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This study provides new theoretical insights into the vibrational spectra of Ln(lll) complexes, along
DOL:00.0000000000000¢ the lanthanide series by utilizing the LModeAGen protocol and integrating cutting-edge topological
ideas. It provides a quantitative interpretation of the vibrational spectra of [Ln(trensal)] complexes at
the B3LYP/MWBn(Ln)/6-3114++4G** (n from 46 (La) to 60 (Lu)) level using the characterization of
normal modes from the local vibrational mode theory. This involves decomposing normal vibrational
modes related to the complex formation, distortions in the coordination sphere, and C-H vibrations
into local mode contributions, offering particularly promising results aimed at the design of highly
luminescent lanthanide complexes. This study also delivers key theoretical insights into the chemical
bonding of the coordination sphere of [Ln(trensal)] by combining the local vibrational mode theory
and the bond overlap model to achieve relationships between bond properties, including those of the
Badger-type. Altogether, we present the theoretical framework necessary to quantitatively interpret
the vibrational spectra of [Ln(trensal)] complexes along the lanthanide series and gain a better
understanding of the lanthanide-ligand chemical bonds, thereby enhancing our understanding of
their chemistry and guiding future design efforts.

1 Introduction
ing Ln(III) ions in complexes with the tripodal trensal ligand !

(see Figure 1a) along the La-Lu series. This investigation of the
entire series is expected to contribute to the fundamental chem-

istry of Pm(III), which is quite unknown 12,

Rare earth elements, 15 of which belong to the lanthanide (La—
Lu) series, are present in moderate amounts in the lithosphere
and have special attributes that make them useful in catalysts,
lasers, magnets, batteries, and even biological applications ™.
From a chemistry perspective, a better understanding of chemi-
cal bonding in lanthanide-containing compounds should facilitate
these applications®. To this end, we have employed the local vi-
brational mode (LVM) theory, originally proposed by Konkoli and
Cremer7, and the bond overlap model (BOM) 8-10 f4r investigat-

Trivalent lanthanide ions, Ln(III), possess a unique electronic
structure, which distinguishes them from other elements as their
4f valence orbitals are shielded by the filled 5s and 5p orbitals,
isolating the 4f electrons from external chemical influences®!3.
The trensal ligand coordinates Ln(IIl) in the trianionic heptaden-
tate (N4O3) form '*18. Due to the C3 point symmetry, the coordi-
nation sphere of the resulting complex, [Ln(trensal)] (see Figure
1b), can be divided into three distinct families: the Ln-O, Ln—
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(within the C3 axis), which is non-equivalent to the other three ni-
trogen atoms and is expected to be unbound in complexes of first-
row transition metals due to a decrease in denticity to six 1®18.

The formation of [Ln(trensal)] is experimentally confirmed by
a strong infrared (IR) band attributed to C=N stretch 14,15,19-23
Consequently, the sensitivity of IR spectroscopy to lanthanide co-
ordination can be linked to specific normal vibrational modes
within the fingerprint region of the vibrational spectra. How-
ever, the high delocalization of normal vibrational modes makes
it difficult to pinpoint specific bond stretching contributions, as
extensively emphasized in the literature by some of us in the con-
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Fig. 1 (a) Schematic 2D representation of the neutral form of the un-
bound trensal ligand (Hstrensal), and (b) the 3D visualization of trensal
bound to a trivalent lanthanide ion (oxygen, nitrogen, lanthanide, car-
bon, and hydrogen are depicted in red, blue, light blue, grey, and white,
respectively).

text of various chemical systems 2439 In other words, assigning
the strong IR characteristic band typical of [Ln(trensal)] solely to
the imine C=N stretching vibration, without quantitative spectral
analysis, is incomplete due to the delocalization conundrum.

Delocalization also hinders the study of Badger-type relation-
ships3132 | as the correlation with bond lengths requires breaking
down polyatomic molecules into quasi-diatomic molecules®! (or
recently referred to as "diatomics within molecules" 33) to obtain
local mode properties such as frequencies or force constants. In
this respect, relationships between bond properties can enhance
our understanding of chemical bonding, especially when differ-
ent quantum chemistry methods can be employed for analysis.
Our combined protocol, which integrates LVM with BOM, exem-
plifies this approach. Often, one bond property is easily obtained
experimentally, while another is more challenging to assess. For
example, measuring or calculating the vibrational spectrum of a
compound is typically more practical than performing a detailed
structural analysis3 ! In cases like that of Pm, where experimen-
tal data on chemical bonding is unavailable 12, vibrational spec-
troscopy is expected to become an invaluable tool for gaining in-
sights into bond properties.

Furthermore, recent interest in designing luminescent lan-
thanide complexes has focused on identifying the normal vibra-
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tional modes, calculated at the density functional theory?’4 (DFT)
level in the gas phase, most strongly coupled to the electronic
states, which for [Yb(trensal)] are mainly within the frequency
range of 0-500 cm ™! and simultaneously distort the first coordi-
nation sphere while breaking the C5 symmetry of the molecule >°.
Moreover, the design should take into consideration the character
of the vibrational modes that lead to non-radiative deactivation of
excited states'®. To take a case in point, the C-H vibrations ex-
hibiting significant anharmonicity in [Eu(trensal)], for instance,
can give rise to the undesired dissipation pathway of the excita-
tion energy>®. As a result, the normal mode decomposition of the
C-H related region of the IR spectrum is germane to our approach
as well.

So far, a theoretical framework that aids in the elucidation of
the vibrational spectra of [Ln(trensal)] complexes along the lan-
thanide series has been lacking and is of paramount interest for
gaining a better understanding of the lanthanide chemistry in-
volved. This clearly calls for new ideas to facilitate the quanti-
tative spectral analysis via normal mode decomposition. In this
work, we have addressed this need by utilizing the characteriza-
tion of normal mode (CNM) procedure 2>3738  an integral part of
the IVM theory, as a key tool.

It is worth mentioning as a motivation that the recent applica-
tion of local mode analysis in lanthanide spectroscopy has pro-
vided new insights into the degree of normal mode delocalization
and the bonding behavior within the coordination sphere of lan-
thanide complexes®. To the best of our knowledge, the present
study presents for the first time a complete characterization of the
[Ln(trensal)] complexes along the La-Lu series by the combined
computational approach herein proposed, aiming to give:

i. A quantitative interpretation via CNM spanning the gas-
phase DFT-computed IR spectra to elucidate the normal vi-
brational modes associated with peaks linked to distortion
within the first coordination sphere with disruption of the C3
symmetry, complex formation, and C-H vibrations.

ii. A comparative analysis involving the local mode force con-
stant, the ligand effective polarizability from BOM, bond dis-
tances, and ionic radii to gain a better understanding of
chemical bonding within the coordination sphere.

iii. A pairwise comparison between [Er(trensal)] and
[Fe(trensal)] to probe the change in bonding of the
trensal ligand by the apical nitrogen using the local mode
force constant.

Methodology

Normal Mode Analysis

According to the GF metho , the Lagrangian £ for a poly-
atomic molecule composed of N atoms undergoing harmonic vi-
brations can be conveniently expressed using the following matrix
formulation:

d 39,40

1.4 ,-1. 1
EquTG 1q—QqTqu €))

The quadratic form of both kinetic and potential energies satis-
fies the Euler-Lagrange equation, ensuring the existence of an ex-
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tremum for each internal coordinate gn (n =1, -+, Nys):
d 0L 0L
— o= I 2
U 04n  Ogn @

The matrices G and F¢, both of size N,;;, X N, represent the
Wilson G matrix and the Hessian matrix in internal coordinates ¢,
respectively. These matrices are simultaneously diagonalizable by
D. The internal coordinate vector q can be defined as the result
of a linear transformation D applied to the normal coordinate
vector Q, expressed as:

q=DQ 3)

The normal vectors &# (u=1,---,N,,;) in internal coordinates
constitute the columns of the matrix D.
The vibrational secular equation in internal coordinates is ex-
pressed as:
FD=G 'DA @

The subsequent equality, involving the identity matrix I, holds:
DiG'D=1 (5)

The diagonal matrix A comprises N, eigenvalues A, corre-
sponding to N,;, frequency values wy, (in cm™1):
1
= /\#1/ 2 6)

w =
K™ ore

with ¢ being the speed of light in vacuum. Stated differently,
the set of diagonal elements )\, of the matrix A produces the
vibrational spectrum of a polyatomic molecule.

The Wilson B matrix, represented as a N,;;, x 3N rectangular
matrix, incorporates the first derivatives of the internal coordi-
nates qn, (n =1,--+,N,;) with respect to the Cartesian coordi-
nates z; (¢ =1,---,3N) as its elements B,,;. This matrix serves
to establish the connection between internal and Cartesian coor-
dinates®’:

q=Bx @)
Oqn
Bni = ai,i ®

The pseudo-inverse matrix of B is the matrix C38:
c=M'BfGg™ )

The matrix M represents the mass matrix, structured as a 3N x
3N matrix, where each atomic mass is repeated three times to
account for motion in the x, y, and z directions.

Renormalization of D, via the diagonal matrix M of reduced
mass elements mﬁ, in conformity with

D —DMF)? (10)

results in
D¢ 'D=Mm" (11)
D'F'D =K (12)

by recasting Equations 5 and 4, respectively. Here, D represents
the column-wise grouping of the normal vectors d,,, and K de-
notes the diagonal matrix of normal force constants, defined as
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K = F?. Another connection between internal and Cartesian co-
ordinates is provided by

F? =Cc'Fr*cC (13)

L=CD (14)

Clearly, L gathers the normal vectors 1,, within its columns.

Multiplying Equation 3 from the left by DTG ™!, taking into
account Equation 5, yields:

Q=Dig!q (15)

In other words, normal coordinates are linear combinations of
internal coordinates. This results in normal vibrational modes
typically spread out across the molecule, thereby restricting the
utility of normal mode frequencies and force constants as mea-
sures of bond strength. To address this, local vibrational modes
and their corresponding frequencies and force constants are nec-
essary. The delocalization also renders it impractical to track sub-
tle structural changes and variations in the molecule’s surround-
ings without a method for normal mode decomposition. In this
regard, the CNM procedure emerges as a novel and powerful tool
as an integral part of the IVM theory. It offers a quantitative ap-
proach to decomposing normal vibrational modes into local mode
contributions. As a result, it facilitates the quantitative analysis of
vibrational spectra, offering insights into the molecular fragments
involved in a novel and innovative manner.

Local Mode Analysis

The local mode vectors a, associated with the internal coordi-
nates g, can be calculated utilizing the normal vibrational modes
d,, and the diagonal force constant matrix K, as demonstrated by
Konkoli and Cremer in their seminal paper on the local vibrational
mode theory”:

K1d}
d.K-1d},
Obtaining d,, and K is a standard procedure in modern quan-
tum chemistry packages after a vibrational frequency calculation.
Transformation to the Cartesian coordinate space can be per-
formed by means of L to give aj;:

(16)

an =

ay =Lan a”n

The local mode force constant k2 can be calculated as:

. —1
k2 =al Ka, = (d, K 'd}) (18)

It should be noted that Zou and Cremer proposed k% as a local
descriptor of the intrinsic strength of the bond or non-covalent
interaction between two atoms under consideration*'. Further-
more, the local force constant enables the generalization of Bad-
ger’s rule, establishing a universal relationship between inter-
atomic distance (R) and the corresponding local force constant,
provided that all bonds considered exhibit similar electronic fea-
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tures>!. The local mode frequency wj can then be calculated:

a
-1 k)
mp

(Wh)? = (ar?c?) (19)

with m% being the local mode mass, which can be computed in
terms of the diagonal element of G:

ma = !
n G
nn

(20

Each normal vibrational mode, including those of significant in-
terest corresponding to peaks in the vibrational spectrum, can be
decomposed into the percentage contributions of non-redundant
local vibrational modes from a complete set using the characteri-
zation of normal mode procedure?®°. This is based on an adia-
batic connection scheme (ACS) 2. The degree of overlap, repre-
sented by Sy, 2>37-38, is defined as:

(ah|F|1,,)°
(an[Fe]an) (1 [F* 1)

Snpu = 2n
with a7, F*, and 1, representing the local vibrational mode, the
Hessian matrix, and the normal vibrational mode in Cartesian co-
ordinates, respectively. The percentage contribution C’:ﬁt (local
mode contribution) of the local vibrational mode af to the nor-

mal vibrational mode 1, is then attained as follows®7:
S
Oy = —t 100 (22)
meb Smu

A CNM plot illustrates normal mode decompositions, with the lo-
cal mode contributions C:f’ﬂ shown as distinct components form-
ing the bars that represent the normal modes in a diagram.
The normal frequencies corresponding to the decomposed nor-
mal modes are displayed on the plot’s x-axis. For further details
on the IVM theory, the reader is referred to two comprehensive
feature articles2>38,

The following set of formulas defines the number of bond (Vy),
angle (INy), and dihedral (/V4) parameters necessary to form a
topologically complete and non-redundant set of local vibrational
modes for CNM 3 and implemented in LModeAGen 2°:

Ny=N+[f-2 (23)
Ne=N-f-1 (24
Ny=N-3 (25)

From the perspective of graph theory, f represents the number
of faces of the molecular graph, whether it is of tree, cycle, or
polyhedral type 30,

Given both the significant delocalization observed in the nor-
mal vibrational modes associated with the infrared-active peaks
and the dimension of the vibrational space of the Ln-containing
complexes along the La-Lu series, it is recommended to perform
the CNM analysis using local mode families. For the C-H family,
this involves merging all the percentage contributions of C-H lo-
cal modes, Zn CZ’(C —H), to form the C-H entry in Figure 6.
A similar rationale applies to other local mode families. For vi-
sualization purposes, Yo comprises the summation of all o local

4 Journal Name, [year], [vol.], 1-10

mode contributions below the threshold of 5%.

Ligand Effective Polarizability

The bond overlap model (BOM) 9,10 explains the dynamic cou-
pling (DC) mechanism**~*® via overlap and ligand effective po-
larizabilities (o« = o’ + app), with app and o’ denoting bond
overlap polarization and ligand polarizability contributions to DC,
respectively”10. Improved effective ligand polarizabilities (')
are obtained by decomposing the molecular polarizability for the
entire complex into localized molecular orbitals (LMOs) contri-
butions, which are relevant for understanding ligand interactions
with Ln(III) 8_ It should be mentioned that BOM has recently been
implemented for multiconfigurational wave functions*®. For up-
to-date applications of BOM, readers are referred to the recent
literature. 4753,

Computational Details

The complexes formed with the trensal ligand !*"'” binding to
Ln(IID) ions from lanthanum to lutetium were investigated. Very
little has been found in the literature on Pm, which highlights the
importance of this investigation encompassing the entire series.
Equilibrium geometries, Hessian matrices, and associated normal
vibrational modes, as well as finite field calculations, employed
the B3LYP>*>> functional in combination with the 6-311++G**
basis set>®°7 to describe all ligand atoms as well as a pseudopo-
tential scheme (MWBn, n varies with atomic number) 58 and va-
lence electrons basis set for Ln(IIl) ions utilizing Gaussian16°°.
For [Fe(trensal)], the results were obtained at the UB3LYP/6-
3114 +G** level. Multiwfn ®® was employed for obtaining the lo-
calized molecular orbital (LMO), while ChemBOS 847,61 decom-
posed the molecular polarizability into LMO contributions. The
automatic generation of complete and non-redundant sets of local
mode parameters was accomplished through the newly developed
LModeAGen protocol?*3° with local mode analysis being con-
ducted using the standalone LModeA package®?. All the geome-
tries were visualized using UCSF ChimeraX®?, and their Cartesian
coordinates are provided in the Electronic Supplementary Infor-
mation. The values of trivalent ionic radii used for comparison
were taken from the literature ®*. Additionally, in the Electronic
Supplementary Information, Figure S3 corroborates the sound-
ness of our model on a comparative basis with the PBE0®>%®
functional.

Results

CNM Analysis of Selected Normal Modes

This study aims at assessing the topologically complete and
non-redundant set of local vibrational modes3® for the CNM
analysis of the gas-phase DFT-computed vibrational spectra of
[Ln(trensal)] complexes at the B3LYP/MWBn(Ln)/6-311++G**
level, as implemented in LModeAGen 26 The molecular graph as-
sociated with [Ln(trensal)], featuring f = 10, exhibits N, = 70,
Ng =51, and Ny = 59, with N,;; = Ny + No + Ng = 180. Figure
2 shows three out of the ten faces that constitute the associated
molecular graph, with the infinite face accounting for the tenth
one®0.

Page 4 of 11
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Fig. 2 A 2D representation of one-third of [Ln(trensal)], depicting three
out of the ten faces that compose the associated molecular graph.

Figure 3 shows the gas-phase DFT-computed IR spectrum of
[Eu(trensal)], which, albeit slightly blue-shifted, is in consider-
able agreement with the experimental data extracted from the
literature 3. On average, the IR spectra obtained along the La-Lu
series exhibit similar patterns, justifying the selection of a single
spectrum for discussion. The peaks identified in the spectrum due
to distortion within the first coordination sphere with disruption
of the C3 symmetry (p;1), complex formation (p2), and C-H vi-
brations (p3) are illustrated in Figure 3.

I e
TV
p3 “
s
x
— Calculated
Experimental P2
4000 3000 2000 1000 0

Frequency [cm’1]

Fig. 3 Comparison of the calculated IR spectrum at the
B3LYP/MWB52/6-311++G** level of theory with the experimental
ATR-IR spectrum 3 of [Eu(trensal)].

Distortion within the First Coordination Sphere (p;)

As mentioned in the literature, characterizing gas-phase DFT-
computed normal vibrational modes strongly coupled to elec-
tronic states can be instrumental in designing luminescent lan-
thanide complexes 35, For instance, in [Yb(trensal)], these modes
fall predominantly within 0-500 cm~?, distorting the first coor-
dination sphere and breaking the C3 point symmetry>>. We se-
lected the peak of highest intensity in the frequency range of 0—
500 cm ™! (p1) to perform the CNM analysis on the corresponding
normal modes along the La-Lu series.

Figure 4 presents the CNM analysis for the degenerate nor-
mal vibrational modes associated with p1, spanning the frequency
range of 196-200 cm ™! along the lanthanide series. Consistent
with the literature, Figure 4 agrees with the previous report that

Physical Chemistry Chemical Physics

these normal modes, which distort the first coordination sphere
in [Yb(trensal)], are of E-symmetry>°>. Most striking is the sub-
stantial difference in the patterns of these normal modes of E-
symmetry, as shown in Figure 4.

By comparing Figures 4a and 4b, we can infer that the break-
ing of the C3 symmetry occurs through motions with varying de-
grees of distortion in the first coordination sphere along the lan-
thanide series. Also, the local mode contributions associated with
the molecular fragments N-Ln—-O-O, N-Ln-O, C-O-Ln, C-N'-Ln,
and C-N-Ln exhibit opposite trends. In Figure 4a, the percent-
age values of N-Ln—-O-O show an overall decrease, while those
of N-Ln-O show an increase. However, this pattern is reversed
in Figure 4b. For C-O-Ln, C-N’-Ln, and C-N-Ln, the ascending
trend observed in Figure 4a shifts to a descending trend in Figure
4b.

Importantly, the CNM analysis was successful in identifying and
quantifying the contributions of the molecular fragments involved
in the motion described by the normal vibrational modes that dis-
tort the first coordination sphere. Figure 4 is a particularly re-
markable outcome in this regard, raising the possibility that CNM
can quantitatively aid in the guided design suggested in the liter-
ature . This finding is reassuring, as it opens up future research
endeavors focused on different ligands and substituent effects.

Vibrations Related to the Complex Formation (p2)

Another relevant aspect of this investigation is the critical ex-
amination of the assignment of the strong IR characteristic band
typical of [Ln(trensal)], which is an experimental evidence for
the formation of the complex'41>19-23 1n this context, much of
the assignments up to now has been qualitative in nature. The
main challenge faced by qualitative assignments is the lack of a
quantitative spectral analysis that assesses the composition of the
characteristic normal vibrational modes.

Figure 5 makes a considerable contribution to the characteri-
zation of [Ln(trensal)] by demonstrating, based on a strong theo-
retical framework, that the fingerprint normal vibrational modes
indicative of [Ln(trensal)] formation in the frequency range of
1656-1658 cm ™! along the lanthanide series are composed not
only of C-N contributions but also of C-C and H-C-N ones. In
future investigations, we recommend using CNM to interpret vi-
brational spectra for the assignment of peaks that indicate the
formation of Ln-containing complexes.

C-H Vibrations (p3)

Another finding that stands out from the results is the CNM
analysis depicted in Figure 6, which confirms that the C-H
stretching vibrations in [Ln(trensal)] are nicely decoupled from
other stretching, bending, or torsional vibrations3!. The normal
vibrational modes within 2984-2992 cm ™! along the La-Lu series
are fully localized with respect to the C-H family. It is crucial to
consider vibrational modes leading to non-radiative deactivation
of excited states, as seen in [Eu(trensal)], where C-H high en-
ergy oscillators lead to undesired energy dissipation and lumines-
cence quenching®. Because local vibrational modes are related
to the local modes of overtone spectroscopy>1®7, further studies
are needed and highly recommended to test the monitoring of C—
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Fig. 4 CNM analysis of the degenerate E-symmetry normal vibrational
modes (a and b) associated with p; along the La—Lu series at the
B3LYP/MWBn(Ln)/6-311++4G** level of theory.

100
904 Ln-O
Ln-N'
c-0
80 |on
— CN
£ 704 cc
s C-H
2 N-Ln-O
3 60+ C-O-Ln
= C-N-Ln
< C-N-Ln
8 501 @c-co
8 H-C-N
S 40 C-C-C
= H-C-C
© O N-Ln-0-0
8 304 C-N-Ln-O
= H-C-N'-Ln
H-C-N-Ln
20 @Qc-cco
H-C-C-0
10 c-c-cC
H-C-C-C
0
o4 (m]

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Normal Frequency Range: 1656-1658 cm™! (p2)
Fig. 5 CNM analysis of the normal vibrational mode associated with p2

along the La—Lu series at the B3BLYP/MWBnN(Ln)/6-311++G** level of
theory.
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H stretching vibrations in [Ln(trensal)] (and other complexes as
well) via local mode analysis. This approach can conceivably be
hypothesized to be relevant to strategies, such as deuteration or
fluorination, for reducing undesired relaxation pathways aimed

at the design of highly luminescent lanthanide complexes 3.

100

90

80
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Local Mode Contribution [%]

30

204

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Normal Frequency Range: 2984-2992 cm™' (p3)

Fig. 6 CNM analysis of the normal vibrational mode associated with p3
along the La—Lu series at the B3LYP/MWBn(Ln)/6-311++4G** level of
theory.

Relationships between Bond Properties

The C3 point symmetry results in the equivalence between the
oxygen atoms and the nitrogen atoms, except for the apical nitro-
gen within the coordination sphere of [Ln(trensal)], explaining
the three families of lanthanide-ligand bonds depicted in Figure
7.

Recently, there has been renewed interest in Badger-type re-
lationships, with implications for pairs of atoms in the Periodic
Table, including lanthanides®3. In this context, the knowledge
from the literature that the coordination number of [Ln(trensal)]
remains consistent throughout the lanthanide series is particu-
larly relevant, as it enables relationships between ionic radii and
interatomic distances within the coordination sphere . It may
be the case therefore that Figure 7a supports this idea, as the lig-
and polarizabilities remain practically unchanged throughout the
series, reflecting the consistency of polarization of the chemical
environment around the Ln(III) ions.

Besides, Figure 7b is in accord with a previous study indicat-
ing that interatomic distances within the coordination sphere de-
crease as the ionic radii decrease along the series'®>. However,
caution must be applied, as interatomic distances alone cannot
provide a reliable description of bond strength. This is where the
local force constant plays a crucial role. The relationship between
the local force constant and ionic radius in Figure 7c suggests that
the intrinsic strength of Ln—-O and Ln—-N bonds follows an inverse
correlation with the ionic radius. Closer inspection of Figure 7¢
raises the possibility that Ln—N’ bonds follow the opposite trend,
prompting an investigation into the relationship between the lo-
cal force constant and interatomic distance.

Figures 8a and 8b indicate that Ln-O and Ln-N bonds adhere to
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Fig. 7 Ln(lIl)-L effective polarizability (a), interatomic distance (b), and
local force constant (c) vs. Ln(lll) ionic radius along the lanthanide series
(Lu <= La). The results were obtained at the B3LYP/MWBn(Ln)/6-
311++G** level of theory.

the generalized Badger’s rule along the lanthanide series; namely,
the shorter the interatomic distance, the stronger the interaction.
What stands out is Figure 8c, where Ln-N’ follows the opposite
trend. In accordance with the present results, previous stud-
ies have demonstrated that a shorter bond is not necessarily a
stronger bond %874, This intriguing finding may be attributed
to the specific nature of the bond involving the apical nitrogen.
In Figure S1 in the Electronic Supplementary Information,

experimental interatomic distances for the structural param-
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(a), Ln-N (b), and Ln—N’ (c) bonds. The results were obtained at the
B3LYP/MWBn(Ln)/6-311++G** level of theory.

eters within the coordination sphere of [Ln(trensal)], taken
from the literature!®, are correlated with the corresponding
B3LYP/MWBn(Ln)/6-311++G** values throughout the series.
Because experimental data on [La(trensal)] and [Pm(trensal)]
are not reported in the literature from which we took the struc-
tural parameters for comparison '8, they are omitted from Fig-
ure S1. There is a linear relationship between the experimental
and theoretical quantities for the Ln-O, Ln-N, and Ln-N’ bonds
(correlation coefficient, r2 > 0.9), which reassures that our cal-
culated gas-phase structures are consistent with crystallographic
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structural characterization 1618 Figure S2 offers insights into

[Gd(trensal)], demonstrating that our calculations produced in-
teratomic distances more closely related to the atomic radii®*.

To date, research has tended to focus on the Ln-N’ interatomic
distance rather than the intrinsic strength to assess the change
in denticity for the complexation of trensal to the smaller triva-
lent transition-metal ions, leading to a distorted octahedron '®18.
In light of local vibrational mode theory, the local force constant
can contribute to a better understanding of the bonding involv-
ing the apical nitrogen. For the sake of computational conve-
nience, [Fe(trensal)] has been selected to probe the hexadentate
coordination expected for first-row transition metals. What can
be clearly seen in Table 1 is the manifestation of the three-fold
symmetry relating the equivalent nitrogen and oxygen atoms in
[Er(trensal)], with a marked difference in both interatomic dis-
tance and local force constant for the Er-N’ bond.

Table 1 Comparison between the interatomic distance (R) and local force
constant (k%) of M—L bonds in [M(trensal)] complexes of trivalent Er and
Fe ions.

[M(trensal)]
M = Er(n)’ M = Fe(IID?}
M-L R(A) k% (mdyn/A) R(A) k% (mdyn/A)
M1-03  2.204 1.344 1.913 1.570
M1-05  2.204 1.344 1.921 1.725
M1-06  2.204 1.344 1.898 1.725
MI-N2 2911 0.264 3.607 0.265
M1-N4  2.538 0.699 2.034 1.321
M1-N7  2.538 0.699 2.036 1.179
M1-N19 2.538 0.699 2.006 1.422

T at the B3LYP/MWB57(Er)/6-311++G** level of theory
* at the UB3LYP/6-311++G** level of theory with a spin multiplicity of a doublet

The [Er(trensal)] complex was selected because it presents the
local force constant value for the Er-N’ bond that closely matches
of the Fe-N’ bond in [Fe(trensal)]. What is striking in Table 1
is the dramatic difference in interatomic distance between Er-N’
and Fe-N’, despite their corresponding local force constant val-
ues being practically equivalent. Once again, this emphasizes
that interatomic distance is not always a reliable descriptor of
bond strength. These results therefore need to be interpreted
with caution. Despite the similarity in intrinsic strength between
Er-N’ and Fe-N’, the three equivalent Er-N bonds are more than
twice as strong as Er—N’. For [Fe(trensal)], the weakest of the Fe—
N bonds in the distorted octahedron is more than four times as
strong as Fe-N’. This discrepancy in intrinsic strength could be at-
tributed to the apical nitrogen not being bound in [Fe(trensal)],
offering an alternative explanation for this change in denticity for
the first time.

Conclusions

In this investigation, our primary objective was to utilize the
characterization of normal mode (CNM) procedure from local vi-
brational mode theory to assess the normal vibrational modes that
characterize the formation of the complex, the distortions in the
first coordination sphere, and C-H vibrations of Ln(III) complexes,
specifically [Ln(trensal)], along the lanthanide series. Our sec-

8| Journal Name, [year], [vol.], 1-10

ondary aim was to combine the bond overlap model with local
vibrational mode theory to analyze the chemical bonding within
the coordination sphere of [Ln(trensal)]. The following key con-
tributions should be emphasized:

* We have characterized the E-symmetry normal vibra-
tional modes that distort the first coordination sphere in
[Ln(trensal)], revealing the varying degrees of such distor-
tions along the La—Lu series for the first time. This discovery
is promising as it opens avenues for researches on differ-
ent ligands and substituent effects, suggesting that CNM can
quantitatively support guided design as proposed in the lit-
erature>>.

e We have critically examined the assignment of the strong
infrared band of [Ln(trensal)], which has been used ex-
perimentally as evidence for the formation of the com-
plex 4131923 We recommend using CNM to interpret
vibrational spectra for assigning peaks indicative of Ln-
containing complex formation in future studies.

* We have confirmed that the C-H stretching vibrations in
[Ln(trensal)] are effectively decoupled from other stretch-
ing, bending, or torsional vibrations. This finding motivates
further CNM studies aimed at minimizing undesired relax-
ation pathways.

* We have demonstrated that a shorter Ln—-N’ bond does not
indicate a stronger bond, which may be due to the unique
features of the bond involving the apical nitrogen.

* For the first time, we have provided an alternative expla-
nation based on the local force constant for the change in
denticity of the trensal ligand when complexed to Fe(III).

Altogether, these findings enhance our understanding of the vi-
brational spectroscopy and chemical bonding of lanthanide com-
plexes, offering valuable insights for future research.
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