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RM1 Modeling of Neodymium, Promethium, and
Samarium Coordination Compounds

Manoel A. M. Filho®, José Diogo L. Dutra™, Gerd B. Rocha®, Alfredo M. Simas°,
and Ricardo O. Freire™*

The RM1 model is parameterized for the prediction of geometries of Nd(III), Sm(III), and
Pm(III) complexes. By adding the lanthanides to RM1 with a set of 5d, 6s, and 6p orbitals, the
model is now capable of accurately describing direct coordinations to the lanthanide trication,
not only by oxygen and nitrogen, but also by other atoms, such as carbon, sulfur, chlorine and
bromine. Overall, the accuracy of the RMI1 model for interatomic distances between the
lanthanide ion and other directly coordinated atoms is 0.06A for both Nd(III) and Sm(III), and
0.05A for Pm(III). The RM1 model for Nd(III), Sm(III), and Pm(III) is indeed a more general
model than the previous sparkle models, and may be used for any complex of these trivalent
lanthanide ions. More importantly, if the Nd(III), Sm(III), or Pm(III) complex of interest
contains coordinated atoms which are neither oxygen nor nitrogen, then the RM1 model

advanced in this article must be the semiempirical model of choice.

Introduction

Lanthanide complexes display a wide array of applications, as
light conversion molecular devices', in thermochromic
materials in temperature indicating devices’, as emission layers
in OLED (organic light-emitting diode) devices®, etc. One of
the most important applications of neodymium complexes is
that they can be long-lived near infrared emitters with an
essentially monochromatic emission profile free from
“environmentally emissive pollution™ in the range of 1064nm,
which also lies within the telecommunications window of silica
photonic crystal fibers. Another important application of light
emitting neodymium complexes is to in vivo imaging, since
biological tissues are relatively more transparent to near
infrared radiation”.

However, such complexes may present thermal instability,
photo-instability, and low mechanical strength. As such, the
ability to model them theoretically with the intent of developing
new, more stable and much stronger complexes, for all their
possible myriad of applications, is of considerable value.
Likewise, samarium complexes are used for several different
purposes. There is even a complex of a radioisotope of
samarium, '>Sm, (Samarium-153-ethylene  diamine
tetramethylene phosphonate, trade name Quadramet)® which is
used for the treatment of cancers that have spread to the bones
and helps alleviate the associated pain. Samarium complexes
may also behave as light converters, by emitting orangish light
when illuminated with ultra-violet light. Moreover, they can
also be used as coordination polymerization catalysts ™ 5. In
addition, thermal stability is also an issue when developing
luminescent samarium complexes’.

This journal is © The Royal Society of Chemistry 2013

On the other hand, the most stable of the nuclei of the various
synthetic promethium atoms '“*Pm has a half-life of about 17.7
years; and another technologically important one is '*’Pm, used
as a beta radiation source, with a half-life of about 2.6 years.
Hence, there is not a voluminous body of work on Pm
complexes, although a few applications have been presented,
such as: complexes of promethium with ligands such as DTPA,
DOTA, and DTPA-Octreotide as receptor-based
radiopharmaceuticals'’; hydroxiquinolates of promethium'!;
complexes of promethium with ethylenediaminetetraacetic,
diethylenetriaminepentaacetic and nitrilotriacetic  acids'?;
extraction studies using acetylacetonate complexes of
promethium'?, etc. This paucity of data and interest might
change in the future if a novel application for promethium
complexes is discovered, in which case, it would be even more
important to be able to theoretically model promethium
coordination compounds so that the experiment can be
previously designed and carried out with a greater probability
of success.

In this article, we extend the parameterization of our RM1
(Recife Model 1)'* semiempirical model for lanthanides'> '®
for the trivalent ions Nd(III), Pm(III), and Sm(III). Unlike our
previous Sparkle Models, however, we now include atomic
orbitals in the lanthanide cation, rendering RM1 a much more
general model, capable of accurately modeling coordination
bonds of these metals, not only with oxygen and nitrogen, but
also with other atoms such as carbon, sulfur, chlorine, and
bromine.
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Previous Semiempirical Parameterizations for
Nd, Pm, and Sm

Chemical bonds between a lanthanide central ion and the
directly coordinating atoms of the ligands lack directionality,
with the complexes displaying a large array of coordination
numbers, usually from eight to ten. This is commonly attributed
to the fact that the contribution of the occupied 4f orbitals to the
electron density is buried inside the ion core and does not
significantly sustain a presence in the region associated with the
valence shell. Thus, these chemical bonds possess a character,
which can be regarded as essentially electrostatic. Based on this
conceptualization, the original Sparkle Model '”* '® represented
the lanthanide ion by a point charge of value +3e superimposed
to a repulsive potential of the form exp(-ar) in order to assign a
size to the metal ion. Since the model was regarded as useful'®
24 it was subsequently and significantly improved by adding
Gaussian functions to the semiempirical core-core repulsion *°,
and was then fully parameterized within AM1%% %7, PM3?% 2,
PM63;;, PM7°!, with an emphasis on solid state calculations, and
RMI1°“

The RM1 Model for the Lanthanides

Most lanthanide complexes display lanthanide ions directly
coordinated to oxygen or nitrogen atoms of the ligands, ideal
situations that are effectively modeled by the Sparkle Model.
Nevertheless, a lesser but still significant number of complexes
possess ligands with atoms such as C, S, Cl, and Br directly
coordinated to the lanthanide trication. For these cases, the
sparkle model is no longer enough - the description of such
bonds requires the presence of semiempirical atomic orbitals at
the lanthanide trication center. Consequently, we recently
introduced a new approach we called the RM1 model for the
lanthanides'> ', which regards the lanthanide in the
semiempirical calculation as an atom with a core depicting
[Xe4f"], where n = 3, 4, and 5, for Nd(III), Pm(II), and Sm(III),
respectively; while assigning to its semiempirical valence shell,
three electrons and the following set of semiempirical atomic
orbitals: 5d 6s 6p. Although the lanthanide initially enters the
calculation as a neutral species, this parameterization is
expected to work only for trications. Indeed, dications would
require a different core, [Xe4f””], and two electrons in the
valence shell, although the same set of nine atomic orbitals, 5d
6s 6p, could also be used. Hence, in the present article we will
concern ourselves with RM1 model for the lanthanide
parameters for the trications of Nd, Pm, and Sm only.

Parameterization

The first step in a parameterization procedure is to collect all
high quality crystallographic structures (R-factor < 5%) of
complexes of neodymium and samarium from the Chemical
Structural Database, CSD **7°. For neodymium we found 88
structures and, for samarium, 76. Of course, unlike in the
parameterizations of the previous Sparkle Models, we did not
restrict ourselves to only ligands with oxygen and/or nitrogen
directly coordinating atoms. This time, we accepted all
currently existing complexes in CSD regardless of the type of
ligands. For promethium, due to the paucity of experimental
data, we proceeded as before ** ?°? and generated from ab
initio MSW relativistic pseudopotentials a data set of 20
promethium complexes.
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It would be unfeasible to parameterize the new model for all
CSD available complexes for each lanthanide. In addition, in
the universe of complexes there are many repetitive types of
bonds, which could be overrepresented in the parameterization
set, if all were taken into account, deforming the model. Hence,
a need for smaller samplings of the universe of complexes that
can balance the diversity of bonds while guaranteeing
representativity of the smaller samplings vis-a-vis the universe.
For that purpose, as before®" *, we used the hierarchical
clustering divisive analysis DIANA® to cluster the complexes
according to the following metric:

RT3 >

1

dist
J

CSD Cale
di,j,k - di,j,k

CSD Calc
0, -6, (1

1
Gangle

o

where R; is a value associated to each complex i; j runs over all
types of bonds, e.g. Ln-N, Ln-O, Ln-C, Ln-S, Ln-P, etc; k, runs
dist
over all bonds of type j; %) is the standard deviation of all
crystallographic bond lengths of type j for all complexes of the
CSD
universe; ~* is the crystallographic k™ bond distance of type j
Calc
for complex i; "/ is the Sparkle/AM1°®?” calculated value of

the same bond; o is the standard deviation of all
crystallographic bond angles of the type A-Ln-B, with A,B =0,

CSD
N, G, S, Cl, and Br; !

Calc
of complex I; and “' is its Sparkle/AM1%*% %’ calculated
counterpart. We only used experimental data to calculate the
standard deviations used to make sure that the summations in
Eq. (1) add comparable terms. From this analysis, we defined
two parameterization sets for each of the lanthanides: one we
called the small set, and the other we called the big set. Using a
combination of Simplex and GSA algorithms, we minimized
the sum of R; for all complexes of the small set. However, this
time, calc in Eq. 1 refers to calculations using the intermediary
parameters of the parameterization procedure. After the
parameterization procedure converged to the small set, we then
amplified it to the large set and ran the procedure again. When
this second parameterization converged, we declared the
procedure terminated and collected the converged set of
parameters, which we present in Table 1.

is the crystallographic 1™ bond angle

Validation of the Parameters

In order for the parameters to be useful, they must lead to
accurate geometries for new complexes of Nd, Pm, and Sm.
And that can only be counted upon to the extent that the new
structures do not deviate substantially from those present in the
universe set from which the parameterization sets were taken as
representative. That is the reason why we assembled the
universe set from all structures of high crystallographic quality
(R-factor < 5%) we could find in the CSD **-*°. Not only that,
for a parameterized model to have stable predictive value, the
deviations of the predicted distances from their crystallographic
counterparts, calculated for the universe set of complexes per
lanthanide ion, should be random around a mean, implying that
the associated mean error can serve as an accuracy measure of
the model. As accuracy functions, we used unsigned mean
errors for each complex i, UME;s, defined as:

This journal is © The Royal Society of Chemistry 2012
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UME, =3 |RES? — g1 o
n j=1
CSD

where n is the number of distances, '/
RM1
iJ

is the CSD value for

distance j of complex i; and is the RM1 model for

lanthanides value for the same distance.

Table 1. Parameters for the RM1 model for the trications of
Nd, Pm and Sm.
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since UMEs can only have positive values, they should follow a
gamma distribution function parameterized to reproduce
exactly the mean and variance of the UME for each of two sets
of UMEs, for each one of the three lanthanide ions being
considered. If the gamma distribution thus obtained adjusts the
data within a 95% confidence interval, then the mean and
variance are statistically justified to be used as accuracy
measures of the model. And this can be verified from the p-
value of the one-sample nonparametric Kolmogorov-Smirnoff
test, which must be above 0.05 **. Figures 1 and 2 show these
values for both UME 4.1y, and UME for all Neodymium ion

complexes considered. The equivalent figures (Figs S1 to S4)

RMI - - for Samarium and Prometium are presented in Supplementary
Unit Nd Sm Information.
Parameters* Pm*
Uss eV -14.63358576  -15.49364118 -16.50932392 60
Uy eV -7.04786329 -7.10121188 -7.01802973
U eV -19.64139071  -19.42342210 -18.87325201 50 Neodymium (1l1)
7
. bohr'  1.45828951 1.06553607 1.29391374 Q
X
s bohr' 157051639 1.84692454 173865631 2 4 RM1 Model
d bohr!'  1.51356096 1.42404921 1.52137784 £
‘ Q 6=0.0107 A
P eV -7.92937324 -7.98225667 -8.07790225 8 30 '
By eV 0.96436908 0.97790850 093933043  ° k=5.57
Pa eV -3.81235096 -3.92556510 -4.01938912 .qé 20 p-value = 0.124
Fy eV 7.67339141  7.98507005  7.99982834 5 mean = 0.062 A
G’y eV 4.13487169 4.12901400 4.16372927 Z 10
Peore bohr 1.71382705 1.75646078 1.73942317
0 A 1.28977046 1.39327199 1.30770515 0
& bohr! 0.80945985  0.74640624  0.66348032 0025 0.0%0 007 ‘2\00 0125
&’ bohr!'  1.44135558 1.46778967 1.49230342 UME(Nd'L)( )
&’ bohr!'  0.99725490 0.76914732 0.85315362 Figure 1: Histogram of the UME(Ln-L)s for all 88 complexes
an none 0.39689242 0.34756381 0.25388371 of Nd(III) optimized via the RM1 model being advanced in this
by A2 770668519 7 68360060 771382635 article. The ‘shape k and scale 6 are parameters of the fitted
A 158918037 164949482 173109300 SAMMA distribution, and the mean is equal to k0. The p-value of
i ’ ’ ‘ the one-sample nonparametric Kolmogorov-Smirnoff is also
az none  0.02699990 0.06530230 0.03775390  shown. This value is above 0.05, and therefore the data can be
by A2 10.32264526 9.91730194 10.01336548 considered adjusted to the fitted gamma distribution within a
cs2 A 3.23690696 3.11782729 3.21008569 95% confidence interval.

*Parameters are s,p, and d atomic orbital one-electron one-center

integrals Uy, Uy, and Ugg; the s, p, and d Slater atomic orbital

exponents &, &,, and & ; the s, p, and d atomic orbital one-electron two-
center resonance integral terms f, /[, and f; the core-core repulsion
term o; the two-electron integrals F’%pb , G%sq; and the additive term Peore
needed to evaluate core-electron and core-core nuclear interactions; the
second set of exponents to compute the one-center integrals &’ , &,
and &;’; and the six parameters for the two Gaussian functions.

As before®’, two types of functions were considered. The first
one is UME(y.1); which sums all distances from the lanthanide
ion to the directly coordinating atoms of the ligands. The
second is the one we simply call UME; where, to the distances
already considered in UME(y .y, we further add all distances
between any two of the atoms belonging to the coordination
polyhedron of the complex. Tables S1-S3 of the supplementary
information display R; values for all complexes, where we
indicate, with different colors in the CSD codes, which ones of
the complexes were chosen to participate in the small and large
parameterization sets.

The statistical validation step seeks to ensure that the deviations
of the UMEs behave randomly around a mean. In addition,

This journal is © The Royal Society of Chemistry 2012

Clearly, the histograms follow the underlying distributions and
the p-values are all satisfactory, indicating that the
corresponding means and variances can be indeed taken as
accuracy measures of the models. The robustness of this
parameterization approach of ours has already been verified for
our previous Sparkle Models, when a German research group
independently checked their accuracies by optimizing the
geometries of 650 different lanthanide complexes and
concluded that Sparkle/AM1 is “surprisingly accurate” for the
estimation of average bond lengths of the type Ln-OH,.
Moreover, they verified to their satisfaction that the geometrical
deviations found “can be described by normal distributions™ *.

J. Name., 2012, 00, 1-3 | 3
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Figure 2: Histogram of the UMEs for all 88 complexes of
Nd(III) optimized via the RM1 model being advanced in this
article. The shape k and scale 0 are parameters of the fitted
gamma distribution, and the mean is equal to k0. The p-value of
the one-sample nonparametric Kolmogorov-Smirnoff is also
shown. This value is above 0.05, and therefore the data can be
considered adjusted to the fitted gamma distribution within a
95% confidence interval.

Discussion

The main motivation of the RM1 Model for the Lanthanides
was to extend the accuracy of the semiempirical modeling of
complexes for coordination bonds other than those by oxygen
or nitrogen, that are already so well described by the previous
Sparkle Models.

Neodymium Bond UMEs
x Sparkle Models
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Figure 3. Comparison between the accuracy measures, UMEs,
of the RM1 model for Nd(III), being advanced in this article
(amber bars) and of the various spakle models (two-lightness
bars) for the various types of directly coordinated bonds,
indicated in the horizontal axis by the atom directly coordinated
to the metal ion: either O, N, C, S, Cl, or Br. L refers to the sum
of the UMEs of all these atoms, plus UMEs for Nd-Nd bonds.
And Polyhedron refers to the sum of all UMEs in L plus the
sum of all UMEs between any two atoms of the coordination
polyhedron. The top of the top light blue bar indicates the UME
of the least accurate of the sparkle models, and the bottom of
the top light blue bar (corresponding to the top of the dark blue
bar) indicates the UME of the least accurate of the sparkle
models. Raw data used to draw this figure can be found in the
supplementary information

4| J. Name., 2012, 00, 1-3

Accordingly, Figures 3, 4 and 5 show UMEs for all different
types of distances for the complexes of Nd(III), Pm(III), and
Sm(III) respectively, which are indicated by the symbol of the
atom being directly coordinated to the lanthanide ion. UME(y ..
Lys are also shown in Figures 3, 4 and 5 as the last set of two
bars, above the word “polyhedron”. The amber bars represent
the unsigned mean errors in the RM1 model for the lanthanides,
which is being advanced in this article. On the other hand, the
two-lightness or two-toned bars represent the unsigned mean
error ranges in the previous sparkle models - the top of the bar
indicating the UME or UME(.,, error for the least accurate
sparkle model, whereas the bottom of the light colored top bar
indicates the UME or UME(y,.1 error for the most accurate
sparkle model.

Samarium Bond UMEs

x Sparkle Models
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1.80
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1.20
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Bond Length UME (A)

L Polyhedron

Figure 4. Comparison between the accuracy measures, UMEs,
of the RM1 model for Sm(III), being advanced in this article
(amber bars) and of the various spakle models (two-lightness
bars) for the various types of directly coordinated bonds,
indicated in the horizontal axis by the atom directly coordinated
to the metal ion: either O, N, C, S, Cl, or Br. L refers to the sum
of the UMEs of all these atoms, plus UMEs for Sm-Sm bonds.
Polyhedron refers to the sum of all UMEs in L plus the sum of
all UMEs between any two atoms of the coordination
polyhedron. The top of the top light blue bar indicates the UME
of the least accurate of the sparkle models, and the bottom of
the top light blue bar (corresponding to the top of the dark blue
bar) indicates the UME of the least accurate of the sparkle
models. Raw data used to draw this figure can be found in the
supplementary information

For example, let us consider the case of Nd(III)-S coordination
bonds. The UME for the present RM1 model is 0.0630A and is
represented by the top of the amber bar. The least accurate
sparkle model in this case is Sparkle/PM7 with a value of
0.6476A, and the most accurate sparkle model is Sparkle/RM1
with a value of 0.4103. All other sparkle model UMEs lie in
between these extreme values, as 0.4280A for Sparkle/AMI,
0.4265A for Sparkle/PM3, and 0.5552 for Sparkle/PM3. Raw
data used to build Figures 3, 4 and 5 can be found in Tables S4,
S5 and S6 of the Supplementary Information.

Clearly, from Fig. 3, the UMEs for Ln-Ln, Ln-O and Ln-N
bonds are stable throughout the models, and are reproduced
well by the RM1 model for the lanthanides. The UMEs for Nd-
O bonds, for example, are about 0.08A for the Sparkle Models
and 0.06A for RM1 for Nd(III). The corresponding numbers for
Pm(IIl) are about 0.06A and 0.05A (see Fig.4); and, for
Sm(IIT), 0.08A and 0.06A (see Fig.5). Numbers for Ln-N
distances follow the same pattern.

This journal is © The Royal Society of Chemistry 2012
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Figure 5. Comparison between the accuracy measures, UMEs,
of the RM1 model for Pm(III), being advanced in this article
(amber bars) and of the various spakle models (two-lightness
bars) for the various types of directly coordinated bonds,
indicated in the horizontal axis by the atom directly coordinated
to the metal ion: either O, N, C, or Cl. L refers to the sum of the
UMEs of all these atoms, plus UMEs for Pm-Pm bonds.
Polyhedron refers to the sum of all UMEs in L plus the sum of
all UMEs between any two atoms of the coordination
polyhedron. The top of the top light blue bar indicates the UME
of the least accurate of the sparkle models, and the bottom of
the top light blue bar (corresponding to the top of the dark blue
bar) indicates the UME of the least accurate of the sparkle
models. Raw data used to draw this figure can be found in the
supplementary information

Polyhedron

The accuracy novelty of the RM1 Model for the Lanthanides
being introduced here for Nd(III), Pm(III), and Sm(III)
complexes lies in the description of the other types of bonds.
Indeed, take, for example, the next most important type of
coordination bonds: Ln-C bonds, which comprise ~30% of both
Nd-L and Sm-L bonds. While the average UME for the Sparkle
Models is 0.27A for Nd(III), 0.24A for Pm(III), and 0.36A for
Sm(III), the corresponding numbers of the RM1 Model for the
Lanthanides drop dramatically to 0.06A for Nd(III), to 0.02A
for Pm(I11), and to 0.05A to Sm(III). This trend occurs for all
other types of bonds other than Ln-O and Ln-N ones.

Conclusions

For complexes with only directly coordinating oxygen or
nitrogen atoms, either RM1 or any of the other sparkle models
may be used as they yield comparable accuracies. The decision
of which of the sparkle models will be the one of choice, thus
rests on the specific manner by which each of the underlying
semiempirical models, AM1, PM3, PM6, PM7, or RMI,
describes the organic part of the complex.

However, the present RM1 model for Nd(III), Pm(III), and
Sm(III) is the most accurate of all and can be used for any
complex of these trivalent lanthanide ions.

More importantly, if the Nd(III), Pm(III), or Sm(III) complex of
interest contains directly coordinating atoms which are neither
oxygen nor nitrogen, then usage of the RM1 model for Nd(III),
Pm(III), and Sm(III) complexes, being advanced in this article,
is mandatory.
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