CAT gives three different
obtained from a single CAT run ifable 2
Fig. 3gives a justification for the TB CAT procedure. The system with two coordinated species. The distribution of the
single run mean values, indicatedfig. 3 by a circle with
a drop line, are mostly at the lower edge of the empirical NO)]* species and the [Nd(dipyr 26 N&J species, respec-
distribution as obtained by 2000 TB CAT cycles. Only by tively, are shown irFig. 4. The three different solutions will
including the S.D., a reasonable overlap of the both distribu- be termed A, B, and C, respectively.
tions evaluated for each species can be observed.
The discussion of results up to now assumes that thethe distribution (A.2) is continuously distributed between
solution chemistry can be reasonably described by the for-3<IgB12<8. A closer inspection of the evaluated single
mation of a 1:1 complex between Nd(lll) and the ligand. component spectra shows that both spectra are almost iden-
Are there other interpretations possible, which may describetical. The solutions B and C, however, look reasonable.
the solution behaviour more adequately? The propertiesSolution B has the median valuesdgs = 3.1 andB12=7.1.

of the systems holding ligandd and III have been dis-

acceptable parameter combinations resulting in a chemical

formation constants Ig11 and IgB12 for the [Nd(dipyr 2,6

Solution A produces two broad distributions, where

Solution C gives Ig811=3.6 and Ig812=5.4. While there is



G. Meinrath et al. / Journal of Alloys and Compounds 408—412 (2006) 962—-969 967

20 0.006 ——
i ——: mean value g
---- :.68percentile S
------- : .95 percentile /
: solution A 0.005 - '
15 B : solution B
1:1
: solution C 0.004
2 _
® —
@
8 §
10
2 S 1
) £ 0.003 —
3 =
g 5
3 2
o ©
c 1:1 8_ J
»
5] Cia < 0.002
d(dipyr
0.001
! [Nd(dipyr 26 NO),T"
Ig B1n i —-‘—':_:—:-:—:_ :_ -
0.000 - == EEY
] ] - . » 0.000 0.002 0.004 0.006 0.008
Fig. 4. Comparison of probability densities for the quantitiegilgand
lg B12 of the Nd(Ill) interaction witH V. Three different numerical solutions [dipyr 26 NO],_,.,/ [mol dm™]
were found to interpret the spectral data. Only solution C is acceptable under
physically and chemical aspects. Fig. 5. Speciation diagram of Nd(lIl) with ligar including 68 and 95%
. . confidence limits for the species Rid Nd(dipyr 26 NOY, Nd(dipyr 26
no reason to assume a stepwise formation constafblg NO),~, and (dipyr 26 NO) free as a function of the total (dipyr 26 NO) con-
centration. The lines indicate ligand concentrations where spectra have been
|g Ki2 = |g B12 — |g B11 (2) recorded. The species concentrations are obtained from 64 LHS cycles by the

. . . probabilistic speciation code LJUNGSKILE on basis of formation quotients
to be larger tha_n @11 in case of solution B, the forma_tlon of solution C (cf.Fig. 4). The diagram shows that predicted concentrations
constants obtained for solution C look reasonable. With the of the 1.2 species Nd(dipyr 26 N@) are rather low even at the highest total

intention to visualise the solution composition, a speciation ligand concentration and insignificant compared to the uncertainties.
diagram calculated on basis of the formation constants for

solution C is given inFig. 5. Because a mere mean value empirical distributionfFig. 5shows the median (solid lines),
based speciation would fail to transport the limitations in the 0.68 percentile (dashed lines), and the 0.95 percentiles
the interpretation of the system, the speciation diagram in (dotted lines) for each species.

Fig. 5is calculated with the probabilistic speciation code From aninspection dfig. 5itbecomes evident that a study
LIJUNGSKILE [21]. LJUNGSKILE uses Latin hypercube  of solutions with higher ligand concentrations might not nec-
sampling (LHS) schemes to evaluate the impact of uncertain- essarily improve the information to be extracted from the data
ties in modelling parameters on the model output. The forma- set. Due to the mutual correlation in the spectral information
tion quotients applied in the calculation aresig = 3.6+ 0.3 [10,12] the uncertainty range increases with increasing lig-
and IgB12=5.5+0.3. These values were derived from a and concentration, while the concentration of the Nd(dipyr
Kolmogorov—Smirnov analysis of the empirical cumulative 26 NO) ™ is increasing only slightly. Despite the fact that
distributions. Kolmogorov—Smirnov test gave a probability Fig. 5is derived on basis of data obtained under the assump-
below 0.1% that the empirical distribution curves are nor- tion that a 1:2 species exists, the concentration of this species

mally distributed. are not significant on the 95% confidence level because the
Fig. 5is derived from 64 runs at each interval. Ligand lower 0.95 percentile limit is always below zero. Hence, evi-
concentration intervals are 0.0003 mold Total Nd(lIl) dence for the presence of a 1:2 complex may be accepted

concentration is 0.005mol dm. The abscissa axis is the on the 68% level but not on the 95% confidence level. The
total ligand concentration, while the solution specie$Nd  presence of a 1:2 complex seems the more doubtful when
Nd(dipyr 26 NOY, Nd(dipyr 26 NO»~, and (dipyr 26 NO}~ comparing the formation constantgg; with those obtained
are given in the graph. From the 64 LHS runs an empiri- for the 1:1 species of ligands II, andIII. For the latter

cal distribution curve is evaluated at each interval. Form this complexes Ig811 is of the order 2.3-2.7. For ligark¥, the
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respective value is about one order of magnitude higher if thethan the predicted total concentration of the 1:2 species.
spectral data is interpreted by two coordinated species. Hence, no claim is made that the 1:2 species does not exist.
The resolution power of the experimental method is not high
enough to provide clear evidence to support claims for its
existence.

Each operation in the preparation of the Nd stock solu-
The data evaluation allows to state with some confidence tion, e.g., dissolving the solid N®3, weighing, preparing
that the NO group significantly enhances the affinity of the aliquots etc. introduces some deviation. It is probably that

respective ligands towards Nd(lIl) in aqueous solution. The the true Nd(lll) concentration is, say 0.0047 moldtnor
interaction offl with Nd(111) is significantly less than the inter- ~ 0.0054 moldm3. Any attempt to reproduce this study at
action ofIl. There is no indication that nicotinat&oxide () a different location and a different time will have to cope
or picolinate N-oxide might form a 1:2 species under the with the same measurement uncertainty. Limitations in the
conditions applied in this study. Therefore, the probability analytical methods are evident from measurement evalua-
distributions for ligandd andII in Fig. 4 reflect the ther-  tion programs of the EU, e.g23] and the key comparison
modynamic situation for the both systems. For the picolinate exercises of the BIPM, e.d24]. ISO’s Guide to the Expres-
N-oxide system, previous researchers speculated on the forsion of Uncertainty in Measurement (GUNB5] provides
mation of distinct five-member or six-member rings in the an internationally accepted convention for the evaluation of
coordination of picolinate and picolinadoxide to the lan- reasonable, meaningful and traceable uncertainty limits. This
thanide ions. Planar molecules were assumed and differencestudy provides an example for the application of the GUM
in the formation quotients were explained by different sta- concepts in the evaluation of complex chemical measure-
bilities in the different ring sizes. The ab initio calculations ments and the interpretation of the obtained numerical data
performed in this study indicate an additional option. Because by probabilistic decision tools like the LJUNGSKILE code

4. Conclusions

the carboxylate group may rotate freely, it will be repulsed [26].

by the negatively polariset¥-oxide group. The calculated
dihedral angle between the plane of the pyridine ring and
the carboxyl group in an aqueous solvent is 91There is
only one single crystal structure of a lanthanide picolinic acid
N-oxide compound, 6-methylpicolinic acMtoxide with lan-
thanum(lI1)[22] where unfortunately dihedral angles are not
given. The graphical display of the molecular structure, how-
ever, indicates that the carboxyl group is not in plane with the
methylated pyridine ring, too.

Abinitio calculations in combination with a polarised con-
tinuum model for the ligand molecules in aqueous solution
have provided helpful insight into the trends in the electro-
static behaviour. These calculations should be considered in
that way: indicating trends. There is no claim that the calcu-
lations performed during this study are of highest accuracy.
While the absolute values should be treated with cautions

and the formation quotients.

The analysis of the Nd(lll) dipyr 26 NAIV) interaction
revealed some faint evidence for formation of a 1:2 species.
TB CAT is designed to test alternative models. From the three
different possible numerical solutions for such a model, only
one was found to be of relevance. The probabilistic specia-
tion code LJUNGSKILE was applied to simulate the likely
composition of the sample solutions under these model con-
straints. The concentrations of a 1:2 species were found at
the limits given the applied analytical and numerical tools.
Extending the experimental range to higher ligand concentra-
tions was found unlikely to produce clearer evidence. Hence,
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