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ABSTRACT: Stability constants of two DTPA (diethylenetriaminepentaacetic acid) com-
plexes with lanthanides (ML>~ and MHL ", where M stands for Nd and Eu and L stands for EuH(DTPAY
diethylenetriaminepentaacetate) at 10, 25, 40, S5, and 70 °C were determined by potentio- L §
metry, absorption spectrophotometry, and luminescence spectroscopy. The enthalpies of

B o g v
complexation at 25 °C were determined by microcalorimetry. Thermodynamic data show that o
the complexation of Nd®>" and Eu®" with DTPA is weakened at higher temperatures, a 10-fold 23F _ 2
decrease in the stability constants of ML*~ and MHL ™ as the temperature is increased from 10 i

logp

to 70 °C. The effect of temperature is consistent with the exothermic enthalpy of complexation
directly measured by microcalorimetry. Results by luminescence spectroscopy and density
functional theory (DFT) calculations suggest that DTPA is octa-dentate in both the EuL*~ 2r
and EuHL™ complexes and, for the first time, the coordination mode in the EuHL ™ complex
was clarified by integration of the experimental data and DFT calculations. In the EuHL
complex, the Eu is coordinated by an octa-dentate H(DTPA) ligand and a water molecule, and
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the protonation occurs on the oxygen of a carboxylate group. E
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1. INTRODUCTION An(III) and Ln(III) under TALSPEAK conditions and those
predicted by thermodynamic models using the stability constants
of An(II)/Ln(1Il) complexes in the literature. For example, in
the regions of pCy (ie., —log[H+]) above ~3.5, the measured
distribution coefficients of An(III) and Ln(III) decrease while
the model predicted values increase as pCyy becomes higher.”*
To achieve accurate prediction and precise control of the
behavior of actinides and lanthanides in the TALSPEAK process,
itis necessary to determine the thermodynamic parameters of the
reactions in the TALSPEAK system, including the complexation
of lanthanides and actinides with lactic acid and diethylenetria-
minepentaacetic acid (DTPA), two complexants in the aqueous
phase that play essential roles in differentiating between the
actinides and lanthanides. The effect of operating conditions (e.g,,
temperature) on the complexation must be evaluated. There
have been a few studies on the complexation of lanthanides with
DTPA but only at or near 25 °C.>~® Thermodynamic data for the
complexation of An(IIl) and Ln(III) with DTPA are still very

With the strategy of partitioning and transmutation (P-T) in
the advanced nuclear fuel cycle, the long-lived trivalent actinides
(An(1I1)) are to be separated from the trivalent lanthanides
(Ln(II)) and transmuted to short-lived or stable isotopes in
nuclear reactors or accelerator-driven systems. The actinides
must be separated from the lanthanides prior to the transmuta-
tion, because some isotopes of lanthanides produced as a result
of **U fission could interfere with the neutron balance in the
transmutation process due to their high cross sections of neutron
absorption.

It is an extremely challenging task to separate An(III) from
Ln(III) because of their chemical similarities. A process, called
TALSPEAK (trivalent actinide lanthanide separations by phos-
phorus-reagent extraction from aqueous komplexes),"” has been
shown to be a promising option for achieving the An(III)/
Ln(III) separation. Effective separations of An(1Il) from Ln(III)
by TALSPEAK have been demonstrated in several pilot-scale
operations. However, the fundamental chemistry underlying the
separations remains unclear. For example, there are discrepancies Received:  January S, 2011
between the experimentally measured distribution coefficients of Published: March 04, 2011
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Figure 1. Potentiometric titrations of Nd(III)/DTPA and Eu(III)/DTPA complexation at 10 and 70 °C. I = 1.05 mol-kg ' NaClO,, V° =20.0 mL,
Ci’/Cp°/C° (in mmol - dm™>): 7.93/11.18/0 (upper left), 7.93/11.18/0 (lower left), 4.905/12.08/0 (upper right), 3.27/8.05/0 (lower right), titrant:
0.05 mol+-dm > NayH,DTPA. The left y-axis is for the percentages of Nd(III) or Eu(III) species; the right y-axis is for the pCyy values.

scarce at temperatures above 25 °C. Consequently, it is very
difficult to predict the behavior of actinides and lanthanides in the
TALSPEAK process if the “envelope” of operating conditions
(e.g, the temperature) changes. To help with the development of
advanced An(I1I)/Ln(III) separation processes, we have started
systematic studies on the thermodynamics of major reactions
involved in TALSPEAK, including the protonation of lactate and
DTPA,'® the complexation of lanthanides and actinides with
lactate,'" and DTPA at different temperatures. Thermodynamic,
spectroscopic, and computational techniques are used to reveal
the effect of temperature on the complexation and the coordina-
tion modes in the lanthanide complexes. This paper summarizes
the results on the complexation of lanthanides with DTPA.

2. EXPERIMENTAL SECTION

2.1. Chemicals. All chemicals were reagent grade or higher. Milli-Q
water was used in preparations of all solutions. Stock solutions of
Nd(III) perchlorate or Eu(III) perchlorate were prepared by dissolving
Nd,Oj5 or Eu,0; in perchloric acid (70%, Aldrich). The concentrations
of lanthanides and perchloric acid in the stock solutions were deter-
mined by ethylenediaminetetraacetic acid (EDTA) complexometry'>
and Gran’s titration,"® respectively. A stock solution of sodium diethy-
lenetriaminepentaacetate was prepared by dissolving weighted amounts
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of diethylenetriaminepentaacetic acid (Aldrich) in water and adding
calculated quantities of NaOH to neutralize some of the protonated
groups. The ionic strength of all working solutions was maintained at
1.0 mol-dm * (NaClOy,) at 25 °C. All the molar concentrations in this
paper are referred to 25 °C.

2.2. Potentiometry at Variable Temperatures. Potentio-
metric experiments were carried out at 10, 25, 40, 55, and 70 °C for
the complexation of Nd(III) and Eu(III) with DTPA using a variable-
temperature titration setup. A detailed description of the apparatus and
the procedures are provided elsewhere.'*' Electromotive force (EMF,
in millivolts) was measured with a Metrohm pH meter (Model 713)
equipped with a Ross combination pH electrode (Orion Model 8102).
The original electrode filling solution (3.0 M KCl) was replaced with
1.0 M NaCl to avoid clogging of the electrode frit septum due to the low
solubility of KCIO,. The EMF of the glass electrode in the acidic and
basic regions can be expressed by eqs 1 and 2.

E = E° +RT/F In[H'] + yy[H']

(1)

E = E° + RT/F In(Q,/[OH]) + ¥ [OH] (2)

where R is the gas constant, F is the Faraday constant, and T is the
temperature in K. Q,, = [H"][OH ™ ]. The last terms are the electrode
junction potential (AE;;; or AE;j o) for the hydrogen ion (eq 1) or
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Table 1. Thermodynamic Data on the Complexation of Nd(II1) and Eu(III) with DTPA at Different Temperatures (I = 1.0

mol-dm > NaClO,)*

reaction t, °C method log
Nd*™ + L¥= NdL>~ 10 pot 20.48 £ 0.05
sp 20.81 £ 0.12
25 pot,cal 19.97 & 0.06
sp 20.07 £ 0.11
21.62 + 0.02
40 pot 19.85 4 0.07
sp 19.87 & 0.15
55 pot 19.80 & 0.10
sp 19.85 & 0.15
70 pot 19.49 £ 0.11
sp 19.73 £ 0.14
N&** + H" 4+ L% = NdHL* 10 pot 22.80 £ 0.05
sp 2291 £ 0.14
25 pot,cal 22.20 & 0.04
sp 22.16 + 0.13
24.01
40 pot 21.99 %+ 0.05
sp 21.82 £ 0.14
55 pot 21.81 £ 0.08
sp 21.66 + 0.15
70 pot 21.68 £ 0.08
sp 21.55 £ 0.14
Eu’t + L= Eul®”~ 10 pot 21.31 £ 0.10
25 pot,cal 21.00 £ 0.08
lum 20.97 £ 0.19
22.39 £ 0.08
40 pot 20.80 + 0.16
55 pot 20.50 + 0.20
70 pot 20.33 £ 0.17
Eu*" + H" + L% = EuHL" 10 pot 23.58 &+ 0.11
25 pot,cal 2327 £0.11
lum 22.18 £+ 021
24.54
40 pot 23.08 £ 0.19
55 pot 22.60 £ 0.22
70 pot 2243 £0.19

log frm AH, kJ-mol " AS,J-K *-mol * ref
20.62 £ 0.06
20.00 + 0.06 —28.0 + 0.06 289
—26.9 + 0.06"
—30.0 312 5°
19.84 =+ 0.08
19.80 =+ 0.09
19.59 + 0.09
22.81 =+ 0.07
22.14 £ 0.07 —322 4 0.06 317
—33.1 4 0.06"
SC
21.86 £ 0.07
21.70 + 0.08
21.57 £ 0.08
21.29 £ 0.10
20.96 =+ 0.10 —33.6 4 0.06 290
—30.8 & 0.06"
-32 320 5
20.78 £ 0.16
20.48 £ 0.20
2031 £ 0.17
23.54 £ 0.11
23.18 +0.12 —37.3 £ 0.06 321
—36.7 £ 0.06"
&
23.04 + 0.19
22.56 £ 022
2239 4+ 00.19

“The values of logf,, for Nd(III)/DTPA complexes were calculated with eq 2 from the average of the two values obtained by potentiometry and
spectrophotometry. "Values of AH obtained by Van’t Hoff equation. “For I = 0.1 mol-dm™> KCIO,. Methods: pot, potentiometry; sp,

spectrophotometry; cal, calorimetry; lum, luminescence spectroscopy.

the hydroxide ion (eq 2), assumed to be proportional to the concentra-
tion of the hydrogen or hydroxide ions. In this work, the potentiometric
titrations were conducted in the acidic region (—log[H"] < §). There-
fore, the correction for the electrode junction potential of the hydroxide
ion was negligible. Prior to each titration, an acid/base titration with
standard perchloric acid and sodium hydroxide was performed to obtain
the electrode parameters of E° and yy;. These parameters allowed the
calculation of hydrogen ion concentrations from the EMF’s in the
subsequent titration.

In a typical titration, a solution (about 20 mL) containing appropriate
amounts of lanthanides (Nd(III) or Eu(III)) was titrated with a solution
of DTPA. The EMF data were collected at time intervals determined by
the data collection criterion, i.e., the drift of EMF (AE) was less than
0.1 mV for 180 s. Fifty to seventy data points were collected in each
titration. Multiple titrations were conducted at each temperature with

solutions of different concentrations of Cy’, C;°, and Cy;°. The stability
constants of Nd(III)/DTPA and Eu(III)/DTPA complexes on the
molarity scale were calculated with the program Hyperquad.'® To allow
comparison at different temperatures, the constants in molarity were
converted to the constants in molality according to eq 3."7

log,, Ky = log;, Ky + Zv,log,, ¥ (3)

where K, and Ky are the equilibrium constants of a reaction in molality
and molarity, respectively, ¥ is the ratio of the values of molality to molarity
for the specific ionic medium and equals 1.05 dm® of solution per kg of
water for 1.0 M NaClO, at 25 °C, and 2,v, is the sum of the stoichiometric
coefficients of the reaction (v, is positive for products and negative for
reactants) and is equal to —1 and —2 for the complexation reactions of
(M** + 1% =ML*") and (M*" + H" 4+ L*” = MHL ), respectively.
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Figure 2. Representative spectrophotometric titrations of Nd(II[)/DTPA complexation. I = 1.05 mol-kg ' NaClO,. (Upper figures) Normalized
absorption spectra of the titrations at 10 and 70 °C. Initial solution in cuvette: 2.75 mL, 0.055 mol - dm > Nd(Cl0,)3/0.0055 mol - dm > HCIO,; titrant:
0.233 mol-dm ™ * Na,HDTPA. (Lower figures) Calculated molar absorptivity of Nd** and Nd(III)/DTPA complexes.

2.3. Spectrophotometric Titrations at Variable Tempera-
tures. Absorption spectra of Nd(III) (550—600 nm, 0.1 nm interval)
were collected on a Varian Cary-6000i spectrophotometer equipped
with sample holders that were maintained at constant temperatures. Ten
mm quartz cells were used. Multiple titrations with different concentra-
tions of Nd(III) were performed. The initial concentrations of Nd(III)
in the cells were around 0.05 M. In each titration, appropriate aliquots of
the titrant (0.2 M DTPA) were added into the cell and mixed thoroughly
(for 1 to 2 min) before the spectrum was collected. The mixing time was
found to be sufficiently long for the complexation to be complete.
Usually 15—20 additions were made, generating a set of 15—20 spectra
in each titration. The stability constants of the Nd(IIl)/DTPA com-
plexes (on the molarity scale) were calculated by nonlinear least-squares
regression using the Hyperquad program.

2.4. Microcalorimetry at 25 °C. Calorimetric titrations were
conducted with an isothermal microcalorimeter (Model ITC 4200,
Calorimetry Sciences Corp.) at 25 °C. Procedures and results of the
calibration of the calorimeter were provided elsewhere.'*'®

Solutions of Nd(III) or Eu(III) (0.9 mL) were placed in the titration
vessel and titrated with DTPA. Multiple titrations with different con-
centrations of Nd(III) or Eu(Ill) were performed to reduce the
uncertainty. In a typical titration, n additions of the titrant were made
(usually n = 40—50), resulting in n experimental values of the total heat
generated in the titration vessel (Qeyj j = 1 to n). These values were

corrected for the heats of dilution of the titrant (Qg;) that were
determined in separate runs. The net reaction heat at the j-th point
(Q.;) was obtained from the difference: Q,,j = Quxj — Quu;- The value of
Q. is a function of the concentrations of the reactants (Cyy Cyyy and
Cprpa), the equilibrium constants, and the enthalpies of the reactions
that occurred in the titration. A least-squares minimization program,
Letagrop,'® was used to calculate the enthalpy of complexation of
Nd(III) or Eu(III) with DTPA.

2.5. Luminescence Spectroscopy. Luminescence emission
spectra and lifetime of Eu(IIl) in aqueous solutions ([Eu(III)] =
2 mM, [DTPA] = 0—3.3 mM) were acquired on a HORIBA Jobin
Yvon IBH FluoroLog-3 fluorometer adapted for time-resolved mea-
surements. Ten mm quartz cells were used. A submicrosecond Xenon
flash lamp (Jobin Yvon, S000XeF) was the light source, and it was
coupled to a double grating excitation monochromator for spectral
selection. The input pulse energy (100 nF discharge capacitance) was
about 50 mJ, and the optical pulse duration was less than 300 ns at
fwhm. A thermoelectrically cooled single photon detection module
(HORIBA Jobin Yvon IBH, TBX-04-D) that incorporates a fast rise
time PMT, a wide bandwidth preamplifier, and a picosecond constant
fraction discriminator was used as the detector. Signals were acquired
using an IBH Data Station Hub, and data were analyzed using the
commercially available DAS 6 decay analysis software package from
HORIBA Jobin Yvon IBH. The goodness of fit was assessed by
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minimizing the reduced function, %>, and visually inspecting the
weighted residuals. Each trace contained at least 10 000 points, and
the reported lifetime values resulted from at least three independent
measurements.

2.6. Density Functional Theory Calculations. To help identify
the coordination mode of DTPA in the protonated Eu(IIl) complex,
EuHL ™, density functional theory (DFT) calculations were carried out
to optimize the structures of EuHL ~ complexes. The calculations were
performed with the generalized gradient approximation exchange and
correlation functional®® using the NWChem program suite.”' In the
calculations, we used the Stuttgart RSC_1997_ECP effective core
potential and basis set for Eu, the Stuttgart RLC_ECP effective core
potential22 and basis set for C, N, and O, and the DZVP_(DFT_Orbital)
basis set for H in the Basis Set Library® of the Environmental Management
Sciences Laboratory (EMSL).

3. RESULTS

3.1. Stability Constants of Nd(Ill)/DTPA and Eu(lll)/DTPA
at Different Temperatures. The stability constants of Nd(11I)/
DTPA complexes at different temperatures were determined
with potentiometry and spectrophotometry, while those of Eu-
(II)/DTPA complexes were determined with potentiometry
and luminescence spectroscopy.

Nd(I)/DTPA and Eu(ll)/DTPA Complexes: Potentiometry.
Representative potentiometric titrations (at 10 and 70 °C,
respectively) for Nd(III)/DTPA and Eu(Ill)/ DTPA are shown
in Figure 1. The best fit of the data by the Hyperquad program
indicates that two monomeric Nd(III)/DTPA or Eu(IIl)/DTPA
complexes, ML and MHL, form during the titration. The
complexation reactions and equilibrium constants are repre-
sented by reactions 4 and $,

M3+ + LS— — MLZ—

P = ML*7]/ (ML) (4)
M3t +H" + 1% = MHL
P = [MHL™]/(M*][HT][L*]) (5)

where M " stands for Nd®>" or Eu®>" and L>~ stands for the fully
deprotonated DTPA. The stability constants on the molarity
scale at different temperatures were calculated by Hyperquad and
are listed Table 1.

Nd(1l)/DTPA Complexes: Spectrophotometry. Figure 2 shows
the absorption spectra of two representative titrations for Nd-
(1I1) /DTPA complexation at 10 and 70 °C. The absorption band
around 575 nm corresponds to the hypersensitive 419 i *Gs /2
*G,/, transition of Nd(III) that is sensitive to the coordination
environment.”*”*” At each temperature, significant changes in
the absorption spectra were observed as the concentration of
DTPA was increased. In particular, the absorption in the region
of 580—590 nm was greatly intensified and sharp branches of the
band appeared (Figure 2). Analysis by the Hyperquad program
indicated that there are three absorbing species of Nd(III) and
the spectra were best-fitted with the formation of two Nd(III)/
DTPA complexes, NdL*~ and NdHL ", described by reactions 4
and S, respectively. The molar absorptivities of free Nd>™,
NdL*~, and NdHL ™ at 10 and 70 °C calculated by Hyperquad
are depicted in the lower part of Figure 2. The spectra and
absorptivities at other temperatures are not shown, but the trends
in the spectra features are similar at each temperature. The

0.5
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=
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575 B25
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Figure 3. Normalized luminescence emission spectra (upper) and
deconvoluted luminescence spectra for Eu(Ill) species (lower). t =
25°C,I=1.00mol-dm > NaClO,. V° =2.50 mL, C;;° = 1.3 mmol - dm >,
Cr. = 8.05 mmol-dm™3; titrant: 50 mmol-dm > Na;H,DTPA;
excitation wavelength: 394 nm.

stability constants of NdL>~ and NdHL ™~ determined by spectro-
photometry are in excellent agreement with those determined by
potentiometry, as shown in Table 1.

Eu(ll)/DTPA Complexes: Luminescence Spectroscopy. The
luminescence emission spectra of Eu(III)/DTPA solutions at
25 °C are shown in Figure 3. The spectra contains features
originating from electronic transitions from the lowest excited
state, *Dy, to the ground state manifold, 7FJ (J=0,1,2,3,...). As
the concentration of DTPA was increased from 0 to 3.3 mM, the
intensities of all luminescence bands increased significantly. The
emission spectra were analyzed with Hyperquad, in the same way
as in the processing of the absorption spectra for Nd(III) /DTPA,
to obtain the stability constants of the Eu(III)/DTPA comzplexes.
As compared in Table 1, the stability constants of EuL” and
EuHL ™ at 25 °C obtained by luminescence are in excellent
agreement with those by potentiometry.

3.2. Enthalpy of Complexation for Nd(Ill)/DTPA and Eu-
(I/DTPA Complexes. Figure 4 shows representative calori-
metric titrations. Using the data from multiple titrations with
different reagent concentrations in conjunction with the
stability constants obtained by potentiometry and spectro-
photometry, the enthalpies of complexation at 25 °C were
calculated. The enthalpy values, as well as the entropies of com-
plexation accordingly calculated, are summarized in Table 1.
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Figure 4. Calorimetric titrations of Nd(III)/DTPA (left) and Eu(III)/DTPA (right) complexation, t = 25 °C, I = 1.00 mol-dm > NaClO,. V° =
0.900 mL; titrant: 0.05 M Na3H,DTPA in 1 M NaClO,. Initial concentrations (Cy;’/Cy,” in mmol-dm>): 4.4/6.2 (left); 3.6/8.9 (right). The upper

figures are the thermograms of the titrations.
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Figure 5. Van't Hoff plot of the stability constants of Nd(III)/DTPA
(left) and Eu(III)/DTPA (right) complexes. I = 1.05 mol-kg71 NaClO,.
(®0) ML, (AA) MHL where M stands for Nd or Eu and L stands for
DTPA. Solid symbols, data from potentiometry; open symbols, data from
absorption spectroscopy (for Nd) or luminescence spectroscopy (for Eu).
Solid lines represent the linear fits weighted by uncertainty; dashed lines
represent the upper and lower limits of a confidence band at the 95% level.

In comparison, the stability constants of Nd(III)/DTPA and
Eu(II)/DTPA at different temperatures are plotted as functions

3092

of 1/T (Figure S). The linear correlations between log f and 1/T
suggest that the effect of temperature on the complexation could
be approximately described with the constant enthalpy approach
in the temperature range of 10—70 °C. From the slopes of the
linear fits, the enthalpies of complexation (in kJ-mol ') for
reactions 4 and S were calculated to be —26.9 (NdL*™), —30.8
(EuL”"), —33.1(NdHL "), and —36.7 (EuHL "), respectively.
These values compare well with those directly determined by
microcalorimetry (Table 1).

3.3. Luminescence Lifetime of Eu(lll)/DTPA Solutions.
Figure 6 shows the luminescence decay of Eu(IIl)/DTPA
solutions at 25 °C. It is evident that, as the concentration of
DTPA is increased (from Spectra 1 to 17), the luminescence
lifetime becomes longer. Single exponential functions were used
to fit the data to obtain the luminescence lifetimes (7), and the
data are shown in Table 2.

4. DISCUSSION

4.1. Hydration Number of Eu(lll) Species. It is known that
the quenching of the luminescence of Eu(Ill) in aqueous
solutions is due to the efficient energy transfer from the excited
state (°Dy) of Eu(III) to the O—H vibration of the coordinated
water molecules. Therefore, there is a correlation between the
luminescence lifetime and the hydration number of Eu(III) in the

dx.doi.org/10.1021/ic200025s |Inorg. Chem. 2011, 50, 3087-3096
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Figure 6. Luminescence decay of Eu(III)/DTPA solutions, same experimental conditions as for Figure 3. From Spectra 1 to 17, the ratio of Cprpa/Cgy

increases from 0 to 3.

Table 2. Luminescence Lifetime and the Average Hydration Number of Eu(III) in Eu(II1)/DTPA Solutions (Cg, = 5—8
mmol-dm >, I = 1.0 mol-dm > NaClO,, 4., = 394 nm, 4., = 615—620 nm)

% Eu species

NH20,cal

C/Chi  Tep S Moy (£0.5)  Eu’’  Eul’”  Eu(HL)”  assuming Eu(HL)-3H,0  assuming Eu(HL)-1.5H,0  assuming Eu(HL)-H,O

1.118 560.0 133 2.8 34.7 62.6
1.304 601.0 1.20 0.5 41.6 57.9
1.491 616.0 11§ 0.1 49.5 50.4
1.677 626.0 113 0 57.4 42.5
1.863 629.0 112 0 64.6 354
2.050 633.0 111 0 70.8 29.2
2.236 633.0 111 0 76.1 23.9
2422 635.0 1.10 0 80.6 19.4
2.609 638.0 1.10 0 84.4 15.6
2.795 639.0 1.09 0 87.6 124
2.981 638.4 1.09 0 90.3 9.7

2.47 1.53 122
2.20 133 1.04
2.02 1.26 1.01
1.85 121 1.00
171 1.18 1.00
1.58 L1S 1.00
148 112 1.00
1.39 1.10 1.00
131 1.08 1.00
125 1.06 1.00
119 1.0S 1.00

(c)

Figure 7. Optimized structures of the octa-dentate Eu(DTPA)>~ complex (a), the protonated Eu(HDTPA) ™~ complex where the protonation occurs
on the amine nitrogen (b), and the protonated Eu(HDTPA) ™~ complex where the protonation occurs on the carboxylate oxygen (c). Black, Eu; red,
oxygen; blue, nitrogen; gray, carbon; white, hydrogen. The position of protonation is indicated with a dashed circle. The energy of structure (b) is higher

than that of the structure (c) by about 0.62 €V.

inner coordination sphere.”® Using the lifetime data from this
work (Table 2) and the previously established linear correlation
between the luminescence lifetime and the hydration number of
Eu(III) (nypp0 = 1.05 X 7 ' — 0.7, where Tis in mﬂlisecondszg),

the hydration number per Eu(III) in the solution, NE20,expy WAS
determined (Table 2). The gradual decrease in the hydration
number per Eu(III) with the increase in the concentration of
DTPA, as shown in Table 2, indicates that the water molecules in
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the inner coordination sphere of Eu’" is gradually replaced
by DTPA.

4.2. Coordination Modes in the Eu(lll)/DTPA Complexes.
The values of 115150 exp represent the average hydration number of
all Eu(III) species in solution, including free Eu®", EuL>", and
EuHL . Of these species, the free Eu’®" is known to have 9 water
molecules in the inner coordination sphere (ny,0 = 9).2%3° The
1:1 Eu(1II)/DTPA complex, EuL>", has been shown to be an
octa-dentate chelate complex in which the DTPA coordinates to
Eu(1Il) with five carboxylate oxygen atoms and three amine
nitrogen atoms, leaving one position for a water molecule (ny1,0 =
1).3°7** In contrast, the hydration number in the protonated
Eu(Ill)/DTPA complex, EuHL ~, remains uncertain. A hexa-
dentate chelate complex for LaHL ™ or YbHL ", implying nyj;0 =
3, has previously been suggested but not substantiated with
experimental evidence.”> The luminescence lifetime data in
conjunction with the DFT calculations in this work, as discussed
below, could help to clarify the coordination mode and hydration
number of the protonated Eu(III)/DTPA complex.

Geometry optimization of the structures of EuL*” and
EuHL™ complexes (where L stands for DTPA) were performed
with DFT calculations. The optimized structures and the bond
lengths are shown in Figure 7 and Table 3, respectively. The

Table 3. Calculated Eu—N and Eu—O Bond Lengths (A) in
the Eu(II1)/DTPA Complexes

structure of EuL®~ (Figure 7a) is optimized from the crystal-
lographic data for this complex in the literature without the
counterions.>* Using the optimized structure of EuL®™ as a
starting point, the structures of EuHL ™~ were further optimized
by placing the proton on either the nitrogen of one amine group
(Figure 7b) or the oxygen of one carboxylate group (Figure 7c).

In the structure of EuL>~, the DTPA ligand is octa-dentate
with five oxygen atoms from the carboxylate groups and three
nitrogen atoms from the amine groups coordinating to Eu(III).
One water molecule is in the inner coordination sphere of
Eu(III), satisfying the total coordination number of 9 (Figure 7a).
The oxygen atoms from the carboxylate groups and water are
considerably closer to the central Eu atom (Rg,,—o = 2.365 to 2.673
A) than the nitrogen atoms from the amine groups (Rg,—x = 2.761
to 2.893 A).

In the optimized structure of EuHL ~ with the proton on the
nitrogen of one amine group (Figure 7b), the nitrogen atom
moves away from the Eu atom with Rg,_n; = 4.129 A. This is
understandable because the basicity of this amine group would be
greatly reduced upon protonation and amine coordination to
Eu(III) becomes impossible. Therefore, the EuHL ™~ complex can
be described essentially as being hepta-dentate with DTPA. The
hydration number of the hepta-dentate EuHL  complex could
remain to be n135,0 = 1, because the Eu(I1l) is well-“enveloped” by
the DTPA ligand and is not readily accessed by additional water
molecules.

If the protonation occurs on the oxygen of one carboxylate

EuH(DTPA) EuH(DTPA) . . .
_, . ‘( ) . ( ) group (Figure 7c), considerable changes in some of the Eu—O
Eu_DTPA “”t%l HonN WIﬂ_j HonO and Eu—N distances are observed in the optimized structure of
(Figure 7a) (Figure 7b) (Figure 7c) EuHL . Most notably, the Eu—01 and Eu—N1 distances become
Eu—N1 2.893 4.129 3.042 longer (REu*OI from 2.365 to 2.616 A, REu*Nl from 2.893 to
Eu—N3 2761 2917 2709 3'.047%) , irclldicating signi:'ﬁ:aﬁt wea_kening of these t‘\izlv(;‘1 coordina-
Eu—N3 2.873 2747 2734 tion bon s.‘Howeve.r, t r.ee nitrogen atoms an ‘ ve or.zyge.n
atoms remain coordinated with Eu, and the DTPA ligand is still
Eu—01 2.365 2435 2.616 . - . .
octa-dentate in the EuHL ~ complex, with the hydration number
Eu—02 2.435 2.357 2.382 _
N0 = 1. _
Eu—03 2:402 2.381 2370 Besides optimizing the structures of the EuHL complex,
Eu—04 2.505 2401 2402 DFT calculations in this work also show that the energy of the
Eu—0s 2.448 2.389 2.403 EuHL  complex with the proton on the amine nitrogen
Eu—06 2.673 2.530 2.550 (Figure 7b) is higher than that of the EuHL  complex with
3.0
25 I Calculated by assuming
| Eu(HDTPA):3.0H,0
20
Q -
:%
15 1 Exp. observed
- A\A—;
10 [a) & (=) a3 [y (A3 gA
R Calculated by assuming /
Eu(HDTPA)+1.0H,0
05 -
( | 1 | ! | {
1.0 15 2.0 25 3.0
Coren/Ceu

Figure 8. Comparison between the average hydration number determined by luminescence decay, t120,expy and the average hydration number

calculated from speciation, #1150 cal-
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the proton on the carboxylate oxygen (Figure 7c) by about 0.62
eV. Thus the latter, in which an octa-dentate ligand (DTPA) and
awater molecule coordinating with Eu(III), is the more probable
structure of the EuHL ™~ complex.

When it was assumed that the EuHL ~ complex has a hydration
number of 1.0 as the DFT calculation shows or 3.0 as a previous
study®” suggests, the average hydration number of Eu(III) in the
Eu(III)/DTPA solutions could be obtained by a speciation
calculation using the stability constants from this work. The
speciation of Eu(Ill) and the calculated n1y0c. are shown
in Table 2. The values of nyy;0,cq are compared with those of
Ni20,exp determined by luminescence decay in Figure 8. It is
evident that the experimental data do not support the formation
of ahexa-dentate EuHL ™ complex with #1150 = 3 suggested in the
literature.>® The assumption of a EuHL ~ complex with nyg,0 = 1,
based on the results of DFT calculations, provides reasonably
good agreement with the experimental data.

An anonymous reviewer made an interesting point by assum-
ing that the protonation of the carboxylate group in the EuHL
complex may lead to the dissociation of the Eu—O1 bond and the
steric hindrance in the bulky complex system may prevent a facile
rehydration of Eu, leaving the hydration number of Eu in the
complex unchanged (n5150 = 1). This assumption also seems to
agree with the luminescence lifetime data. However, the experi-
mentally observed structure of Eu(DTPA)>~ (Figure 7a) and the
DFT optimized structure of EuH(DTPA) ™~ (Figures 7c) indicate
that the steric hindrance around the dissociated Eu would be low
and the hydration number of the Eu in such a “dissociated-
protonated” EuHL ™ complex would be most likely to become 2,
inconsistent with the luminescence lifetime data. Therefore, we
still think that the structure shown in Fgiure 7c reasonably
depicts the EuHL ™ complex.

5. SUMMARY

Thermodynamic data show that, in the temperature range
from 10 to 70 °C, the trivalent lanthanides (Nd** and Eu®")
form two complexes with DTPA, ML*~, and MHL ™~ where L
denotes the fully deprotonated DTPA. The complexation is
exothermic and becomes weaker as the temperature is increased.
For the first time, integration of the experimental data from
luminescence spectroscopy and the results of DFT calculations
has led to the conclusion that the DTPA ligand in the MHL
complex is probably octa-dentate with one protonated carbox-
ylate group and one water molecule in the inner coordination
sphere.

B ASSOCIATED CONTENT

© Ssupporting Information. A diagram of speciation of
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