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’ INTRODUCTION

The knowledge of stability constants and thermodynamic data
of metal�organic complexes is crucial for both the assessment
and the potential attenuation of metal toxicity in the environ-
ment. It has gained importance in (radio)ecology of contami-
nated soils and aquatic systems for thermodynamic modeling of
heavy metal and radionuclide migration as well as for novel
remediation techniques.1�8 Here, we derived thermodynamic
parameters for the complexation of Eu3þ with pyromellitic acid
(1,2,4,5-benzenetetracarboxylic acid, BTC) using both time-
resolved laser-induced fluorescence spectroscopy (TRLFS) and
isothermal titration calorimetry (ITC) at multiple temperatures.
BTC mimics the structural arrangement of carboxylates in
polyphenols and serves as a model compound for the binding
of heavy metals to humic acids.9,10 The latter are ubiquitous in
natural waters and soils, where they affect migration of heavy
metal ions through complexation.1�3,11 The formation of

aggregates is typical of humic acids10 and prevails in pyromellitic
acid and related compounds12�14 emphasizing their suitability as
model compounds also with respect to this environmentally
important but little investigated property. Usually, TRLFS
measurements of Eu3þ with humic substances provide only little
information; typically a strong quench effect due to the high
amount of chromophoric groups in the organic matter is
observed.15,16 Jain et al. could observe only the formation of
outer-sphere complexes and found some hints of an inner-sphere
complex.9 These experimental results demonstrate the restric-
tions of TRLFS in addressing the nature of Eu humate interac-
tions and underline the importance of the investigation of model
complexes from which detailed information can be obtained on a
molecular level under more favorable experimental conditions.
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ABSTRACT:Thermodynamic parameters for the complexation of Eu3þwith
pyromellitic acid (1,2,4,5-benzenetetracarboxylic acid, BTC) as a model
system for polymerizable metal-complexing humic acids were determined
using temperature-dependent time-resolved laser-induced fluorescence spec-
troscopy (TRLFS) and isothermal titration calorimetry (ITC). At low metal
and ligand concentrations (<50 μM Eu3þ, <1 mM BTC), a 1:1 monomeric
Eu�BTC complex was identified in the range of 25�60 �C. At elevated
concentrations (>500 μM Eu3þ and BTC) a temperature-dependent polym-
erization was observed, where BTC monomers are linked via coordinating
shared Eu3þ ions. The two methods lead to comparable thermodynamic data
(ΔH = 18.5( 1.5/16.5( 0.1 kJ mol�1;ΔS = 152( 5/130( 5 J mol�1 K�1;
TRLFS/ITC) in the absence of polymerization. With the onset of polymer-
ization, TRLFS reveals the water coordination number of the lanthanide,
whereas calorimetry is superior in determining the thermodynamic data in this regime. Evaluating the heat uptake kinetics, the
monomer and polymer formation steps could be separated by “time-resolved” ITC, revealing almost identical binding enthalpies for
the sequential reactions. Structural features of the complexes were studied by Fourier-transform infrared (FTIR) spectroscopy in
combination with density functional theory (DFT) calculations showing predominantly chelating coordination with two
carboxylate groups in the monomeric complex and monodentate binding of a single carboxylate group in the polymeric complex
of the polycarboxylate with Eu3þ. The data show that pyromellitic acid is a suitable model for the study of metal-mediated
polymerization as a crucial factor in determining the effect of humic acids on the mobility of heavy metals in the environment.
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Eu3þ serves as a model for trivalent lanthanides and actinides.
Binding constants are conveniently derived from spectroscopic
data following the evolution of characteristic electronic transi-
tions as a function of complex formation. However, deduction of
ΔH andΔS of binding requires determination of the temperature
dependence of the binding constant. This limits the applicability
of spectroscopy when additional states become populated at
elevated temperatures, and spectroscopy may not be applicable
at all when scattering accompanies the thermally activated build
up of polymeric complexes. Metal-mediated aggregate forma-
tion, however, is of salient importance for environmental toxicity,
because it strongly affects bioavailability. Previous spectroscopic
studies on Eu�BTC complexes have been restricted to condi-
tions which prevent polymerization, i.e., low complex concentra-
tions and ambient temperatures,17 but studies of complex
formation at variable temperatures are essential because the
chemical speciation and metal mobility in soils strongly depend
on varying environmental conditions.4,18,19

Here, we extend previous TRLFS and calorimetric studies on
the Eu�BTC complex17,20 to elevated temperatures and con-
centrations. We identify the limits within which thermodynamic
parameters derived from temperature-dependent TRLFS are
consistent with the direct measurement of reaction heats by
ITC. Beyond these limits, TRLFS fails to describe binding
equilibria but retains its predictive power with respect to
coordination chemistry. However, the separation of the thermo-
dynamic parameters of Eu�BTC complex formation and the
subsequent polymerization under environmentally more realistic
conditions can only be achieved by ITC. In addition to the
determination of the number of water coordination sites around
Eu3þ by TRLFS, the type of carboxyl interactions was investi-
gated by Fourier-transform infrared (FTIR) spectroscopy in
combination with density functional theory (DFT) calculations.
The IR data reveal a heterogeneous origin of the prevalent
monodentate coordination of Eu3þ in the polymerized com-
plexes. The data provide a comprehensive picture of the structure
and thermodynamics of the Eu�BTC complex which represents
a realistic model system for environmentally relevant Ln3þ and
An3þ complexes with humic substances.

’EXPERIMENTAL SECTION

Solutions and Reagents. Eu2O3, EuCl3 3 6H2O, and pyromellitic
acid were purchased from Aldrich and used without further purification.
The ionic strength was kept constant for all experiments at 0.1 M by
adding stock solutions from NaClO4 3H2O or NaCl (Merck, p.A.).
Necessary pH adjustments were carried out with 1, 0.1, or 0.01MNaOH
or HClO4 with an accuracy of 0.02 units; pH values were measured with
a BlueLine 16 pH electrode (Schott).
Potentiometric Titration. Samples were prepared in an inert gas

box (nitrogen) with carbonate-free deionized water. The measurements
were carried out at CO2-free conditions under a nitrogen atmosphere in
0.1MNaClO4 as an acid�base titration. Thirty milliliter samples of 0.01
M BTC (initial pH 2.0) were automatically titrated (736 GP Titrino/
TiNet 2.50, Metrohm) with 0.1 M NaOH (carbonate free, Titrisol,
Merck) at temperatures between 25 and 60 �C (see Table 1). Dynamic
titration was used with a minimum drift of 0.5 mV/min and a delay time
of at least 60 s at each point before measuring the pH with a Schott
BlueLine 11 pH combination electrode with a platinum diaphragm. The
electrode was calibrated for each experimental run with NBS standard
buffers (pH 4.008 and 6.865, Schott). Titrations were done in triplicate
between pH 2 and 7 at each temperature and analyzed using the program
HYPERQUAD2006.21

Isothermal Calorimetric Titration (ITC). ITC measurements
were done with a Microcal VP-ITC calorimeter (GE Healthcare,
Buckinghamshire, U.K.) at different temperatures (25, 40, and 60 �C).
A total of 56 aliquots (5 μL of 10 mM BTC in 0.1 M NaClO4, pH 5.7)
was injected in 1.412 mL of 1 mM EuCl3 (0.1 M NaClO4, pH 5.7) in 5
min intervals at 25 �C and in 27 min intervals at 40 and 60 �C to allow
completion of slow reactions at these temperatures. Where appropriate,
the measurements were corrected for the heat of dilution of the titrant,
determined in separate runs. Measurements were analyzed with the
associated software Origin 7.5.22

Time-Resolved Laser-Induced Fluorescence Spectrosco-
py (TRLFS). Luminescence spectra were recorded using a pulsed flash
lamp pumped Nd:YAG-OPO laser system from Continuum (Santa
Clara, CA) as described.23 Excitation was at 395 nm, and a constant time
window of 1 ms was used for all measurements. Static and time-
dependent luminescence spectra of Eu3þ were recorded at 565�650
(1200 line mm�1 grating, 0.2 nm resolution, 2000 accumulations) and
440�780 nm (300 line mm�1 grating, 0.7 nm resolution, 200 accumu-
lations), respectively. For time-resolved measurements, 41 spectra were
recorded with 15 μs separation. Spectrophotometric titrations were
done at least in triplicate starting with 30 μM Eu3þ in 0.1 M NaClO4 at
pH 5.0. Subsequent additions of aliquots of a 0.01MBTC stock solution
(0.1 M NaClO4, pH 5.0) covered BTC concentrations from 10 μM to
1 mM. At least 20 spectra each were measured in the 25�60 �C range
(see Table 2) using a stirred temperature-controlled cuvette holder
(Flash 300, Quantum Northwest, U.S.A.) and 30 min initial equilibra-
tion time and an additional 10 min after each injection of BTC at a given

Table 1. pKa Values and Thermodynamic Data of BTC (in
0.1 M NaClO4) at Varying Temperatures Determined by
Potentiometric Titration

pKa1 pKa2 pKa3 pKa4

25 �C 1.92 ( 0.03 2.77 ( 0.03 4.36 ( 0.02 5.35 ( 0.02

1.7020 2.6320 4.1820 5.2520

3.1234 4.9234 6.2334

30 �C 1.91 ( 0.02 2.86 ( 0.01 4.45 ( 0.01 5.43 ( 0.01

40 �C 2.05 ( 0.02 2.88 ( 0.01 4.48 ( 0.01 5.48 ( 0.01

50 �C 2.11 ( 0.01 2.88 ( 0.01 4.47 ( 0.01 5.51 ( 0.01

60 �C 2.13 ( 0.02 2.91 ( 0.02 4.50 ( 0.01 5.50 ( 0.02

ΔH (kJ mol�1) 13.2 ( 2.2 6.0 ( 2.2 6.0 ( 2.4 7.7 ( 2.3

13.0a20 6.8a20 1.3a20 4.5a20

6.6a34 3.3a34 6.7a34

ΔS (J mol�1 K 1) 81 ( 7 74 ( 7 104 ( 8 129 ( 8

76a20 73a20 84a20 116a20

82a34 106a34 142a34

a From calorimetry (25 �C).

Table 2. Complex Stability Constants at Varying Tempera-
ture for the Monomeric 1:1 Eu�BTC Complex (in 0.1 M
NaClO4) Determined by TRLFS

T/�C log β

25 4.70( 0.06

4.86( 0.03a20

30 4.75 ( 0.12

40 4.89( 0.07

50 4.97( 0.11

60 5.03( 0.06
a From potentiometric titration.
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temperature. Spectra were normalized to the peak area of the 5D0�7F1
transition. Stability constants of the Eu�BTC complexes were deter-
mined based on the decomposition of the static luminescence spectra
into spectral components assigned to free and complexed Eu3þ via factor
analysis using Specfit.24 For a predefined stoichiometry, the program
calculates the complex stability constants using the Levenberg�
Marquardt algorithm, a numerical solution to the problem ofminimizing
a nonlinear function with least-squares curve fitting. Consistency of
the stoichiometry is addressed experimentally by analyzing the linear
relation between the chemical potential difference of the free and
complexed Eu3þ versus that of free BTC (see Figure 3 and Results/
TRLFS section).

Time-resolved spectra were analyzed with Origin 7.522 using the
570�630 nm range (similar to the spectral range of static spectra) to
obtain the luminescence lifetimes τ. The number N of water molecules
in the Eu3þ coordination shell was calculated according to Kimura
et al.25 as

Nð ( 0:5Þ ¼ 1:07=τðmsÞ � 0:62 ð1Þ

Fourier-Transform infrared (FTIR) Spectroscopy. FTIR
spectra were recorded in aqueous phase using a Vector-22 spectrometer

(BRUKER, Karlsruhe, Germany) equipped with a diamond attenuated
total reflectance (ATR) unit (RESULTEC, Illerkirchberg, Germany).
The ligand was measured at pH 7.0 and 100 mM BTC. For the polymer
solution, 20 μL of 100 mM EuCl3 solution (pH 7.0) was mixed with
20 μL of a 100 mM BTC solution (pH 7.0), resulting in a final concentra-
tion of 50mMEu3þ and BTC each. Themixture precipitates rapidly and
was therefore measured as a suspension. The Eu�BTC monomeric
complex was measured at pH 5.0, 1 mM Eu3þ, 1 mM BTC, and 0.1 M
NaCl in a flow cell (volume 200 μL) with a constant flow rate of 200 μL/
min and the absorption difference calculated from the spectra of the
complex and the pure ligand. For every single spectra 4� 256 scans were
coadded. Spectral resolution was 2 cm�1. Water single-channel spectra
were used as a reference to calculate absorption spectra.
Density Functional Theory (DFT) Calculation. DFT calcula-

tions were performed using Gaussian 03.26 Geometries were optimized
in the aqueous phase at the B3LYP level using the CPCM solvation
model27 with UAHF radii.28 The large core effective core potential (LC-
ECP) as well as the corresponding basis set suggested by Dolg et al. was
used on Eu.29 For C, O, and H, all-electron valence triple-ζ basis set plus
polarization and diffuse functions have been used.30 The LC-ECP used
in this study is specifically designed for the trivalent Eu incorporating
six unpaired 4f electrons into the core potential, thereby enabling
“closed-shell” calculations on Eu3þ, which has the formal electronic

Figure 1. Heat uptake during Eu�BTC complex formation measured by isothermal titration calorimetry. (A) Complex formation upon injection of
BTC at 25 �C is characterized by fast transients of heat uptake (top) that are complete within less than 2 min (inset). The integrated heats (bottom) are
consistent with a 1:1 stoichiometry andΔH andΔS values of 16.5( 0.1 kJ mol�1 and 130( 5 J mol�1 K�1, respectively. (B) (Top) Complex formation
upon injection of BTC at 40 �C is characterized by a prolonged heat uptake (inset, open circles) which can be decomposed into a fast (inset, red) and
slow (inset, blue) component. The prolonged uptake becomes further pronounced with increasing temperature (filled squares, corresponding to 60 �C).
(Bottom) Corresponding to the fast and slow responses, the total integrated heats (black) can be reproduced from the sum of the fast (red) and slow
contributions (blue). The resulting curves are both consistent with a 1:1 stoichiometry.ΔH for the fast and slow reaction is 14.6( 0.4 and 16.3( 0.4 kJ
mol�1 K�1 with ΔS of 138 ( 4 and 160 ( 4 J mol�1 K�1, respectively. All experiments were carried out with an initial concentration of 1 mM Eu3þ.
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configuration of the septet spin state. This simplification is justified
because the 4f orbital is strongly contracted, shielded by valence orbitals,
and does not participate in the chemical bond between Eu3þ and the
ligand. The final geometries were confirmed to be the energy minimum
through vibrational frequency analysis where no imaginary frequency
was found to be present. The vibrational spectra were fitted with the half-
width of 8 cm�1 at half-height using the calculated harmonic frequencies
and IR intensities.

The spin�orbit effect and multiconfigurational character of the
system were neglected. Both effects are expected to be important for
the accurate determination of the electronic energy levels of the Eu3þ

complex. Their contributions to the ground state geometry, however, are
small because 4f electrons are localized on the Eu atom in the ground
state and low-energy excited states and do not contribute to ligand
interactions. According to the recent study onCm3þ complexes,31 which
are analogous to the Eu3þ complexes, solvation energy is the most
critical factor for determination of geometries and vibrational frequen-
cies. The first coordination sphere around Eu was saturated with water
molecules fixing the coordination number to 8 or 9. The rest of the
solvation shells were also considered through the use of the CPCM
model. Since our focus is exclusively on geometry and vibrational
frequencies, the approach is sufficiently accurate and has been used by
others.32,33

’RESULTS

Potentiometric Titration. In addition to the proton dissocia-
tion constants of BTC at 25 �C20,34 those at higher temperatures
are required here for determination of complex stability under
polymerizing conditions, i.e., at elevated temperatures. Table 1
summarizes the dissociation constants for the pyromellitic acid at
25�60 �C. For 25 �C, our data are within the diverging range of
reported values.
From the temperature-dependent pKa values the enthalpy and

entropy of protonation can be derived from the van't Hoff
equation in a modified linear form

ln K ¼ �ΔH
R 3

1
T
þΔS

R
ð2Þ

The obtained data are listed in Table 1 and correlate well with
published calorimetric data at 25 �C.20,34
Isothermal Titration Calorimetry. Isothermal calorimetric

titration experiments were carried out at 25, 40, and 60 �C
(Figure 1). All ITC traces showed endothermic binding of BTC
to Eu3þ and the corresponding binding stoichiometries obtained
from single site fits where 1.0, 1.2, and 0.9, respectively. At 25 �C,
the reaction enthalpyΔH is 16.5 kJ mol�1 and the entropyΔS is
130 J mol�1 K�1 as derived from the ITC data in Figure 1A.
These numbers are in very good agreement with literature data20

(Table 3). The endothermic ITC response at 25 �C was

complete within less than 2 min (Figure 1A, inset). With rising
temperature, however, it became biphasic with a “tailing heat
uptake” resulting in an apparentΔH of 34.2 kJmol�1 (ΔS = 210 J
mol�1 K�1), i.e., close to twice the molar enthalpy observed at
25 �C (Figure 1B). This indicates that at higher temperatures an
additional reaction succeeds the fast binding event. Figure 1B
exemplifies the biphasic behavior at 40 �C by decomposing the
ITC signal into a fast component with similar kinetics as
measured at 25 �C and a slower phase that covers the extended
heat uptake observed at higher temperatures. The slow phase
becomes further pronounced at 60 �C (Figure 1B, inset). Instead
of the classical evaluation of the ITC curve using a single binding
reaction, it is thus reasonable to assess the reaction heat
separately in different time windows. It is indeed possible to
split the total heat uptake into the sum of the two isotherms
shown in Figure 1B (lower panel). With increasing amounts of
Eu3þ, the heat taken up in the early phase (i.e., within the first 30 s)
is successively reduced in relation to that absorbed over the
following time. This indicates that the binding reaction under-
lying the fast component saturates earlier than the ensuing
reaction. Remarkably, the integrated heats of the early and late
phase of the transient can be modeled with individual enthalpies
of 14.6 and 16.3 kJ mol�1 (with reaction entropies of 138 and
160 J mol�1 K�1, respectively, and a stoichiometry of 0.8�0.9).
These values are very close to those of the 1:1 binding reaction at
25 �C. Therefore, the data indicate that at temperatures above
40 �C, the slow heat release that follows formation of the
Eu�BTC 1:1 complex originates in an ensuing second Eu3þ-
coordinating interaction with thermodynamic parameters very
similar to those of the fast initial complex formation. In accor-
dance with the onset of visually observable precipitation at 40 �C,
the additional Eu3þ coordination appears to be crucial for the
formation of polymeric states. Remarkably, the ITC data demon-
strate that at 40 �C an overall 1:1 stoichiometry also holds for the
polymerized Eu�BTC complexes. This hints at a polymerization
process in which the previously bound Eu3þ ions in the
monomeric complexes are shared between BTC molecules,
rather thanmultimer formation by additional incorporation ofmetal
ions. Although consistent with the revealed stoichiometry, the struc-
tural implications of this second reaction step cannot be inferred
from calorimetry but become evident by comparison of time-
resolved laser-induced fluorescence spectra recorded under condi-
tions that either prevent or favor formation of polymerizing states.
Time-Resolved Laser-Induced Fluorescence Spectrosco-

py. To address structural differences in Eu coordination in a 1:1
stoichiometry realized either with a BTC monomer or within a
polymeric state, we applied time-resolved laser fluorescence of
the different Eu�BTC complexes. Figure 2A shows the spectro-
photometric titration of Eu3þ with BTC at 25 �C. With increas-
ing ligand concentration, a strong increase of the intensity of the
emission by the hypersensitive 5D0�7F2 transition at 615 nm is
observed. The appearance of the formally forbidden 5D0�7F0
transition at 579 nm indicates deformation of the first hydration
shell of the Eu3þ ion upon complexation. Irrespective of the BTC
concentration, the luminescence exhibits a monoexponential
decay despite the intrinsically different decay times for the fully
hydrated and coordinated Eu3þ ion. Due to a fast kinetic
equilibration at room temperature, the observed apparent life-
time is actually a mixture of the decay rates of the excited states of
both the uncomplexed and the complexed Eu species.35 At 25 �C,
the initial luminescence lifetime of 111( 4 μs, which is typical of
the Eu3þ(aq) ion,25,36�38 increases to a constant value of 135(

Table 3. Summary of the Thermodynamic Data for the 1:1
Eu�BTC Complex

T/�C ΔrH/kJ mol�1 ΔrS/J mol
�1 K�1 ΔrG/kJ mol

�1 method

25�60 18.5( 1.5 152( 5 �26.8 (25 �C)a TRLFS

25 17.0 ( 1.620 150( 120 �27.720 ITC20

25 16.5( 0.1b 130( 3 �22.2 ITC

40 34.2( 0.3b 210( 9 �31.5 ITC

60 46.9( 0.2b 247( 9 �35.4 ITC
aCalculatedwith the formulaΔrG=ΔrH� TΔrS.

bΔCp=0.9 kJmol
�1 K�1

was calculated from ΔH/ΔT.
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3 μs (averaged) with more than 60-fold excess of BTC. A similar
lifetime for the Eu�BTC system was measured by Wang et al.17

In contrast to the ITC traces, the measured luminescence life-
times did not depend on temperature between 25 and 60 �C (see
Table S1, Supporting Information) and the samples did not
exhibit precipitation, indicating that polymeric states are not
formed at the lower Eu3þ concentrations used in these TRLFS
experiments. The number of water molecules coordinating the
unbound Eu3þ ion is 9.0 ( 0.5 as derived from the related
luminescence lifetime at 25 �C and 9.2( 0.5 at 60 �C (τ = 109(
1 μs), whereas the prolonged luminescence lifetime of the
Eu�BTC complex agrees with the presence of 7.3 ( 0.5
(25 �C) to 7.5 ( 0.5 (60 �C, τ(av) = 130 ( 2 μs) water
molecules. Thus, 1�2 water molecules are replaced by the
carboxyl oxygens upon coordination by BTC. In a 1:1 Eu�BTC
complex, this would agree with the formation of either a
monodentate, a chelate or a bidentate complex of Eu with two
carboxyls (attached to the same BTC molecule) or with a single
carboxyl group, respectively. Comparable TRLFS data have been
obtained for the recently studied Am3þ�BTC 1:1 complex.39

The TRLFS measurements were carried out at more than 30-
fold lower Eu3þ concentration than the ITC experiments.
Thereby, the conditions allow deriving the binding enthalpy
and entropy from the temperature dependence of the spectro-
scopically determined binding constant unperturbed from scatter
artifacts which arise from polymerization at higher temperatures.
From the general formula of complex formation

Eu3þ þ nBTCx� a EuðBTCÞnð3 � nxÞþ ð3Þ
it follows that

logð½EuðBTCÞnð3 � nxÞþ�Þ=ð½Eu3þ�Þ ¼ n 3 log½BTCx�� þ log K

ð4Þ

withK being the association constant. The left side of eq 4 can be
obtained from the band shape analysis of the luminescence
spectra of the solvated Eu3þ ion and the complexed lanthanide
saturation with excess of BTC as basis spectra to deduce n and K
from the spectroscopic titration (see Experimental Section).
Figure 3 shows the linear relation expressed in eq 4 revealing a
stoichiometry of the Eu�BTC complex close to 1:1 at all
temperatures. This is in accordance with the literature.17,20

Formation of 2:1 (or even higher) Eu�BTC complexes is very
unlikely; those complexes have been reported only at very high
metal ion concentrations (10�2�1M) and at a high excess of the
metal ion over the ligand40,41 Also, formation of ML2 or ML3
complexes is very unlikely. It has not been observed until now for
lanthanides even with high ligand excess.17,20

The complex stability constants are summarized in Table 2.
The stability constant (log β) is 4.70, significantly higher than
those for benzenemono- (∼2), -di- (2�3), or -tricarboxylates
(3�4).17 This is in accordance with the higher basicity of the
ligand BTC (as reflected by the sum of the protonation con-
stants) and is expected for systems involving hard acid�hard
base interactions.20 The stability constant increases with tem-
perature in agreement with the endothermic reaction enthalpy.

Figure 2. Luminescence properties of Eu�BTC complexes. (A) Selected
emission spectra of the spectrophotometric titration of 30 μM Eu3þ with
BTC (25 �C, pH 5.0). (B) Luminescence of the precipitate forming at
1 mM Eu3þ and 1 mM BTC (40 �C, pH 5.7). (C) Luminescence decay
traces and corresponding lifetimes of Eu3þ(aq) (black), Eu�BTC aqueous
complex at 30 μm Eu3þ, 4.5 mM BTC, 25 �C, pH 5.0 (red), and the
Eu�BTC precipitate (composition like B) (blue).

Figure 3. Spectrophotometrically determined dependence of the
Eu�BTC:Eu3þ concentration ratio on the concentration of uncom-
plexed BTC at various temperatures at pH 5.0 according to eq 4,
resulting in the stoichiometric factor n (slope). Only one measurement
series per temperature was depicted.

Figure 4. van't Hoff plot of the Eu�BTC complex formation (from
TRLFS at 30μMEu3þ, 30μMto 1mMBTC, pH 5.0, I= 0.1MNaClO4,
25�60 �C).
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The linearity of the van't Hoff plot in Figure 4 further shows that
also the enthalpy of complex formation is virtually independent
of temperature (18.5 kJ mol�1) and together with the obtained
reaction entropy of 152 J mol�1 K�1 agrees with both published
data20 and the ITC results reported here (Table 3).
To prevent scattering, spectroscopic determination of the

binding constants required suppression of polymerization which
was achieved at Eu3þ concentrations below 50 μM. Above pH 7,
carbonate and hydroxide species became dominant as judged
from the Eu3þ luminescence spectra and lifetimes (data not
shown), and at Eu3þ concentrations above 500 μM equimolar
amounts of BTC added at neutral pH caused aggregation. At
40 �C and millimolar concentrations of both BTC and Eu3þ,
aggregates formed even at pH 5.7. Thus, the experimental regime
used for ITC cannot be applied for the TRLFS-based determina-
tion of binding constants. On the other hand, aggregated states of
metal-loaded humic acids are environmentally important as they
determine metal mobility. Therefore, the study of the Eu�BTC
model complex under aggregate-forming conditions allows ad-
dressing a salient property of the structurally more complex
humic acids. Although association constants for aggregate for-
mation cannot be deduced from TRLFS, spectral analysis of the
polymeric form is possible. Figure 2 compares the luminescence
spectra of aggregates formed at equimolar concentration (1mM)

of Eu3þ and BTC at pH 5.7, 40 �C with those of the soluble
complex. The 5D0�7F0 peak (578 nm) is less pronounced in the
aggregate, indicative of a more symmetrical structure than in
solution. We ascribe this to formation of multimeric states in
which the majority of Eu3þ ions is shared by two BTCmolecules.
Under these conditions, any 2 adjacent BTC molecules are
bridged by a shared Eu3þ ion. Thereby, a more symmetrical
(“bilateral”) coordination with 2 carboxyl oxygens from each
BTC molecule can be provided in a planar arrangement as
compared to the less symmetric (“unilateral”) coordination by
carboxyl oxygens in the monomeric complex. The lifetime of
Eu3þ luminescence in the multimeric state increases to 205 ( 3
(pH 7.0, 25 �C) and 315 ( 5 μs (pH 5.7, 40�60 �C),
respectively, corresponding to 4.5 ( 0.5 and 2.8 ( 0.5 coordi-
nating water molecules which implies the additional exchange of
2�4 water molecules upon polymerization of the monomeric
complex. The reduced coordination number for water under
polymerizing conditions fully confirms the structural interpreta-
tion of Eu3þ-bridged BTC polymers with sharing of the lantha-
nide between neighboring BTC molecules. Thereby, the
calorimetrically derived overall 1:1 stoichiometry also in the
polymeric state can be fully rationalized. Figure 5 symbolizes the
proposed polymeric structure and stoichiometry.
Vibrational Spectroscopy and DFT Analysis. In an attempt

to relate the most prominent experimentally determined vibra-
tional features to those derived from DFT calculations for
specific coordination modes, the structures of monomeric and
polymeric Eu�BTC complexes were assessed by FTIR spectros-
copy at room temperature and compared with DFT calculations.
It should be noted that the DFT calculations were used here to
assign IR bands to the most likely predominant coordination
modes, and only the 1:1 Eu�BTC complex has been calculated
by DFT. The structures and IR spectra of Eu�BTC complexes
were calculated with different coordination numbers (CN) of 8
and 9 and also with different coordination modes (monodentate,
bidentate, and chelate ring formation). The structures and
relative Gibbs energy including the solvation energy are shown
in Figure S1 in the Supporting Information. In both monoden-
tate and bidentate complexes, the CN 8 was found to be more
stable than the CN 9 by 44.6 and 33.1 kJ/mol, respectively, which
is a clear indication of CN 8 prevalence over CN 9. For the
chelate ring complex, the energy difference between CN 8 and
CN 9 is only 11.6 kJ/mol and thus too small to identify a unique
CN. It can also be seen in Figure S1, Supporting Information,
that the energy differences among the complexes with different
coordination modes and CN 8 are overall small. They all lie
within the energy difference of 5 kJ/mol and do not allow
identifying a predominant coordination mode on purely theore-
tical grounds. It will be shown, however, that the FTIR results in
combination with TRLFS data allow proposing the structural
model that is most consistent with both DFT and spectroscopy.
Figure 6 shows the experimental and theoretical IR spectra of

free BTC (Figure 6A) and BTC complexed with Eu3þ

(Figure 6B, monomer; Figure 6C, polymer). In DFT calcula-
tions, we calculated IR spectra of the complexes with three
different coordination modes (monodentate, bidentate, and
chelate) and two different CN (8 and 9) which are given in
Figure S2 in the Supporting Information. Structural conclusions
are based on the carboxylate vibrations as they are the most
sensitive to the coordination mode. The comparison of the data
of the free ligand (Figure 6A) shows that the relative positions
and intensities of the calculated vibrational bands are in good

Figure 5. Schematic description of the stepwise formation of the
Eu�BTC polymer demonstrating possible chelating and monodentate
binding modes and the prevalence of a 1:1 stoichiometry in both the
monomeric and the polymeric states. For clarity, charges, protons, and
water molecules are omitted in the polymeric structures. The likely
formation of three-dimensional networks is not ruled out, and its
experimental analysis is beyond the scope of the present manuscript.
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accordance with the measured spectrum. DFT calculation shows
that Eu3þ binding splits either the asymmetric (1550�
1600 cm�1; monodentate or chelate) or the symmetric
(1350�1400 cm�1; bidentate) carboxylate band of BTC, leading
to broad overlapping bands between 1520 and 1600 cm�1 and
from 1350 to 1400 cm�1, respectively (see Figure S2, Supporting
Information). The bidentate coordination does not cause band
splitting of the asymmetric COO� stretch but strongly shifts it to
lower frequency, whereas splitting is observed for the symmetric
stretch. Due to the broad absorption bands in the experimental
spectra, such shifts and splittings will affect mainly the total
bandwidth in the 1500�1600 cm�1 range. The ν(as)COO�

stretches clearly cover a larger frequency range in the Eu�BTC
monomer (Figure 6B) than in the free ligand (Figure 6A). The
increased absorption above and below the ν(as)COO� of the
additionally present free carboxylate (Figure 6, dotted line)
indicates that splitting does indeed occur upon monomer
formation. Thus, a bidentate coordination can be ruled out.
Also, the two energetically most preferred binding modes, the
chelate and bidentate complexes with CN 8, each can be ruled
out at least for the monomeric form due to the TRLFS results.
These coordination modes would retain 6 water molecules in the

first coordination shell of Eu3þ. This is contrary to TRLFS
findings, where we found that 7�8 water molecules remain after
complexation. Instead, the two DFT spectra which agree best
with experiment are shown in Figure 6. These are the chelate
complex with CN 9 corresponding best with the monomer
absorption (Figure 6B) and the monodentate complex with
CN 8 corresponding best with the polymer (Figure 6C). In the
latter, the splitting is even broader (as is the total bandwidth in
the experimental spectra) leading to a more distinct low-
frequency ν(as)COO� stretch at 1530 cm�1 also seen experi-
mentally. Additionally, a high-frequency shoulder is produced in
the ν(s)COO� band in both the calculated and the measured
spectra. These most likely predominant coordinationmodes take
also into account our TRLFS data which show that a chelating
coordination requires a CN 9 and 7�8 water molecules still
reside in the first coordination shell of Eu3þ in the monomeric
complex. The large experimental bandwidth indicates that multi-
ple coordination modes exist in both the monomer and
the polymer (see Figure 5). Indeed, the binding mode of the
Eu�BTC polymer is thus consistent with the structure of the
terbium (Tb3þ) polymer with 1,4-benzenedicarboxylic acid
(BDC) which shows monodentate cross-linking of 1:1 Tb�
BDC units.42

’DISCUSSION

We determined the thermodynamic parameters of the
Eu�BTC complex by temperature-dependent TRLFS and com-
pared the results with those from isothermal calorimetric experi-
ments. At 25 �C both methods show an entropy-driven
endothermic 1:1 complex formation (Table 3), and the obtained
parameters are in excellent agreement with published data.20

Whereas entropy and enthalpy of the complex formation are
independent of temperature at micromolar complex concentra-
tions as revealed by TRLFS, the ITC data recorded at ∼1 mM
concentrations show an increase with temperature and a biphasic
heat uptake above 40 �C, indicative of two consecutive reaction
steps. Under these conditions TRLFS cannot address the
thermodynamics due to increased scatter from Eu�BTC aggre-
gates. Nevertheless, it evidences the additional displacement of
2�4 water molecules in the Eu3þ hydration shell in the
aggregated state. On average, at least 4 or even up to 6
carboxylate oxygens coordinate the lanthanide instead of only
1 or 2 in the low-temperature low-concentration regime. How-
ever, 1:2 or 1:3 stoichiometries do not comply with the ITC
result, because the heat uptake saturates already at a molar ratio
of one, despite the fact that indeed about twice the heat is taken
up as compared to the 1:1 complex at 25 �C (Figure 1B). The
apparently contradicting results can be reconciled by the initial
fast formation of a “monomeric” 1:1 complex followed by the
slower “head-to-tail-like” addition to another monomer or pre-
viously formed polymers providing the additional carboxyl
oxygens for coordination of the linking Eu3þ ion shared by the
adjacent BTC molecules. Figure 5 shows how linear or branched
polymers of an overall 1:1 stoichiometry can thus form. Both the
initial monomeric Eu�BTC formation and the Eu3þ-mediated
linkage to another Eu�BTC unit involve the approach of 2
carboxyl oxygens and the corresponding displacement of about 2
water molecules from the coordination shell of the Eu3þ ion,
reducing the number of coordinating water molecules from ∼9
to ∼7 and from ∼7 to ∼5, respectively. Energetically, both
processes are remarkably similar, leading to about twice as large

Figure 6. Comparison of experimental (black) and theoretical IR
spectra (blue, derived from DFT calculations of BTC and Eu�BTC
complexes). (A) BTC in 0.1 M NaClO4 without europium. (B)
Eu�BTC complex under conditions of a prevalent monomeric state
of 1:1 stoichiometry. (C) Eu�BTC complex under polymerizing
conditions with 1:1 stoichiometry. The assignment to the dominating
molecular structure is based on the successive broadening of the
ν(as)COO� vibrational modes (arrows indicate bandwidths at half-
maximum). This splitting/broadening is best reproduced by the DFT
calculations for the indicated structures and takes into account consis-
tency with the TRLFS data. Vertical dotted lines mark the ν(as)COO�

and ν(s)COO� stretching frequencies on which the structural inter-
pretations are based.
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molar enthalpy and entropy changes with the onset of polymer-
ization. The free energy of the local electrostatic (0.75�1 formal
negative charge per free carboxyl at pH 5.7 in both BTC and the
Eu�BTC complex) and coordinative binding interactions of
Eu3þ at the carboxyl oxygens are thus rather independent of the
overall charge state of BTC (∼3.5 at pH 5.7) or Eu�BTC (about
neutral to anionic at pH 5.7). Long-range electrostatic contribu-
tions to Eu3þ binding are further screened by the ionic strength
of the medium and the polymer formation favored by the neutral
state of the Eu�BTC monomers. We ascribe the entropy
increase upon Eu3þ coordination to the release of water from
the inner coordination shell. In line with this interpretation, the
entropy gain scales with the release of ∼2 and ∼4 water
molecules in the mono- and polymeric states, respectively.

The proposed structural model provides a consistent explana-
tion for the stoichiometry and heat uptake measured by ITC as
well as for the spectral properties of the lanthanide coordinated in
the monomeric or polymeric state. The data are thus consistent
with formation of metal-linked polymers as described for
benzenemulticarboxylates12,42�45 and several polymeric lantha-
nide BTC complexes,13,14,46,47 where also mainly a 1:1 metal-to-
ligand stoichiometry is observed.

The assignment of the experimental IR frequencies of the
carboxylate vibrations to the most likely predominant structures
derived from DFT calculations has allowed a qualitative assess-
ment of the differences in the monomeric and polymeric com-
plexes. The analysis shows an increase of the monodentate
coordination upon polymer formation. Any further quantitative
decomposition of the experimental spectra into a multitude of
structurally defined components would be highly speculative as
the polymeric state does not provide sufficient narrow vibrational
features to allow correlating experimental data to more subtle
structural differences. The existence of a variety of structures in
addition to the two predominant complexes appears nevertheless
to be a typical property of the Eu-mediated cross-linking of BTC
that leads to the large observed IR band widths. Importantly,
however, we have shown here that formation of the monomer
and polymer could be temporally resolved by time-dependent
ITC showing that the energetics of the additional bridging Eu3þ

coordination is largely independent of the initial coordination in
the monomer and of long-range electrostatic attraction between
the trivalent cation and the noncoordinating carboxylates of
BTC. This indicates the prevalent role of the entropy gain by
water release from the Eu3þ aquo ion. Contributions of water to
the entropy increase upon water release from the interface of
interacting biomolecules have been studied in detail and are
typically accompanied by a negativeΔCp.

48,49 Here, water release
contributes to entropy increase as well but is linked to a positive
ΔCp (see Table 3). Thus, the combination of TRLFS and ITC
reveals a fundamentally different solvent solute interaction in the
structured hydration shell of the lanthanide as compared to the
more strongly bound structured water at hydrophobic surfaces.
These observations render the initial speciation of lanthanides
and actinides a key determinant in their environmental immo-
bilization by humic acids rather than structural or electrostatic
constraints inherent to the humic acids.

’SUMMARY

The combination of spectroscopy, calorimetry, and DFT
calculations has revealed a structurally and thermodynamically
consistent picture of the formation of the Eu�BTC complex

under conditions that are (radio)ecologically relevant for the
metal-induced polymerization of humic acids. Importantly, iso-
thermal as well as temperature-dependent studies of the binding
equilibrium are required to fully describe metal complex forma-
tion in the polymerization-promoting regime. The correspond-
ing merits and limitations of calorimetric and spectroscopic
determination of thermodynamic data have been demonstrated.
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