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Density functional theory calculations were performed to study the structures and relative
stability of the gadolinium complexes, Gd(H20),,** (n=8,9), in vacuo and in aqueous so-
lution. The polarizable continuum model with various radii for the solute cavity was used
to study the relative stability in aqueous solution. The calculated molecular geometries for
n=8 and 9 obtained in wvacuo are consistent with those observed in experiments. It was
found that while the nona-aqua complex is favored in the gas phase, in aqueous solution
the octa-aqua conformation is preferred. This result, independent of the types of cavities
employed, is in agreement with the experimental observation. The reliability of the present
calculation was also addressed by comparing the calculated and experimental free energy of
hydration, which revealed that the UAO, UAHF, and UAKS cavities are most appropriate
when only the first solvation shell is treated explicitly.
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I. INTRODUCTION

Compounds of gadolinium(IIT) have attracted consid-
erable attention due to their potential applications as
contrast agents for magnetic resonance imaging (MRI)
in clinical diagnostics and biomedical research [1]. As
the bare Gd3* is toxic, complexation with polydentate
ligand to form compounds of high kinetic and thermo-
dynamic stability in solution is required for in vivo ap-
plication. The resulting complexes usually have one or
more water molecules coordinated to the ion. This fact
is relevant for the complex used as MRI contrast agent,
since the ability of the complex to enhance the image
contrast is related to its relaxivity. The relaxivity can
be affected by the chemical exchange between water
molecules in the first solvation shell and the bulk sol-
vent. In addition, mechanisms of binding between Gd3+
and chelate ligands can be significantly influenced by
the strength of Gd-OHy interaction and the water coor-
dination around the ion. Therefore, knowledge of inter-
action between Gd?t and the ligating water molecules
is imperative, which, among other reasons, drives re-
search on structural and thermodynamic properties of
gadolinium aqua complexes.

The first coordination sphere of Gd3* in aqueous so-
lution is known to be dynamic, because the ion-dipole
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interaction results in fast water exchange between the
hydration layer and bulk water. Experimental studies
by extended X-ray absorption fine structure (EXAFS)
and X-ray diffraction methods give a hydration number
of between 7.5 and 9.9 [2]. Later, neutron diffraction
experiments on lanthanide solutions [3] revealed that
the Gd®>* forms an octa-aqua complex with a square
antiprismatic (SAP) geometry. By contrast, Gd3* is
9-coordinated in the solid state with a tricapped trig-
onal prismatic (TCTP) geometry, although structural
differences exist depending on the counter-ion in the
crystal [4,5]. From a theoretical point of view, the hy-
drated Gd®t has been investigated by Clavaguéra et
al. based on molecular dynamics simulations including
many-body polarization effects [6]. The results showed
an equilibrium coordination of between nine- and eight-
fold for Gd®* in liquid water, with the former being pre-
ferred and the latter as an intermediate species. Using
first principles molecular dynamics Yazyev and Helm
reported, however, an observation that the first coordi-
nation shell contains eight water molecules with an av-
erage arrangement close to the SAP geometry [7]. From
these studies we can see that further theoretical work
is needed, particularly with respect to the coordination
of water molecules in the inner sphere around the ion.

Ab initio calculations on lanthanide complexes have
been quite a computational challenge due to the large
number of electrons in the lanthanide ion with large rel-
ativistic and correlation effects [8]. Recently, Dinescu
et al. have investigated the structural and thermody-
namic properties of Ce(Hz0)s 93T by density functional
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FIG. 1 Optimized structures of Gd(H20),*" (n=8, 9) using DFT.

theory (DFT) [9]. The nature of the open 4f subshell
(Ce3* 4f') was also examined with the complete active
space self-consistent field (CASSCF) method, show-
ing that the open-shell nature can be described well
by the single-determinant formalism as implemented in
DFT [9]. For Gd(H20)s¢*" under study, the single-
determinant description is not a problem, since the half-
filled 4f subshell (4f7) of G gives rise to a ®S7 ground
state and the first excited "P5 /2 state was experimen-
tally observed to be about 4 eV above [10]. In this
work, using DFT, we studied the structures and rela-
tive stability of Gd(H20),,3"(n=8,9) in vacuo and in
aqueous solution. For the latter case, the first hydra-
tion shell is described by means of a proper cluster of
water molecules, and interactions with the bulk water
are simulated using the PCM model.

1. COMPUTATIONAL METHODS

The calculations were performed using the hybrid
B3LYP density functional [11,12] as implemented in
the Gaussian 03 suite of programs [13]. It has been
shown that hybrid functionals are the most accurate
functionals available as far as energetics is concerned
[14] and they are often the method of choice within
computational lanthanide chemistry [9,15,16]. The 6-
31++G(d,p) basis sets were used for the coordinated
water molecules, whereas for gadolinium ion, the rel-
ativistic effective core potential (RECP) of CEP-31G
coupled with the optimized [4s4p2d2f]-GTO valence ba-
sis set was employed [17]. This RECP treats [Kr]4d!?
as fixed cores, and the 5s25p%4f75d'6s? shells (18 elec-
trons ) are taken into account explicitly. This choice of
the RECP and basis sets is based on the ability to re-
produce reliably experimental molecular geometries, vi-
brational spectra, and magnetic coupling of gadolinium
compounds [18,19]. The optimized structures were con-
firmed by the frequency calculation at the same level to
be the real minimum without any imaginary vibration
frequency. The convergence criterion for energy was set
at 1078 a.u. and fine numerical integration grids (Int-
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Grid=Ultrafine) were used throughout the calculation.

To examine the accuracy of the theoretical level
adopted in this work, we have, in fact, calculated
the equilibrium structure and stabilization energy of
Gd(H20)3* using various density functionals as im-
plemented in the program. The basis set superpo-
sition error (BSSE) as a result of incompleteness of
the basis sets was corrected with the commonly used
counterpoise correction [20]. The method was applied
as a single-point correction to the optimized geome-
try. The results were compared with those reported
from the Dirac-Hartree-Fock (DHF) based relativistic
second-order Mgller-Plesset perturbation (RMP2) cal-
culations [21], showing that the Gd—O bond length of
2.214 A and the stabilization energy of 4.573 eV from
the B3LYP calculations are among those closest to the
RMP?2 values of 2.17 A and 4.7 eV, respectively. This
comparison indicates that the employed level of theory
could be adequate to provide reliable information on
structures and energetics for the nona- and octa-aqua
Gd3* complexes of interest here.

I1l. RESULTS AND DISCUSSION
A. Nuclear geometries

For Gd(H20)¢%t, a starting TCTP structure with
ideal D3, symmetry was considered for geometry op-
timization. Without symmetry constraints, the opti-
mization provides a slightly distorted TCTP geometry
(C1 symmetry), with the symmetry being D3 when the
position tolerance is 0.1 A; see Fig.1(a). The calculated
average Gd—O bond length for the prismatic bond is
2.512 A, whereas for the equatorial bond the length is
2.542 A. The slightly larger value of the equatorial bond
length relative to that of the prismatic one is due to
the fact that the equatorial ligating water molecules ex-
perience an excess steric repulsion, which is alleviated
by an increase in the Gd—O bond lengths [22]. Ex-
perimentally, this bond lengthening has been observed
in solid-state lanthanide hydrates which all present a
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TABLE I Calculated electronic properties of the optimized Gd(H20),%*" (n=8,9) complexes from the natural population

analysis.
Magnetic moment/pug Natural electronic configuration Natural charge
Gd(H20)e*" (TCTP) Gd 6.99 470154015015 2.73
0 0.00 25175 9p5-32 3p0-01 —1.08
H 0.00 1g0-44 0.56
Gd(H20)s*" (SAP) Gd 6.99 4f7-015q0-12 gg0-15 2.72
0 0.00 2s1-759p5-3330-01 —-1.07
H 0.00 1g0-44 0.56
Gd(H20)s*" (DOD) Gd 6.99 4f7-015q°- 15015 2.73
0 0.00 2s1-759p5-3230-01 —-1.08
H 0.00 15044 0.56

TCTP geometry around the ion from X-ray and neu-
tron diffraction measurements [23]. Although the coor-
dination geometries of these hydrates are similar, struc-
tural differences exist depending on the counter-ion in
the crystal, which have been attributed to hydrogen-
bonding networks between the counter-ion and coordi-
nated water molecules [24]. With ethylsulfate and tri-
flate as counter-ions, the nona-aqua Gd3* with TCTP
structure of Cg,, symmetry was observed in the solid
state. The measured prismatic and equatorial bond
lengths were 2.401 and 2.536 A, respectively, in the for-
mer case [4], and 2.395 and 2.536 A, respectively, in the
latter case [5]. While our predicted bond lengths for the
equatorial ligating waters are in good agreement with
the solid state structure, the calculated lengthening of
the equatorial bonds (by 0.03 A) is much smaller than
the experimental observations (~0.14 A). This is not
entirely unexpected since the calculated values refer to
an isolated molecule in the gas phase. In the condensed
phase, the Gd—O bonds should shorten on the basis of
solvation effects, for example, the crystal packing forces
and/or hydrogen bonding.

For Gd(H20)s", two different ideal structures were
initially considered: a dodecahedral (DOD) structure of
Dag symmetry and an SAP structure of Dyq symmetry.
After geometry optimization, we obtained a Dogq sym-
metry for the optimized DOD structure (Fig.1(b)) and
a C4 symmetry for the optimized SAP one (Fig.1(c)),
the latter being 77.940 kJ/mol lower in energy than the
former. It should be mentioned that the SAP geome-
try has been observed in the structure determined for
Gd3* in aqueous solution [3]. The calculated average
Gd—O0 bond length for the DOD structure is 2.505 A,
while for the SAP structure the length is 2.478 A. Ex-
perimentally, the average Gd—O bond length for Gd3*
in aqueous solutions was determined to be 2.37—2.41 A
obtained by EXAFS and X-ray diffraction methods [2],
and 2.40+0.05 A from electron nucleus double reso-
nance measurements [25,26]. The overestimation of the
calculated Gd—O bond length may presumably be due
to the fact that only the first hydration shell was in-
cluded in our calculations. It is expected that this dis-
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crepancy would be alleviated if second-shell waters were
included in the geometry optimization. Such work is in
progress. Finally, we note that, by comparing the opti-
mized octa-aqua SAP and nona-aqua TCTP structures,
the increase of the hydration number from eight to nine
results in a Gd—O bond elongation of about 0.05 A on
average, indicating an excess of steric repulsion experi-
enced by the water molecules in the latter case.

B. Population analysis

Population analyses are common ways to character-
ize qualitatively the electronic structure of metal atoms.
It has been shown that the natural population analysis
[27] is generally more suitable than the standard Mul-
liken population analysis for 4f-block elements [28]. A
natural population analysis was thus carried out for the
ground states of the geometry-optimized Gd(H,0)¢>*
and Gd(H,0)g?* systems. The resulting magnetic mo-
ments, electronic configurations, and natural charges on
Gd, O, and H atoms are collected in Table I. The results
for the three systems show that the magnetic moment
on Gd atoms are all equal to 6.99 pp, which is compat-
ible with a spin of 7/2 that would result from Hund’s
rule for the half-filled 4f subshell configuration. There-
fore, a localized picture for the 4f spin moment could
be envisaged. The electron configurations for Gd, O,
and H atoms as derived from the analysis are almost
identical in all the three cases. One can see that the
occupation number (7.01 electrons) of Gd 4f orbitals is
nearly equal to the number of the isolated Gd3* (4f7),
indicating the very small participation of 4f orbitals in
bonding. The Gd 5d and 6s occupations in Table I indi-
cate the presence of small covalent Gd—O bonding from
these two types of orbitals, because the occupations de-
viate from a purely ionic bonding between Gd3* (4f7)
and HoO molecules. The natural charges resulting from
these electronic configurations are also listed in Table I,
from which it is seen that an average of 2.73 electrons
per Gd atom is transferred to the ligating waters.
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TABLE II Thermodynamic properties for reaction (1) at T=298.15 K and P=10° Pa, AGgas(corr)=—39.75 kJ/mol,
AGgs=—7.95 kJ/mol, and the other Gibb free energies are in unit of kJ/mol.

PCM cavity AAGsq(elec) AAGso1(nonelec) AAGso(tot) AGso1(corr) Vcavity/AS
Gd(H:0)e*"  Gd(H20)s**+
UAO 71.34 —11.09 60.25 12.55 240.44 221.05
UAHF/UAKS 60.12 —4.81 55.31 7.61 253.96 237.46
UFF 70.00 —7.91 62.09 14.39 271.79 247.19
Pauling 101.21 10.33 111.54 63.84 212.08 190.12

C. Relative stability
1. Gas phase results

The relative stability between the nona- and octa-
aqua Gd3T ions were determined by calculating the free
energy variation (AG) of the reaction

Gd(H20)83+ + Hgoﬁ Gd(HQO)93+ (1)

AG = G[GA(H20)o*]-G[Gd(H,0)s*+]-G[H,0] (2)

In the above two equations, Gd(H20)g®" refers to the
optimized SAP structure, as it is more stable than the
DOD structure (by 77.940 kJ/mol). To assess whether
Gd(H20)*t or Gd(H,0)g3* is preferred energetically,
we first investigated the gaseous energetics of reaction
(1). The electronic energy (AFelec), AE7zpg, enthalpy
(AHgp,s), and Gibbs free energy (AGgas) for this reac-
tion are —94.39, —84.77, —86.78, and —47.07 kJ/mol,
respectively. It shows that the nona-hydrated arrange-
ment is more favored over the octa-hydrated one by
—47.07 kJ/mol. It should be noted that the cal-
culation of energetics for reaction (1) is subject to
BSSE. This error was estimated based on the previ-
ously optimized TCTP geometry of Gd(H20)¢3t us-
ing the scheme by Xantheas [29]. In the BSSE estima-
tion, the two fragments specified are the ligating wa-
ter molecule with the longest Gd—O bond distance and
the remaining Gd(H20)g®* structure. The computed
BSSE magnitude for the electronic energy of reaction
(1) is 7.32 kJ/mol, and the BSSE-corrected free energy
variation (AGgas(corr)=—39.75 kJ/mol).

2. Solvent phase results

To investigate the relative stability of Gd(H20),3"
(n=8, 9) in aqueous solution, the PCM model with dif-
ferent implementations was employed to account for the
interaction between the Gd3t complexes and the liquid
water. We note that there are few PCM studies re-
ported in the literature on 4f-complexes [8,9,30]. The
free-energy variation (AGs(corr)) of reaction (1) in the
solvent phase may be written as

AGso1(corr)=AGgas(corr) + AAGsq(tot) + AGss (3)
where AAG,q(tot) is the total solvation contribution

to the free energy variation. AGgg is the standard-

DOI:10.1088/1674-0068/22/04/395-400

state thermodynamic correction for the reaction due to
the different standard concentrations of solution and
gas phase, and is equal to —RT'1n24.5, where R is the
gas constant and 7=298.15 K [31]. Within the PCM
model, the solvation contribution AAGg.(tot) can be
expressed as

AAGg (tot) =AAGe (elec) + AAGg (nonelec) (4)
AAG01=AG1[Gd(Hy0)o* ] —
AG01[Gd(H20)s* T]=AGe01 (H20)  (5)

Various contributions to the free energy variation of
reaction (1) for the solute cavity models used are re-
ported in Table II. It is interesting to see that, although
the gas-phase calculations predict the nona-hydrated
Gd(H20)93* to be more stable, the PCM calculations
with all types of cavity employed give the octa-hydrated
Gd(H20)g3" as the favorable one, in agreement with
the observation from neutron diffraction experiments
[3]. In all these cases, the positive sign of the solvation
contribution AAGg(tot) changes the free energy vari-
ation from negative value in the gas phase to positive
values in aqueous solution, that is, alter reaction (1)
from exergonic to the experimentally known endergonic
[3]. These results highlight the importance of solvent
effects in the prediction of the energetic preference for
gadolinium hydrates.

As listed in Table I1, the calculated values for the free-
energy variation span a wide range from 7.61 kJ/mol
to 63.84 kJ/mol. This observation suggests that PCM
corrections are highly dependent on the choice of so-
lute cavity. The results are identical for UAHF and
UAKS radii due to their identical cavity sizes (see the
last two columns of Table II). As expected, the cavi-
ties with larger sizes (comparing UAO, UAHF/UAKS,
and UFF with Pauling) generally give smaller positive
AAG(tot) (and thus AGge(corr)) values. An ex-
ception is the UFF cavity, which, although having the
largest size, does not yield the smallest AAGgq (tot).
This indicates that the cavity shape chosen may also
be important in the PCM calculations.

3. Standard hydration free energies

As shown above, the calculated AGgq(corr) value
exhibits a strong dependence on the type of cavity
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TABLE IIT Thermodynamic properties for reaction (2) at 7=298.15 K and P=10" Pa, AGgas(corr)=—1799.20 kJ/mol,
AGsgs=—7.95 kJ/mol, and the other Gibb free energies are in unit of kJ/mol.

PCM cavity AAGgq(elec) AAGso1(nonelec) AAGs(tot) AGse1(corr)
UAO —1581.80 —14.06 —1595.86 —3403.01
UAHF/UAKS —1540.26 —8.66 —1548.92 —3356.07
UFF —1445.40 25.98 —1419.42 —3226.57
Pauling —1534.94 37.95 —1496.99 —3304.14

with the PCM framework. In the following, we ex-
amine the performance of the cavities chosen in this
work by comparing the calculated standard hydration
free energy (AGY ;) against experiment. Direct ex-

perimental determination of the AGY , values is not
feasible, and they are usually calculated indirectly us-
ing semi-empirical methods (Born-Haber thermochem-
ical cycles). In the case of the Gd®** aqua ion, Bratsch
and Lagowski reported a free energy of hydration from
—3467.03 kJ/mol to —3374.98 kJ/mol at 298.15 K
[20,32]. It has been shown that the hydration free en-
ergy of an ion can be accurately predicted when the first
solvation shell is treated quantum mechanically and the
solvent effect simulated using a continuum model [30].
On the basis of these considerations, we have analyzed
the solvent effects on the free energy of hydration of
Gd** by including eight water molecules in the first
solvation shell and approximating the solvent by the
PCM model. Within such a mixed solvation model,
the AGgyd corresponds to the free energy variation
(AGsor(corr)) of the following reaction:

Gd”(gas) + (H20)g(aq) — Gd(H20)g>T(aq)  (6)

The results for the above reaction are reported in Ta-
ble III, which shows that the hydration values calcu-
lated with UAO and UAHF/UAKS cavities agree well
with the experimental result from —3467.03 kJ/mol to
—3374.98 kJ/mol [20,32]. The UAO cavity reproduces
the experimental value to within 17 kJ/mol, while the
UAHF /UAKS cavities yield a value reasonably close to
the experimental one (within 63 kJ/mol). These results
suggest that cavities generated with the UAO, UAHF,
and UAKS radii in the PCM method are most appro-
priate for the Gd3* aqua ion when only the primary
hydration shell is treated explicitly in the calculation.

IV. CONCLUSION

We investigated the structures and relative stability
of Gd®t aqua complexes in vacuo and in aqueous solu-
tion using DFT. Full optimization of structures in vacuo
reveals that the calculated nona-hydrated Gd(Hz0)¢3*
adopts a TCTP geometry consistent with the experi-
mental solid-state structures, while the calculated octa-
hydrated Gd(H20)g3" has a stable SAP geometry con-
sistent with that observed in aqueous solution. Calcu-
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lations of thermodynamic features, based on the opti-
mized structures and the PCM model for the solvent
effect, show that Gd(Hy0)e3" is preferred energetically
over Gd(H20)g3" in the gas phase, while in the solution
phase the reverse is true. This latter result agrees well
with experimental findings, and is independent of the
types of cavities used in the PCM calculations. Finally,
the performance of cavity models, within the context of
the present level of theory, was evaluated against the
experimental free energy of hydration of Gd3*. It was
found that the cavities generated with the UAO, UAHF,
and UAKS radii are most appropriate when only the
primary solvation shell is taken into account explicitly.
The present study highlights the importance of the sol-
vent effects in the study of energetics for Gd3* in aque-
ous solution.
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