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A thorough investigation of Ln** complexes with more than one inner-sphere water molecule is crucial for
designing high relaxivity contrast agents (CAs) used in magnetic resonance imaging (MRI). This study
accomplished a comparative stability analysis of two hexadentate (Hszcbda and Hzdpaa) and two
heptadentate (Hspeada and Hstpaa) ligands with Ln®* ions. The higher stability of the hexadentate
Hszcbda and heptadentate Hypeada ligands has been confirmed by the binding affinity and Gibbs free
energy analysis in agueous solution. In addition, energy decomposition analysis (EDA) reveals the higher
binding affinity of the peada*~ ligand than the cbda®~ ligand towards Ln** ions due to the higher charge
density of the peada®~ ligand. Moreover, a mechanistic overview of water exchange kinetics has been
carried out based on the strength of the metal-water bond. The strength of the metal-water bond
follows the trend Gd-047 (w) > Gd-039 (w) > Gd-036 (w) in the case of the tris-aquated
[Gd(cbda)(H,0):] and Gd-043 (w) > Gd-040 (w) for the bis-aquated [Gd(peada)(H,O),]~ complex,
which was confirmed by bond length, electron density (p), and electron localization function (ELF) at the
corresponding bond critical points. Our analysis also predicts that the activation energy barrier decreases
with the decrease in bond strength; hence key increases. The 0 and H hyperfine coupling constant
values of all the coordinated water molecules were different, calculated by using the second-order
Douglas—Kroll-Hess (DKH2) approach. Furthermore, the ionic nature of the bonding in the metal-ligand
(M-L) bond was confirmed by the Quantum Theory of Atoms-In-Molecules (QTAIM) and ELF along with
energy decomposition analysis (EDA). We hope that the results can be used as a basis for the design of
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1 Introduction

The chemistry of lanthanide complexes in aqueous solution has
been considered one of the prominent research areas due to
their fruitful implementation in diagnostics and therapy.'”
This includes the luminescent lanthanide complexes (specifi-
cally Eu’* and Tb*") used in bioanalytical and optical
imaging,*® and radioisotopes of lanthanides (*’’Lu) used in
radioimmunotherapy.® Indeed, Gd** complexes attract consid-
erable interest since they are commonly used as contrast agents
in magnetic resonance imaging (MRI)." Though MRI has
tremendous medical applications, one of the major challenges
is its relatively low sensitivity."> To increase the sensitivity, an
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additional agent called an MRI contrast agent (CA) is required,
which alters the properties of nearby water protons after addi-
tion.” The capability or sensitivity of a contrast agent is
exhibited through its relaxivity (r). Relaxivity can be defined as
the paramagnetic magnification of the relaxation rate of the
water proton, which is directly proportional to the concentra-
tions of the CAs used.'*

The most important MRI contrast agents are metal-based
paramagnetic ions.'® In contrast to other metal ions,
discrete Gd**-based complexes are widely used as clinical
paramagnetic contrast agents. This is because of their large
number of unpaired electrons and slow electronic relaxa-
tion.'”'8 However, the toxicity profile of Gd*" ions is very high. A
large or repeated dose of them causes nephrogenic systemic
fibrosis (NSF) in patients with renal disorder." The food and
drug administration (FDA) has placed restrictions on the
application of Gd**-based contrast agents (GBCs) due to the
revelation of the connection between Gd** and NSF.2°2!

The current concerns of researchers are about the safety of
MRI contrast agents and designing new contrast agents with
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enhanced thermodynamic stability and kinetic inertness.”***
This can be achieved by complexation of the metal ion with
ligands that prevent the release of the free Gd(ui) ion. Based on
the toxicity profile, many research groups focus on developing
a contrast agent with high relaxivity so that a lower dose can be
administered.**® Among the various factors, water exchange of
the coordinated water molecules with the bulk water is one of
the important tools to be optimized for higher relaxivity of MRI
CAs. Various research groups*>° have also focused on
designing CAs with more than one inner-sphere water molecule
to improve relaxivity. It is well established that, indifferent to
the field strength, relaxivity increases proportionally to the
number of coordinated water molecules (g).** Merbach et al.****
first considered the whole lanthanide series to study the water
exchange rate (k). Despite the significance of optimizing the
water exchange to get an efficient MRI contrast agent, this issue
is ignored in the literature. As far as the authors are aware, only
limited studies have been done until now.**®*” The water
exchange rate of the inner-sphere water molecules has been
accelerated by factors such as increasing the overall compound
negative charge and the steric hindrance surrounding the water
molecules.®® Clinically approved CAs contain only a single
molecule of water in the inner coordination sphere.** The water
exchange rates and structural elucidation of the most studied
chelators 1,4,7,10-tetraaza-1,4,7,10-tetrakis(carboxymethyl)
cyclododecane(DOTA)** and diethylenetriaminepentaacetic
acid (DTPA)** have been well established. However, for ¢ > 1
complexes, i.e. [Ln(L)(H,0),5]* [L = ligand, x = charge, Ln =
La’>" to Lu**], no such systematic explanation of the water
exchange and structural analysis has been done so far.>”*»*
Indeed, with an increase in the number of inner-sphere water
molecules, the ligand's denticity reduces, which may reduce the
complexes' thermodynamic stability.**

A few Gd () chelates with g > 1 have been reported. One such
system is the Gd(m) complex of a pyridine-containing macro-
cyclic ligand with two acetic acids and one methyl-
enephosphonic arm (PCP2A),**** but further functionalization
of this complex was found to be difficult. Another class of
complexes with a higher hydration number (g > 1) is repre-
sented by tris-bidentate Gd(m)-hydroxypyridinone (HOPO)
based derivatives, which are presently under strong scrutiny.*®
Previously, Bretonniére et al. synthesized a ligand a,0,0"nitri-
lotri(6-methyl-2-pyridinecarboxylic acid) (H’tpaa) containing
three picolinate groups with a longitudinal relaxivity value of
13.3mM s 'at 1.4 T and 25 °C, and the stability was observed
to be low.” In a subsequent study, they synthesized a Gd(m)
complex with an octadentate N,N-bis[(6-carboxy-2-pyr-
idylmethyl]ethylenediamine-N,N-diacetic ~acid (H,bpeada)
ligand, which has two picolinate groups with a longitudinal
relaxivity of 5.0 mM ' s~ ' at a magnetic field of 20 MHz and 25 ©
C."® This relaxivity value is greater than for DOTA (r; = 4.7 mM "
s") and DTPA (r; = 4.8 mM ' s7').* The stability of this
octadentate ligand (H,bpeda) is less than that of the ethyl-
enediaminetetraacetic acid (H,EDTA) ligand, which is hex-
adentate in nature. Furthermore, the same group synthesized
the ligand  N,N-bis[(6-carboxy-pyridin-2-yl)methyl]glycin
(Hzdpaa),” replacing one of the picolinate groups with
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a carboxylate group. The ligand Hsdpaa exhibits a relaxivity
value of 11.93 mM ' s~ " at 4.7 T and 25 °C, with stability higher
than the Hjtpaa ligand. Based on the aforementioned discus-
sions, Phukan et al.** synthesized a ligand H,peada with one
picolinate and three carboxylate groups to obtain higher relax-
ivity and stability. Later, they synthesized a hexadentate ligand
(Hscbda) with two picolinate and one carboxylate group to
incorporate both the relaxivity and thermodynamic stability
with a methyl group in the backbone of the ligand.*

On account of the above perspectives, the present compu-
tational study uncovers the thermodynamic stability and
comparative binding affinities of heptadentate (peada®” and
tpaa®~) and hexadentate (cbda®~ and dpaa®~) ligands with Ln**
ions in aqueous solution. Furthermore, the trend in the water
exchange rate (k) of the inner-sphere water with bulk water has
been investigated, following the methodology proposed by
Figueroa et al.*®* Moreover, this work computationally ascer-
tained the type of mechanism for the coordinated water mole-
cules based on the activation parameter values. The ligands
chosen in this study are shown in Scheme 1.*°°* In addition,
the bonding interactions between the metal and ligand have
been confirmed by the Quantum Theory of Atoms-In-Molecules
(QTAIM) and energy decomposition analysis (EDA). This sheds
light on the different binding affinity of the ligand with Ln**
ions. Thus we believe that the thermodynamic stability and
mechanistic overview of the water exchange rate kinetics
provided in this study will be helpful in future ligand designing
for stable lanthanide-based complexes. The last segment
concludes our analyses.

2 Computational details

All the geometries of the lanthanide complexes were optimized
with relativistic DFT, using the hybrid meta-GGA TPSSh func-
tional*** as implemented in the Gaussian 16 program
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Scheme 1 Ligands (L1 (ref. 47)), (L2 (ref. 50)), (L3 (ref. 51)) and (L4 (ref.
52)) considered in this study.
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package.* The vibrational frequency analysis has been carried
out to characterize the nature of the optimized geometries as
energy minima or saddle points. Additionally, we tested the
performance of different density functionals (B3LYP, B3LYP-D3,
and wB97XD) for comparative purposes. The choice of the
TPSSh functional is due to its better geometrical interpretation
than the hybrid GGA (B3LYP) functional.***® Also, the long-
range corrected functional (wB97XD) does not provide a better
geometrical interpretation than the hybrid meta-GGA (TPSSh)
functional. Hence we used the TPSSh functional during the
geometry optimization of the complexes. For the central metal
atom (Ln*"), we considered both large core relativistic effective
core potential (LCRECP) with its related (7s6p5d)/[5s4p3d]-GTO
valence basis set,”” and small core relativistic effective core
potential (SCRECP)*® with the ECP28MWB_GUESS* basis set
for comparative purposes. The standard 6-31G(d,p) and 6-
31+G(d,p) (for some specific calculations) basis sets were
applied for the remaining elements (H, C, N, and O). The
performance of different density functionals and basis sets is
discussed in detail in the dedicated sections below. At the same
level of theory, the transition state geometries were located and
the intrinsic reaction coordinate (IRC) paths were generated.
Furthermore, to correct the activation energy barrier, we
calculated the single point energy (taking the large core DFT
optimized geometry) of the reactant and transition state by
considering the wave function-based method, second order
Moller-Plesset perturbation theory (MP2),* with the def2-TZVP
basis set for the remaining elements (H, C, N, and O).

The computational investigations of lanthanide complexes
using relativistic effective core potential (ECP)**** in conjuga-
tion with density functional theory (DFT) provide accurate
results for most of the earlier reported complexes.®*** It has
been mentioned earlier that large-core (LC) calculations provide
a somewhat longer bond distance than that of the small-core
(SC) calculations.*® Despite its approximate nature, LCRECP is
an efficient computational tool, which focuses mainly on the
analysis of geometrical structures and estimation of relative
energies of heavy metal-containing complexes at the DFT
leVel.SB’GS'SS

Moreover, to incorporate the solvent effect, the polarizable
continuum model (PCM)***® with the integral equation
formalism, ie. the IEFPCM® model, has been considered. To
describe the accurate M-L bond and ""O hyperfine coupling
constant values, we have explicitly considered the second
sphere of water along with the implicit solvent model
(IEFPCM).*>”® To describe the cavity of the solvent, universal
force field radii”* were applied and adjusted by a factor of 1.1.
Optimization was carried out by imposing nosymm constraints.
Furthermore, to evaluate the Gibbs free energy values, the
solvation model based on density (SMD) has been applied to
incorporate the non-electrostatic contributions.” Harmonic
approximation was applied for the Gibbs free energy calcula-
tions at T' = 298.15 K using five different density functionals
(B3LYP, TPSSh, M06,” B3LYP-D3, and wB97XD).

Wave function analysis was performed by applying Bader’s
Quantum Theory of Atoms-In-Molecules (QTAIM)™ to obtain
the electron density (p), electron localization function (ELF) and
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Laplacian of electron density (V>p) at the bond critical points
(BCPs) using the Multiwfn program (version 3.8).”” Further-
more, for the extended transition state (ETS) energy decompo-
sition analysis,” optimized structures of the [Ln(cbda)(H,0);]
6H,0 and [Ln(peada)(H,0),] -4H,0 complexes were consid-
ered, having been obtained from the scalar relativistic””
ZORA’7? method, along with the SARC-ZORA®® basis set for the
Ln*" ion and the 6-31G(d,p) basis set for the rest of the
elements. From these optimized structures, a single point
energy decomposition analysis was performed in the ADF2021
package,® using SARC-ZORA approximation with the TZ2P*
basis set for all the elements, and BP86 functional®*** with no
frozen core approximation. This ETS analysis has been per-
formed for the closed shell La*" and Lu®** metal centres. Due to
their closed shell character, spin restricted formalism was
applied.

The ORCA 4.0 program®® package was used for the analysis of
isotropic 7O and 'H hyperfine coupling constants, using TPSSh
and the SARC2-DKH-QZVP?¥ basis set for the Gd*" ion and the
DKH-def2-TZVPP* basis set for the remaining atoms.

The molecular electrostatic potential (MEP) at any point in
space with position vector r and ¥ for evaluating the charge
distribution of the complexes can be evaluated by applying

eqn (1)
ZZA/|RA —r - Jp(/)/!/ - r!dr/ =V(r) (1)

where the charge of the nucleus A at a distance R, is denoted by
Zx and the total density of electrons is p(r').*** The MEP of the
complexes was calculated using the Multiwfn program (version
3.8).7

The M-L binding energies (BEs) were evaluated from the
optimized structures of the complexes (both LC- and SC-
optimized). The BEs were calculated by individually opti-
mizing the geometries of the complexes, ligands (Scheme 1),
and inner-sphere water molecules. This includes basis set
superposition error (BSSE) corrections using the counterpoise
method® for the gas phase optimized structures of the
complexes. The BEs of the ligands were also evaluated by doing
single point energy calculations using the TPSSh functional and
LCRECP (for the Gd*" ion) along with the def2-TZVP** basis set
for the remaining elements (H, C, N, and O) to reduce the BSSE.

3 Results and discussion
3.1 Stability analysis of the Ln** complexes

The stability of the Ln** complexes in aqueous solution is an
important issue for the application of Ln*" complexes, which
can be decided mainly by two factors: (i) the binding energy of
the ligand to the metal ions and (ii) the solvation-free energy of
the complexes and free metal ions. In the following two
sections, these two factors are analyzed in detail.

3.1.1 Comparative binding energy (BE) calculations of the
complexes. Initially, to ensure the strength of the ligands shown
in Scheme 1 with Gd*" ions, the binding energies of the
complexes were investigated. The optimized structures of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Optimized structures of (a) [Gd(tpaa)(H>O),l, (b) [Gd(dpaa)(H»0)zl. (c) [Gd(peada)(H,0),] ™, and (d) [Gd(cbda)(H,O)s] complexes in aqueous
solution using the TPSSh/SCRECP/6-31G(d,p) level of theory without considering the second sphere waters.

complexes considered for comparative binding energy calcula-
tions are shown in Fig. 1. The results provided herein illustrate
that the binding affinity of the ligand peada®”
(—197.13 kecal mol ') with a Gd** ion is about +31.4 kcal mol *
higher than that of the tpaa®~ ligand (—165.73 kcal mol™') as
depicted in Table S17 of the ESI, which agrees with the experi-
mental results.

This is owing to the presence of the three carboxylate groups
which bind more strongly to Gd*" due to the oxyphilic nature of
the Gd** ion.* Also, the binding affinity of the ligand cbda®~
(—166.42 keal mol ') is about +1.36 kcal mol ™" greater than that
of the dpaa®~ ligand (—165.06 kcal mol™*). This may be due to
the chirality induced by the methyl group in the ligand (Hzcbda)
in accordance with the experimental results.>” Evaluation of BE
values using two different core definitions - large core and
small core pseudopotentials — (Table S27 in the ESI) regarding
both sets of complexes (hexa and heptadentate) provided
a similar trend in BE values. In order to justify our method, we
further analyzed the BE values of the respective ligands with the
Gd*" ion by changing the basis sets (6-31+G(d,p) and def2-TZVP)
and methods (B3LYP, B3LYP-D3, and wB97XD) from the LC
optimized structure. The M-L bond distances of all the
complexes (Fig. 1) are presented in Tables S3-S67 in the ESI.
Lastly, all the data obtained using different density functionals
(TPSSh, B3LYP, B3LYP-D3, and wB97XD) and basis sets (6-
31G(d,p), 6-31+G(d,p), and def2-TZVP) along with the different
core definitions (LC and SC) are reported in Table S2+ of the ESI

© 2023 The Author(s). Published by the Royal Society of Chemistry

and provide similar trends towards the relative stability of the
complexes.

3.1.2 Estimation of thermodynamic stabilities. To gain
further insights into the reasons behind the relative thermo-
dynamic stabilities of the ligands (Scheme 1) with the Gd*" ion,
the free energy of formation of the complexes was estimated by
using the methodology developed by Figueroa et al.>**> The
thermodynamic cycle to determine the free energy of formation
of the ligands dpaa®~ and cbda®~ with a Gd** ion is presented in
Scheme 2.

As expected,®® the AG(y) and AG(,q) values tend to be negative
on replacing the hexadentate dpaa®~ ligand with the cbda®~
ligand. The negative AG() and AG(,q indicate the stronger
binding affinity of the cbda®~ ligand with the Gd*" ion than the
dpaa®” ligand, both in the gas phase and solution phase. This
again confirms the influence of the methyl group in the ligand

AG(y
Gd(dpaa) (8) + cbda® (g) —> Gd(cbda)(g) + dpaa®~ (g)

AG 501 AG () AG (501 AG ()

AGsol)
Gd(dpaa) (sol) +4cbda®~ (sol) ——> Gd(cbda) (sol) -+dpaa®~ (sol)

Scheme 2 Thermodynamic cycle for explaining the comparative
stabilities of [Gd(cbda)] and [Gd(dpaa)] complexes.
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backbone for increased stability of the [Gd(cbda)] complex
compared to the [Gd(dpaa)] complex. Different density func-
tionals (B3LYP, TPSSh, M06, B3LYP-D3 and wB97XD) and core
definitions (large core and small core) provide a similar trend in
the AG(,) and AG(yq) values and ligand selectivity as shown in
Table S71 of the ESI.

Similarly, for the heptadentate ligand bearing [Gd(peada)]™
and [Gd(tpaa)] complexes, the thermodynamic stabilities of the
ligands peada®” and tpaa®~ with the Gd(m) ion were analyzed
(Scheme S1f in the ESI). In this case, it was found that the
[Gd(peada)]” complex formation is more stable than for the
[Gd(tpaa)] complex, with higher negative AG(g) and AG(,q) values
(Table S77 in the ESI) as a consequence of the presence of four
negative carboxylate groups compared to the tpaa®~ ligand.
These stability trends follow the experimental analysis of the
thermodynamic stability of the complexes.*"** The experimental
AGRLE) values, as shown in Tables S7 and S8,1 were estimated
from the equilibrium constant values provided in the earlier
literature.*>*> Furthermore, different density functionals
(B3LYP, TPSSh, M06, B3LYP-D3, and wB97XD), and basis sets
(6-31G(d,p) and 6-31+G(d,p)) impart similar trends in AG, and
AG(aq) values and ligand selectivity (Tables S7 and S8t in the
ESI).

In view of the above stability analysis, we will consider the
more stable heptadentate (H,peada) and hexadentate (Hzcbda)
ligands for further investigations.

3.2 Structural analysis

In order to explore the coordination polyhedra and bonding
interactions of the ligands (peada®” and cbda®") with lantha-
nide series elements we have considered the stable La*" (4f°),
Gd*" (4f”) and Lu** (4f'*) ions. The optimized structures of the
[Ln(peada)(H,0),]” and [Ln(cbda)(H,O)s;] complexes [Ln = La,
Gd, and Lu], obtained using the SC pseudopotential are shown
in Fig. 2. The LC-optimized structures are provided in Fig. S1t in
the ESI. To limit the drawbacks of the continuum solvation
model,***** six explicit water molecules for the tris-aquated
and four explicit water molecules for the bis-aquated
complexes have been considered.

The bond distances calculated using SC and LC pseudopo-
tentials (with different density functionals) are provided in
Tables S9-S127 in the ESI. According to previous investigations,*
the bond length values are longer for LCRECP than SCRECP,
which is also reflected in this analysis. The bond length values
are in good agreement with the previously synthesized g > 1
complex.*** The labilities of the three water molecules in tris-
aquated [Gd(cbda)(H,0);]-6H,O and the two water molecules
in the [Gd(peada)(H,O),] -4H,O complex were found to be
different based on the bond length analysis and the complexes
are anticipated to exhibit different water exchange rates (key).

The bond length values decrease along the series as pre-
dicted as a consequence of the lanthanide contraction, as
shown in Fig. 3(a) and (b). The values calculated using SCRECP
decreased from La*" to Lu®*" with some fluctuation. At first, for
the tris-aquated complex the bond length values follow the
trend Ln-036 (w) > Ln-039 (w) > Ln-047 (w), and the

1520 | RSC Adv, 2023, 13, 1516-1529
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Fig. 2 Optimized structures of the complexes (a) [Gd(cbda)(H,O)s]-
6H,0, and (b) [Gd(peada)(H,O),]™-4H,O with second sphere waters
obtained using the SCRECP/TPSSh/6-31G(d,p) level of theory.

fluctuations of the bond lengths were higher for Ln-036 (w) and
Ln-039 (w) compared to Ln-047 (w) due to the steric and
pulling effects of water molecules, which reflects the weaker
binding of the water molecules as shown in Fig. 3(a). In the bis-
aquated complex, the bond length values follow the trend Ln-
040 (w) > Ln-043 (w) (Fig. 3(b)).

Moreover, the average Ln-N bond length values for the tris-
aquated and bis-aquated complexes decrease from 2.79 to 2.66
A and 2.77 to 2.57 A respectively. Whereas, the Ln-O (carbox-
ylate) bond length only drops from 2.49 to 2.33 A and 2.43 to
2.27 A respectively (Tables $7-5107 in the ESI). In both bis and
tris-aquated metal co-ordination polyhedra, the shortest
distance is between the Ln*" ion and the carboxylate oxygen
because of the hard-hard interaction of oxygen and the Ln*" ion
according to Pearson's HSAB concept.*

The metal-(H,O) bond strength was further confirmed by
analysis of the electron density (pgcp), the Laplacian of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variation of Ln—-O (w) bond lengths along the lanthanide series
for (a) [Ln(cbda)(H,O)s1-6H,O and (b) [Ln(peada)(H,0),l"-4H,0
complexes obtained using the SCRECP/TPSSh/6-31G(d,p) level of
theory (Ln = La, Gd and Lu).

electron density (V>p), and the electron localization function
(ELF) at the critical points of the respective bonds along the
Ln** (Ln = La, Gd, and Lu) series as presented in Tables S11-
S14f in the ESI. Our investigations show that for the tris-
aquated complex the pgcp values follow the trend Ln-047 (w)
> Ln-039 (w) > Ln-036 (w) as shown in Fig. 4(a). Similarly, for
the bis-aquated complex the ppcp value follows the trend Ln-
043 (w) > Ln-040 (w) (Fig. 4(b)), opposite to that of bond length
values. These pgcp values tend to increase in the series' first half
and then decrease. The decrease of the electron density indi-
cates weaker binding of the inner-sphere water molecules.?**”
Again, the ELF values decrease along the lanthanide series as
ionic radii decrease. However, the bond length becomes
shorter, indicating the weaker binding of water molecules at the
end of the series as shown in Fig. 4(c) and (d). This agrees well
with the labile capping bond phenomenon mentioned in
previous literature.®”

The Ln-O (w) bond length values of the anionic
[Ln(peada)(H,0),]™ -4H,O complex are longer than those of the
neutral [Ln(cbda)(H,0);]-6H,O complex, which indicates the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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faster k. in the anionic complex.* Furthermore, the calculation
of the electron density (ppcp), ELF, and Laplacian of the electron
density (V’p) using the LC pseudopotential ensures the reli-
ability of the SC pseudopotential for electron density calcula-
tions for g > 1 complexes.

3.3 Evaluation of water exchange kinetics

3.3.1 Stable hydration number (g) calculations for both
bis-aquated and tris-aquated complexes. The determination of
the hydration state of Gd(u) complexes in aqueous solution is
a challenging task.”® Yet, to understand the water exchange
kinetics and relaxivity of Gd(ur) complexes, understanding the
hydration state of Gd(m) complexes is crucial. The relaxivity of
Gd(ur) complexes increases with an increase in g.** Therefore,
before determining the water exchange rate, we first analysed
the stable hydration number of the complexes. We explore the
stable hydration number of the tris-aquated [Gd(cbda)(H,0);]-
6H,0 and bis-aquated [Gd(peada)(H,0),] -4H,O complexes
using three different density functionals (B3LYP, TPSSh, and
M06-2X™). To calculate the stable hydration number of the
complexes, we have explored a relaxed potential energy surface
scan of the complexes, by changing the bond length values of
each of the inner-sphere water molecules from the equilibrium
conformation, using a step size of 0.05 A as shown in Fig. 5.
These relaxed scans show that the nine coordinated
[Gd(cbda)(H,0);]-6H,O is more stable than the eight coordi-
nated [Gd(cbda)(H,0),]- 7H,O complex as shown in Fig. 5(a)—(c).
This is in accordance with the available experimental findings.*>*
All three density functionals (B3LYP, TPSSh, and M06-2X)*
provide similar trends in stable hydration number.

Based upon the above analysis, for the bis-aquated
[Gd(peada)(H,0),] -4H,O complex we considered only one
functional (TPSSh). An intensive assessment of other func-
tionals was not carried out for the bis-aquated complex. In the
case of the bis-aquated complex, scanning of the Gd-040 (w)
bond stabilized the eight coordinated [Gd(peada)(H,O)]™ -5H,0
and the scanning of Gd-043 (w) stabilized the nine coordinated
[Gd(peada)(H,0),] -4H,O complex, in accordance with the
experimental analysis® of the hydration equilibria, showing the
co-existence of both eight and nine coordinated forms as shown
in Fig. 5(d) and (e). This co-existence is due to the flexible ligand
environment due to the presence of four carboxylate groups.
The relaxed PES scans for both complexes obtained using the SC
pseudopotential are provided in Fig. S2 in the ESI.

3.3.2 Hyperfine coupling constants (HFCCs) of the inner-
sphere water molecules. Computational investigations of the
hyperfine interaction (HFI) of the coordinated water molecules
with the metal centre (Gd®*) have been carried out to deliver
a brief illustration of the water exchange rate. During the last
few decades, enormous improvements have been made in the
study of HFI. Among them, DFT can be extensively used for
systems containing a large number of atoms with experimental
accuracy.®®*** The 70 and "H HFCC values are very sensitive to
the change in bond length and the direction and position of the
inner-sphere water molecule plane with the Gd-O vector.®
Therefore, applying the methodology proposed by Esteban-
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Fig. 4 Electron density (pgcp) and electron localization function (ELF) values along the lanthanide series for both [Ln(Lcbda)(H,0)z]-6H,0 (a and
c) and [Ln(peada)(H,0),]™-4H,0O (b and d) complexes obtained using the SCRECP/TPSSh/6-31G(d,p) level of theory (Ln = La, Gd, and Lu).
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Fig. 5 Relaxed potential energy surface scans for the [Gd(cbda)(H,O)3]-6H,O complex (top) (a—c) and [Gd(peada)(H,0),] ™ -4H,O (bottom) (d
and e) using LCRECP for Gd®* and the 6-31G(d,p) basis set for other elements with different density functionals.
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Gomez et al.,* we have calculated the HFCCs of the coordinated
water molecules in both complexes as presented in Table 1. The
three water molecules in the [Gd(cbda)(H,0);]-6H,O complex
have different HFCC values in accordance with the different
Gd-O (w) bond lengths. Similarly, in the bis-aquated
[Gd(peada)(H,0),] -4H,O complex, the two water molecules
have significantly different ”O HFCC values, with one having an
extremely low value (0.2156 MHz) due to the existence of
hydration equilibria for this complex.>* Moreover, the isotropic
(4iso) HFCC values for the "H nucleus are minimal for these
complexes.”>*

3.3.3 Water exchange rate (k.,) for the bis-aquated and tris-
aquated complexes. To analyze the trend in the k. of all the
coordinated water molecules with the bulk, we considered the
Gd-O (w) bond length values. A longer Gd-O (w) bond means
a shorter residence time related to the coordinated water
molecule as confirmed by the ab initio molecular dynamics
study of [Gd(HP-DO3A)].*** With an increase in the bond length,
the residence time of the water molecule decreases.**** Thus,
a longer bond length value implies a faster k., value following
a dissociative type of mechanism. Therefore, we will apply the
model proposed by Figueroa et al.®® to elucidate the k., by
calculating pgcp and ELF at the bond critical point of the
respective bond. As a result, the three water molecules in
[Gd(cbda)(H,0)3]-6H,O and two molecules in
[Gd(peada)(H,0),] -4H,O have significantly different ke
values. The results are presented in Table 2. We employ eqn (2)
and (3) for LCRECP, and eqn (4) and (5) for SCRECP to evaluate
kex values computationally.®® The k., values obtained using LC
optimized geometries with different density functionals (TPSSh,
B3LYP, B3LYP-D3, and wB97XD) are listed in Tables S15 and

water

Table 1 Y0 and H hyperfine coupling constant values calculated for
[Gd(cbda)(H,0)=]-6H,O and [Gd(peada)(H,O),] ™ -4H,O complexes
using the TPSSh/DKH2/SARC2-DKH-QZVP (Gd)/DKH-def2-TZVPP
(other atoms)/SMD method

Ligand Gd-0 (w) (&) YO(Aiso) (MHz)  ‘H (MHz)

cbda®~ Gd-036 (W) = 2.45  0.5491 0.0227/0.0390
Gd-039 (W) = 2.43  0.6052 0.0633/0.0696
Gd-047 (W) = 2.36  0.9661 0.0220/0.0350

peada’”  Gd-040 (w) =2.62  0.2156 0.0536/0.0517
Gd-043 (W) = 2.50  0.4724 0.0746/0.0102

Table2 Calculated Gd—O (w) bond length, (p, au), ELF, and k228 values
of [Gd(cbda)(H,0)3]-6H,0 and [Gd(peada)(H,O),] -4H,O complexes
obtained using the SCRECP/TPSSh/6-31G(d,p) method

Ln-O (w)bond length PrCp ELF k28/10° s
[Gd(cbda)(H,0);]- 6H,0

Gd-036 (w) = 2.453 0.04338 0.101 22.16
Gd-039 (w) = 2.433 0.04532 0.104 1.4
Gd-047 (w) = 2.364 0.05207 0.108 0.10
[Gd(peada)(H,0),] -4H,0

Gd-040 (w) = 2.621 0.0359 0.0959 750.5
Gd-043 (W) = 2.506 0.03893 0.0998 56.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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S16t in the ESI. The k. follows a similar trend for all the density
functionals (except B3LYP).****

For LCRECP,
prcp = 0.05941 — 0.00316 log kex )
ELF = 0.13532 — 0.00503 log kex (3)
For SCRECP,
prcp = 0.06440 — 0.00325 log key (4)
ELF = 0.12275 — 0.00296 log kex (5)

From this analysis, we can conclude that the water exchange
rate in bis and tris-aquated complexes is mainly related to the
strength of the Gd-O (w) bond to reach the eight coordinated
transition state (TS). The relatively high water exchange rate of
the [Gd(peada)(H,0),] -4H,O complex is due to the overall
negative charge of the complex, as anionic complexes exhibit
a faster k. than neutral complexes.> Among the two water
molecules, Gd-040 (w) with a bond length of 2.62 A shows
a very high ke, which may be related to the hydration equilib-
rium between the mono and bis-aquated forms and the flexible
coordination sphere surrounding the Gd*" ion.

3.3.4 Mechanism of water exchange. DFT-based methods
have been applied widely for the investigation of the water
exchange rate and mechanism of metal-containing
complexes.'” To elucidate whether factors other than the
bond strength can also affect the k., a mechanistic study of the
water exchange rate has been conducted and the correspond-
ing activation parameter values of the complexes were calcu-
lated (Table 3). Generally, water exchange of the inner-sphere
water molecules with bulk water for nine coordinated
complexes mostly follows a dissociative mechanism.'* To
locate the TS, we optimized the structure that connects the
nine and eight-coordinated forms of the complexes. The
optimized TSs of the complexes are shown in Fig. S3 and S4t in
the ESI. An elongated Gd-O (w) bond facilitates faster
exchange for a dissociative type of mechanism.*® Thus, the Gd-
O (w) bond length values at the transition states (TSs) indicate
a dissociative mechanism, where a water molecule in the
inner-sphere leaves the metal coordination environment. The
Gd-O (w) bond length values of both tris-aquated
[Gd(cbda)(H,0);3]-6H,0 and bis-aquated [Gd(peada)(H,0),] "
‘4H,0 complexes increase in the transition state (TS)
compared with their elementary states as shown in Table 3. In
the case of the tris-aquated complex, the values increase from
2.53 A, 2.46 A and 2.42 A to 3.48 A, 3.37 A, and 3.55 A, for Gd-
036 (w), Gd-039 (w) and Gd-047 (w), respectively. Similar
results are obtained in the case of the bis-aquated complex
(Table 3). Thus, this confirms that a water molecule in the
inner coordination sphere leaves the metal coordination
environment, following a dissociative mechanism.

Moreover, we observe that the activation free energy (AG¥)
values increase with a decrease in the bond length for both
complexes (Table 3). The analysis of the activation enthalpies
(AH*) provides a shred of additional evidence for faster water
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Table 3 Activation parameter values for [Gd(cbda)(H,0)s]-6H,0 and [Gd(peada)(H,0),] ™ -4H,O complexes obtained using LCRECP/TPSSh/6-
31G(d,p) and activation energy values calculated using the MP2/LCRECP/def2-TZVP level of theory

[Gd(cbda)(H,0),]- 6H,0

[Gd(peada)(H,0),] ™ -4H,0

Methods Gd-036 (w) Gd-039 (W) Gd-047 (w) Gd-040 (w) Gd-043 (w)
TPSSh AE,* (keal mol ™) 4.93 8.90 9.95 2.10 5.02
Ted-olA 2.53 2.46 2.42 2.63 2.54
Tea-o(rs)/A 3.48 3.37 3.55 3.35 3.45
AH* (kcal mol ™) 4.26 8.31 9.25 1.34 4.32
AG* (keal mol™?) 3.95 7.70 8.40 1.25 3.57
AS* (J mol™' K1) 4.35 9.20 11.84 1.37 10.46
MP2 AE,* (keal mol ™) 4.24 8.67 8.80 1.43 4.54

exchange in Gd-036 (w) followed by Gd-039 (w) and Gd-047
(w) in the tris-aquated complex (Table 3). Further, for the bis-
aquated complex, the AH* value increases drastically from
Gd-040 (w) to Gd-043 (w). In addition, the positive activation
entropies (AS*) (Table 3) indicate a dissociative type of mecha-
nism.**1%5:1% Further, to confirm the nature of the mechanism,
we have performed intrinsic reaction coordinate (IRC) calcula-
tions (Fig. S5t in the ESI), ensuring the dissociative nature of
the mechanism.

We tested both large core (4f, in core) and small core
pseudopotentials and found that activation parameter values
are sensitive to the choice of the core definitions. But both
SCRECP and LCRECP provide a similar trend in the activation
parameter values except in Gd-040 (w) (Table S167 in the ESI).
The unexpectedly high water exchange rate (k.,) in Gd-040 (w)
is due to the very low AH* value, corresponding to the weaker
metal and water molecule interaction. Moreover, we have
performed single point energy calculations using the MP2
method for a comparative purpose. The DFT (TPSSh) and MP2
methods exhibit quite similar values of activation energies
(Table 3).

(a)

Pycr 4
1Gd-036=0.0433 %\
bGd-047=0.0520
«Gd-039=0.0453
4Gd-N1=0.0258
«Gd-N9=0.0334 g
{Gd-N15=0.0345
£Gd-012=0.0460
'Gd-07=0.0604
iGd-014=0.0407

Fig. 6
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3.4 Bonding nature of the complexes

3.4.1 Quantum theory of atoms-in-molecules (QTAIM)
analysis. The different forms of chemical bond in a compound
indicate different chemical and physical properties. Theoreti-
cally, the bonding nature between the Ln*" ion and the ligand
was characterized with the help of Bader's Quantum Theory of
Atoms-In-Molecules (QTAIM) and electron localization function
(ELF) analysis. The primary application of QTAIM is the topo-
logical analysis of the electron density to characterize the
important bonding nature of the M-L bonds. The locations of
the respective BCPs in the [Gd(cbda)(H,0);]-6H,O and
[Gd(peada)(H,0),]-4H,O complexes are presented in Fig. 6(a)
and (b) respectively. The orange dots indicate the BCPs in M-O/
N bonds. The value of pgcp and its Laplacian (V>p) at the BCPs
suggest the type of bonding. The value pgcp < 0.10 au and the
positive Laplacian value signify ionic bonding (Tables S11 and
S127 in the ESI). Thus, the electrostatic nature of the bonding is
reflected.

Moreover, to assess the bonding interaction between the
metal and the ligand a useful quantum mechanical method, i.e.

pBCP
*Gd-040=0.0359
*Gd-043=0.0389
«Gd-N1= 0.0349
1Gd-N2= 0.0340
¢Gd-N23=0.0421
'Gd-011=0.0599
£Gd-017=0.0556
"Gd-029=0.0480
iGd-012=0.0605

Electron density (p) values at the bond critical points (BCPs) of (a) [Gd(cbda)(H,O0)z]-6H,O and (b) [Gd(peada)(H,0),] ™ -4H,O complexes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) and (b) ELF plots in the XZ and YZ planes for the
[Gd(cbda)(H,0)=]-6H,O complex, and (c) and (d) ELF plots in the XZ
and YZ planes for the [Gd(peada)(H,O),]™ -4H,O complex.

the electron localization function (ELF), was employed. ELF is
a simple and useful descriptor of the topological analysis of
chemical bonds based on Pauli's repulsion effect. Here, the
implementation of ELF based on Pauli's repulsion was investi-
gated. In the ELF color-filled map surface (Fig. 7) the region
between the metal (Gd**) and the oxygen or nitrogen atoms of
the ligands is considered. The color scale is from 0 (blue) to 1
(red) as shown in Fig. 7. According to Becke and Edgecombe,'’
an ELF value close to 1 (colored red in Fig. 7) indicates the
highest Pauli's repulsion zone. While a value close to 0 indicates
the minimum Pauli's repulsion zone which is colored blue in
the ELF color-filled map (Fig. 7). The highest Pauli's repulsion
zone corresponds to the localization of electrons, indicating
covalent bonding, but electrons are delocalized in the lowest
Pauli's repulsion area. Subsequently in our analysis the ELF
values are close to 0 (Tables S11-S14} in the ESI), exhibiting
clearly the ionic nature of the M-L bond. Therefore, both atoms-
in-molecules (AIM) and ELF results indicate the presence of
ionic bonding.

3.4.2 Energy decomposition analysis (EDA). An in-depth
analysis of the interaction between the metal and the ligand
was further carried out by the extended transition state method
(ETS). For this, we have conducted an EDA analysis by consid-
ering the closed-shell La*" and Lu®** complexes of hexadentate
(cbda®”) and heptadentate (peada®”) ligands. The different
fragmentation modes are shown in Fig. 8. The total interaction
energy (AEj,.) between the considered fragments [fragment 1 =
Ln*" and fragment 2 = ligand + H,0] can be represented by the
Morokuma-Ziegler energy partitioning model™ as:

AFEiy = AVg + AEpaui + AE,; (6)

where AV, represents the classical electrostatic interactions
between the different fragments when they are brought together
forming the complex, AEp,y; is the Pauli repulsion, especially

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

— Fragment 2
Ligand (L4/L3)+H,0

Fragment 1

Ln3*=La% or Lu3*

Fig. 8 Schematic representation of different fragmentation modes of
the [Ln(cbda)(H,O)z]-6H,0 and [Ln(peada)(H,0),]-4H,O complexes
(Ln = La*" and Lu®").

the repulsion due to steric interactions, and AE,,; represents the
orbital interactions.

The detailed physical significance of the above terms has
been described by Bickelhaupt and Baerends.'*® The data for the
EDA analysis are presented in Table S18f in the ESI. We
observed (Table S187) that the attractive interaction within the
M-L complex is derived from the AE,; and AE terms. More-
over, in ionic bonding, AE,; is less than AE,s but the opposite is
true for covalent bonds. In this study, the interaction of the
ligand (cbda®~ and peada®”) with lanthanides (La*", Lu*") was
evaluated to figure out the strength and the changes in the M-L
bonding in the series. In particular, the data presented in Table
S187 reflects the following salient features:

(I) A relationship can be derived between the metal complex
stability in terms of interaction energy (AE;,) and the f-
electrons. As depicted in Table S187 in the ESI, the AE;, value
of the Lu-ligand (a fully occupied f-shell) complex is higher than
that of the La-ligand complex (an empty f-shell).

(I1) The electrostatic contribution is about two to three times
larger in magnitude than the covalent contribution in f* and f**
systems, implying that M-L bonding is electrostatic in nature
rather than covalent.

(III) Again, as the charge character of the ligand increases
from cbda®" to peada®”, the electrostatic contribution of the
[Ln(peada)]” complex is larger compared to the [Ln(cbda)]
complex. The percentage of electrostatic contribution in the
[Ln(peada)]” complex is also greater than that in the [Ln(cbda)]
complex.

(IV) The percentage of electrostatic contribution decreases
from La (f°) to the Lu (f'*) system, i.e., the covalent contribution
is somewhat larger in the Lu (f'*) system.

(V) The Pauli (AEpa,q;) and orbital AE,,; contributions do not
change markedly upon changing the ligand charges, as they
fluctuate only within a few hundred kilojoules per mole.

3.5 Analysis of molecular electrostatic potential (MEP)

Molecular electrostatic potential analysis has been carried out
to understand the charge distribution within the respective
molecules based on their ligand's denticity (hexadentate or

RSC Adv, 2023, 13, 1516-1529 | 1525
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Fig. 9 Computed molecular electrostatic potentials for: (a) [Gd(cbda)(H,O)3]-6H,O and (b) [Gd(peada)(H,0),]™-4H,O complexes at the
SCRECP/TPSSh/6-31G(d,p) theoretical level. The colour bar displays the electron density distribution. Blue represents the highest electron

density sites.

heptadentate). This helps evaluate the different interactive
behaviour, reactivity and structure of the molecules.'® As noted
earlier,” different colors of the molecular surface indicate
different interactive areas. On account of this, we have investi-
gated the MEP of the [Gd(cbda)(H,0);] and [Gd(peada)(H,0),]
complexes as shown in Fig. 9(a) and (b). The molecular surface
of the complexes is divided into two regions: hydrophilic (blue)
and hydrophobic (red). The blue color of the [Gd(peada)(H,-
0),]” complex indicates a hydrophilic area and a more negative
electrostatic potential. This is due to a large number of
carboxylic groups (four) pointing in the same direction and the
overall negative charge of the anionic complex compared to the
neutral complex.

In the neutral [Gd(cbda)(H,0);] complex, carboxylate groups
(three) are present and attached at different sides of the
complex.

4 Conclusions

In summary, the stability of lanthanide complexes fluctuates
with the nature of the ligand, and its environment. First,
a comparison of the coordination properties and the thermo-
dynamic stability of hexadentate (cbda®  and dpaa®") and
heptadentate (peada®™ and tpaa®") ligands with the Gd*" ion
was carried out in aqueous solution. This stability analysis
allows rationalizing that the hexadentate cbda®~ ligand forms
a reasonably stable complex with the Gd*" ion compared to the
dpaa®~ ligand. The presence of a methyl group in the ligand
backbone causes a slight increase in the selectivity of this
ligand. Likewise, the presence of a large number of carboxylate
groups in the peada®~ ligand causes an increased selectivity of
this ligand compared with tpaa®~ towards the Gd** ion. A
detailed structural analysis has been carried out for the more
stable bis-aquated [Gd(peada)(H,0),]  -4H,O and tris-aquated
[Gd(cbda)(H,0)3]-6H,O complexes at the molecular level. The
work also established that the complex [Gd(cbda)(H,0);]-6H,O

1526 | RSC Adv, 2023, 13, 1516-1529

possesses a stable hydration state of three. In contrast, for the
[Gd(peada)(H,0),] -4H,O complex, a hydration equilibrium
exists between the mono and bis-aquated forms.

The kinetic study interpretation by analyzing the water
exchange rate of the inner-sphere water molecules reveals that
water molecules exhibit different k., rates depending on the
ligand environment. The increased water exchange rate is
related to the weaker Ln-O(w) bond length, low electron
density, and low ELF value. Moreover, from the mechanistic
perspective, the dissociative nature of the water exchange
mechanism was observed for the exchange of coordinated water
molecules with bulk water. However, we have established that
for the bis-aquated complex, one coordinated water exhibits an
unexpectedly fast k., rate (k23° = 750 x 10° s™*). This is due to
the existence of hydration equilibria and a flexible ligand
environment.

Additionally, this study confirms that the M-L bonding
interaction is purely ionic. The percentage of electrostatic
contribution increases with the increased charge of the ligand
and decreases from La (f°) to Lu (f'*) systems. The interaction
energy between the metal and ligand was found to increase in
the order [La(cbda)(H,0);] < [Lu(cbda)(H,0);] < [La(peada)(H,-
0),]” <[Lu(peada)(H,O),] . Thus we believe that these findings
will be helpful for designing lanthanide-based complexes with
higher hydration number and stability. This lights the way for
less toxic MRI contrast agents with higher relaxivity.
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