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Abstract

The recently published Parametric Method number 7, PM7, is the first semiempirical method to be
successfully tested by modeling crystal structures and heats of formation of solids. PM7 is thus
also capable of producing results of useful accuracy for materials science, and constitutes a great
improvement over its predecessor, PM6. In this article, we present Sparkle Model parameters to be
used with PM7 that allow the prediction of geometries of metal complexes and materials which
contain lanthanide trications. Accordingly, we considered the geometries of 224 high-quality
crystallographic structures of complexes for the parameterization set and 395 more for the
validation of the parameterization for the whole lanthanide series, from La(III) to Lu(III). The
average unsigned error for Sparkle/PM7 for the distances between the metal ion and its
coordinating atoms is 0.063Å for all lanthanides, ranging from a minimum of 0.052Å for Tb(III)
to 0.088Å for Ce(III), comparable to the equivalent errors in the distances predicted by PM7 for
other metals. These distance deviations follow a gamma distribution within a 95% level of
confidence, signifying that they appear to be random around a mean, confirming that Sparkle/PM7
is a well-tempered method. We conclude by carrying out a Sparkle/PM7 full geometry
optimization of two spatial groups of the same thulium-containing metal organic framework, with
unit cells accommodating 376 atoms, of which 16 are Tm(III) cations; the optimized geometries
were in good agreement with the crystallographic ones. These results emphasize the capability of
the use of the Sparkle Model for the prediction of geometries of compounds containing lanthanide
trications within the PM7 semiempirical model, as well as the usefulness of such semiempirical
calculations for materials modeling. Sparkle/PM7 is available in the software package
MOPAC2012, at no cost for academics and can be obtained from http://openmopac.net.

Lanthanide ions find several applications, mainly due to their luminescent and magnetic
properties. Their luminescence leads, for example, to their use in imaging with chemical
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sensors,1,2 time-resolved luminescence immunoassays,3 biomedical analysis and imaging,4

organic-inorganic hybrid phosphors,5 functional materials for the biosciences,6 photo-
emitting materials,7 upconverting fluorescent nanoparticles8 used in bioconjugation and
bioimaging,9 as well as other uses. In addition, their near infra-red luminescence has found
uses in telecommunications, bioanalyses and solar energy conversion.10 More recently, their
magnetic properties are gaining renewed interest due to the discovery that slow relaxation of
the magnetization at liquid nitrogen temperatures can occur in mononuclear complexes of
these ions;11,12 previously, in single molecule magnets, the highest blocking temperatures
lay in the liquid helium region.13 Also, in recent years, lanthanide ions have found many
uses in metal-organic frameworks: as magnetic resonance imaging probes,14 as contrast
agents,15 in biomedical imaging and drug delivery,16 and as luminescent multifunctional
lanthanides-based metal-organic frameworks,17,18 etc. Consequently, the design of ligands
for functional metal-organic frameworks is an active area of research.19

All these applications require accurate quantum chemical methods that are both capable of
modeling molecular structures containing hundreds of atoms, and are general enough as to
be able to handle, besides the lanthanides, many other elements of the periodic table.

Semiempirical methods have proven their usefulness for several applications,20,21 and have
evolved in a continuous basis over the last 30 years. Indeed, within this period, the most
widely used methods have been, successively, MNDO,22,23 AM1,24, AM1*25, PM3,26–28

RM1,29 and PM6.30

The sparkle model for lanthanides, originally introduced in 1994,31,32 represented an
innovative manner of predicting the geometries of europium complexes via AM124

semiempirical calculations. In it, the metal ion was replaced by the Coulomb potential
caused by a +3 point charge, superimposed on a repulsive radial potential of the form
exp(−αr), where α effectively attributes a size to the combined spherical potential,
preventing the ligand atoms from collapsing towards the lanthanide ion. Simultaneously, the
three electrons of the lanthanide are given to the lowest unoccupied orbitals of the ligands,
which are then usually somewhat polarized towards the metal ion. We also added, as the
heat of formation of the gaseous lanthanide trication, the enthalpy of sublimation of the
lanthanide atoms plus the sum of its first three ionization potentials. The success of the
Sparkle Model can be attributed to the fact that the chemical bonds between the lanthanide
ion and the ligands are essentially electrostatic. In 1997, we introduced a technique to obtain
UV-Vis spectra of the complexes due to the ligands by replacing the lanthanide ion by a
point of charge +3, followed by a ZINDO33 calculation.34

Later, in 2004,35 we improved the formalism of the Sparkle Model by adding Gaussian
functions to the expression which computes the core-core energy, in order to make the
model compatible with AM1, and also added the mass of europium, allowing the calculation
of infrared spectra. However, the full capability of the Sparkle Model was realized in 2005
with an improved parameterization for Eu(III), Gd(III) and Tb(III) within AM1,36 which has
proven popular [for one of its first applications, see Faustino, 200637]. The sparkle concept
was then applied to alkaline and alkaline earth complexes as well.38,39 Subsequently, the
model was extended to all other lanthanide ions within AM1,40–48 and was later
parameterized for PM349–55 and for PM6.56 In 2006, we published an article in which we
compared Sparkle calculations with ab initio effective core potential calculations.57 In that
study, we showed that the most accurate chemistry model for predicting the geometry of the
coordination polyhedron of lanthanide complexes was RHF/STO-3G using the ECP of
Dolg.58 These ab initio ECP calculations turned out to be atypical: both augmenting the
basis set and/or including electron correlation generally tended to enlarge the deviations and
worsen the quality of the predicted coordination polyhedron geometry, when compared to
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the corresponding X-ray data. Sparkle Model calculations had the added advantage of being
much faster than any ab initio ECP calculation, as well as describing not only the
coordination polyhedron but also the ligands as well57. A recent thorough independent
assessment of the Sparkle Model accuracy, has been recently published by Seitz and
Alzakhem,59 in which they calculated the geometries of over 650 lanthanide complexes with
Ln-OH2 motifs, and found them, especially Sparkle/AM1, to be “surprisingly accurate for
the estimation of the average bond lengths between the lanthanide ion and the water oxygen
for the technologically important central lanthanides Eu(III), Gd(III), and Tb(III)”. Indeed,
since its conception, the Sparkle Model has been successfully applied to several research
problems, such as the study of energy transfer in Ir(III)/Eu(III) dyads,60 investigation of a
Sm membrane sensor and membrane interfaces,61–63 modeling metal organic frameworks63,
chiral complexes,65 Tb(III) light conversion molecular devices,66 and a tetramer complex of
Eu(III) containing 181 atoms,67 and other problems.

The recently published Parametric Method Number 7, PM7,68 is a new semiempirical
method with a better representation of long-range interactions, resulting in a much improved
prediction of crystal structures and heats of formation of solids. Indeed, PM7 contains
improvements in the description of dispersion and hydrogen bonds which were incorporated
into the method before the parameterization was carried out, to better describe non-covalent
interactions. PM7 also allows for unrestricted Hartree-Fock partial open shells and possesses
a specific parameterization to reproduce barrier heights. Finally, PM7 also corrected a fault
in earlier NDDO methods that resulted in infinite errors when solids were modeled,68 but
which was otherwise negligible. Thus, PM7 represents a major improvement over PM6 and
is, in principle, capable of producing results for materials science research of useful
accuracy. Indeed, for organic solids, the PM7 average unsigned errors (AUE) are 33%
smaller for the geometries and 60% smaller for the enthalpies of formation, when compared
to the same quantities for PM6.

In this article, we extend the Sparkle Model to PM7 and report parameters for all 15
lanthanide trications, from La(III) to Lu(III). Finally, we carry out a sample solid state
calculation on a unit cell of a metal organic framework containing 376 atoms, of which 16
are Tm(III) and compare the result with crystallographic data for the same compound.

Results and Discussion

The Sparkle Model in PM7 retains the same mathematical structure used in AM1, PM3, and
PM6. That is, it includes in the core-core interaction the same sum of two spherical Gaussian
functions, each with three adjustable coefficients.35 Therefore, as before, Sparkle PM7
possesses eight parameters for each lanthanide trication: α, the core-core repulsion term, in
Å−1, GSS, the s-s atomic orbital one-center two-electron repulsion integral, in eV, and the
six parameters for the two Gaussian functions: height, ai, dimensionless; inverse broadness,

bi, in Å−2; and displacement, ci, in Å; as in , where R, in Å, is the
interatomic distance between the lanthanide and the other atom.

For the parameterization training set, we used the same set of 254 complexes of high quality
(R-factor < 0.5%) structures taken from the Cambridge Structural Database69,70 (CSD) that
were used in previous parameterizations, such as Sparkle/PM6:56 15 representative
complexes for each of the 15 lanthanide trications, from La(III) to Lu(III), and carried out
the procedure as described before.36 The Sparkle/PM7 parameters are presented in Table 1.

For the validation set, we added 425 more complexes for a total of 679 coordination
compounds involving all 15 lanthanide ions.
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As before, in order to assess the accuracy of the method, we considered the unsigned mean
errors, UME, defined for all complexes as:

where  and  are, respectively, the jth distance, either from the CSD, or from the
semiempirical calculation, calc. Again, we used two types of unsigned mean errors:
UME(Ln-L) and UME. The first, UME(Ln-L), refers to a sum of all distances, for all
complexes, from the central lanthanide ion to all of the atoms of its coordination
polyhedron, including its distance to another lanthanide ion, when they face each other; and
UME is the sum of all of these distances plus all lengths of the edges of the coordination
polyhedra, a much more stringent criterion of accuracy.

During the statistical tests for the validation of Sparkle/PM7, we found that the presence of
phosphorus atoms in the complex structure caused large errors in the Sparkle/PM7 geometry
of the complexes and consistently gave very bad results. For example, for those cases where
a phosphorus atom is bonded to a coordinating oxygen atom, the oxygen-lanthanide ion
bond length was always predicted to be too large. However, phosphorus-containing
complexes are rare; only 30 were found in over six hundred structures, and in none of these
cases was a phosphorus atom directly coordinated to the lanthanide ion. We were unable to
correct this fault, so we conclude that it is a systematic error of Sparkle/PM7 and thus, for
those rare cases when phosphorus is present in the structure, users are advised to choose the
Sparkle/PM6 model. For this work, we removed all 29 phosphorus-containing complexes
from both the Tm(III) parameterization set and the validation set, and chose to proceed
without them. Nonetheless, in Table S16 of the supplementary information, we list
UME(Ln-L)s and UMEs for all these 30 phosphorus containing compounds. Moreover, not
all elements of the periodic table are represented in the universe of lanthanide complexes.
Indeed, out of the 679 complexes of the validation set, only 81 have ligands with atoms of
elements different than H, C, N, O, P, and S; and none of these different atoms, which are B,
Si, F, Cl, and Br, are directly coordinated to the lanthanide ion. Accordingly, we also
included in the Supplementary Information, Table S17, UME(Ln-L)s and UMEs for all
these 81 complexes.

A precondition for a reliable model is that both UMEs must be randomly distributed about a
mean; if true, then we can have more confidence that the Sparkle Model captured the
essence of the chemical bond between the lanthanide and its ligands for the set of
compounds studied. If the UMEs were randomly distributed about the mean, that would
imply that they follow the probability density function of the gamma distribution, since
UMEs are positive, and defined in the domain (0,∞). We then fitted the various UMEs for
each lanthanide ion to a gamma distribution, from which the mean and variance were
obtained. Then, we tested the quality of the fit by means of the one-sample non-parametric
Kolmogorov-Smirnov test.71 The p-value of the test must be larger than 0.05 for the gamma
distribution fit to be justified within a 95% confidence interval - and for the mean and
variance to be used as accuracy measures of the model.

Table 2 shows the means, variances and p-values for the UME(Ln-L)s for each lanthanide
ion. We can see that these mean values are similar for all lanthanide ions, varying from
0.052Å for Tm(III) to 0.088Å for Ce(III), with an average of 0.063Å.
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Figure 1 shows a pie plot of these UME(Ln-L) which allows us to compare these values
among themselves and verify that they are equivalent for all lanthanides, suggesting that
Sparkle/PM7 is well balanced within the series.

Table 3 shows the same quantities for UMEs, which, as mentioned before, include not only
the distances between the lanthanide cation and its coordinating atoms, but also all lengths
of the edges of the coordination polyhedron – a much more strict measure. Table S18 of the
supplementary information lists the complexes that presented the smallest, as well as the
largest UME(Ln-L) and UME measures, respectively, for each lanthanide trication.

Larger deviations are usually observed on the calculated values of the edges due to the fact
that even small errors on the angle formed by the two coordinating atoms with the
lanthanide ion in the center corner can cause relatively large deviations in the length of the
edge, which is the line segment connecting the two coordinating atoms; that, of course, may
occur, even when deviations in the distances between the lanthanide and the coordinating
atoms are small. The UMEs range from 0.161 Å for Yb(III) to 0.224 for Ce(III), with an
average of 0.187 Å for the whole series. Figure 2 shows a pie plot for the UMEs across the
lanthanide series, again indicating that all parameterizations for the whole lanthanide series
are essentially equivalent in accuracy.

What actually changes across the series are the types of ligands associated with each
lanthanide. For each lanthanide, the ligands are optimized for certain properties, and these
properties vary enormously throughout the series, so that a ligand that is useful for one
lanthanide may not be advantageous to another. Indeed, whereas some complexes emit in
the near infrared, and need dyes as ligands, others emit in the visible, and so they need ultra
violet sensitizers as ligands. Still others are used in magnetic resonance imaging, so that at
least one water molecule is needed in the coordination sphere; and so on. Despite this, there
are only minor variations in accuracy in going across the series.

Table 4 shows the most important unsigned mean errors for specific types of distances, as
well as UME(Ln-L) and UME for Sparkle/PM7 and the other three already-published
methods, Sparkle/AM1, Sparkle/PM3, and Sparkle/PM6, for the validation set of complexes,
and for the 15 lanthanide ions.

From Table 4, it can be clearly noted that Sparkle/PM7 equivalent in accuracy to all other
methods, but it is still the best of all sparkle models for Ln-Ln bonds involving Ce(III),
Pr(III), Pm(III), Er(III), Tm(III), or Lu(III). Of the Sparkle Methods, Sparkle/PM7 is the
most accurate for the prediction of Ln-O bonds in Nd(III), Sm(III), Eu(III), Tb(III), Dy(III),
Ho(III), Er(III), Tm(III), and Lu(III), for Ln-L bonds in Ce(III), Pr(III), Pm(III), and Eu(III),
and for the distance between coordinating atoms for Pm(III) and Ho(III). Sparkle/PM7
surpasses all other methods in the important UME(Ln-L) for Nd(III), Pm(III), Sm(III),
Eu(III), Tb(III), Dy(III), Er(III), Yb(III), and Lu(III). In short, for complexes without
phosphorus in their formula, Sparkle/PM7 is the most accurate of the Sparkle Methods.

Figures 3 and 4 indicate in a pictorial manner the data in Table 4, where it can be readily
seen that the values for UME(Ln-L)are always much smaller than the values of UME for all
lanthanides, and that, in general, the errors in Sparkle/PM7 are similar to those in Sparkle/
PM6.

Although PM7 has been parameterized for most elements, only two of the 15 lanthanides,
La, and Lu were represented. This deficiency is corrected by the Sparkle/PM7 method,
which provides parameters for all 15 lanthanides. For all geometry optimizations of
lanthanide complexes calculated using MOPAC72, the recommended method is Sparkle/
PM7, activated by keyword SPARKLE. For complexes involving La or Lu, there is a choice
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of PM7 and Sparkle/PM7, with the latter method being recommended when geometries are
of greatest importance.

Solid State Calculation of a MOF

In order to exemplify the power of the Sparkle/PM7 method, we chose to fully optimize the
geometry of the unit cell of two new metal-organic frameworks, MOFs, of the same unit cell
formula C96H144O120Tm16, that have been recently synthesized under different
hydrothermal conditions and characterized by single-crystal X-ray diffraction.73

The two polymorphs, one triclinic, the other monoclinic, form three-dimensional networks
of Tm(III) ions and carboxylate dianions. Unit cell solid state unconstrained geometry
optimization calculations were carried out for both compounds of 376 atoms, of which 16
are Tm(III). The experimental crystallographic structures and the optimized unit cell
geometries for both compounds, monoclinic and triclinic, are shown in Figs. 5 and 6
respectively.

The calculated and experimental structures are indeed so similar that it is difficult to detect
differences between them with the naked eye: therefore, in Table 5, data for the
crystallographic and calculated cell parameters for both compounds is presented

Clearly, both unit cells are very similar, with their parameters agreeing within 4 % in all
cases. This is therefore a good illustration of the type of accuracy that can be achieved using
the Sparkle/PM7 method, when used in modeling solids.

Conclusions

PM7 is the first semiempirical molecular orbital method parameterized using an entirely
new approach for choosing training set reference data, one that better defines the parameter
space and aims at better characterizing its structure in the region of the error function
minimum. Moreover, PM7 was successfully tested by modeling crystal structures and
predicting heats of formation of solids.68 Thus, PM7 has the potential to become the
semiempirical method of choice for materials science, besides its applications to
biochemistry, organic chemistry, pharmaceutical chemistry, etc. The extension of the
Sparkle Model for PM7, presented in this article, allows the calculation of lanthanide
trication complexes, crystals of complexes, multi-dimensional metal-organic frameworks,
nanostructures, et cetera, with useful accuracy. We also presented a full solid state geometry
optimization of two metal-organic framework compounds of empirical formula
[Tm2(C4H4O4)3(H2O)2]H2O, and demonstrated that all results agree very well with the X-
ray diffraction geometries. With the sole exception of complexes containing phosphorus
atoms, Sparkle/PM7 has been validated and can be used, if and when needed, with the
expectation of obtaining accurate geometries, which can serve as a starting point to higher
level calculations - mainly for complexes with ligands containing nitrogen and/or oxygen as
coordinating atoms. Sparkle/PM7 is available in the software package MOPAC2012, 72

which is free for academics and can be obtained from http://openmopac.net.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pie plot of the various unsigned mean errors UME(Ln-L) for sets of complexes for all
lanthanides, in order to allow a comparison among them; showing that Sparkle/PM7 is a
balanced model, across the series, in terms of its accuracy of lanthanide-coordinating atom
distances.
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Figure 2.
Pie plot of the various unsigned mean errors UME for sets of complexes for all lanthanides,
in order to allow a comparison among them; showing that Sparkle/PM7 is a balanced model,
across the series, in terms of its accuracy of coordination polyhedra geometries.
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Figure 3.
Unsigned mean errors UME(Ln-L), in Å, for all existing Sparkle Models: Sparkle/AM1,
Sparkle/PM3, Sparkle/PM6, and Sparkle/PM7, for all sets of lanthanide complexes, one set
for each lanthanide ion.
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Figure 4.
Unsigned mean errors UME, in Å, for all existing Sparkle Models: Sparkle/AM1, Sparkle/
PM3, Sparkle/PM6, and Sparkle/PM7, for all sets of lanthanide complexes, one set for each
lanthanide ion.
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Figure 5.
Unit cell for the compound of formula C96H144O120Tm16, crystallized in a monoclinic
system. (a) Geometry from X-ray crystallography;73 (b) fully optimized Sparkle/PM7 solid
state MOPAC72 calculation.
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Figure 6.
Unit cell for the compound of formula C96H144O120Tm16, crystallized in a triclinic system.
(a) Geometry from X-ray crystallography;73 (b) fully optimized Sparkle/PM7 solid state
MOPAC72 calculation.
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