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Structure Modeling of Trivalent Lanthanum and Lutetium Complexes: Sparkle/PM3
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The recently defined Sparkle model for the quantum chemical prediction of geometries of lanthanum(lll) and
lutetium(IIl) complexes within AM1 J. Phys. Chem. 2006 110, 5897) has been extended to PM3. As
training sets, we used the same two groups, one for each lanthanide, of 15 high-crystallographicRjuality (
factor < 0.05 A) complexes as was previously chosen to parametrize Sparkle/AM1. Likewise, in the validation
procedure, we used the same Sparkle/AM1 validation sets of 60 additional La(lll) and 15 additional Lu(lIl)
complexes. The Sparkle/PM3 unsigned mean errors for all interatomic distances between the metal ions and
the ligand atoms of the first sphere of coordination proved to be random around the means of 0.068 A for
lanthanum(Ill) and 0.076 A for lutetium(lll), thus being comparable to the respective Sparkle/AM1 values of
0.078 and 0.075 A. Furthermore, effective-core-potential ab initio calculations on smaller subsets of such
complexes led to similar accuracies. Sparkle/PM3 and Sparkle/AM1 are therefore made available to the
researcher who must decide which of the models to use based on considerations of the impact of either PM3
or AM1 on the description of the ligands and the consequence of such a choice on the properties of interest.

Introduction Results and Discussions

Sparkle/AM1 was introduced in 200%s a new paradigm The parametrization procedure used for La(lll) and Lu(lIl)
for semiempirical molecular orbital calculations of lanthanide was essentially the same as that described in our previous work
complexes with the specific aim of predicting the geometry of on Sparkle/AM1} in which we used a parametrization set
the lanthanide ion and its coordination polyhedron. Later, it was comprising 15 carefully chosen complexes, from those available
confirmed that the accuracy of Sparkle/AM1, for ligands with in the Cambridge Structural Database (CS$D¥’ and will not
directly coordinating oxygen or nitrogen atoms, is indeed be repeated here. The Sparkle/PM3 parameters obtained for
equivalent to the best present-day effective-core-potential abLa(lll) and Lu(lll) are listed in Table 1. In the validation
initio full geometry optimization calculations, while being procedure, we used the same previously defined &5 and
hundreds of times fastérSubsequently, Sparkle/AM1 was 30 coordination compounds carefully chosen from CSD for
parametrized for La(lll) and Lu(lll§. La(lll) and Lu(lll), respectively.

PM3*5was introduced by Stewart in 1989 as a more accurate  As a measure of accuracy, we used the average unsigned
semiempirical model that gives lower average errors than AM1, mean error for each compléx UME;, defined as
mainly for the enthalpies of formation. Like AM1, which

became a landmark quantum chemical semiempirical method, 10
PM3 also became very popularPM3 is currently widely UME, ==Y IR5*® - R (1)
available in a variety of quantum chemical software programs, =

both commercial and noncommercial’ As an example, PM3

has been recently used for the calculation of five- and six- wheren; is the number of ligand atoms directly coordinating

coordinate oxo iron(IV) porphyrin complexés. the lanthanide ion. The total UME is obtained by summing
Lanthanum complexes display several interesting properties, UME; over all 75 and 30 coordination compounds considered

such as cytotoxicity, and find a variety of applications, for for La(lll) and Lu(lll), respectively.

example, as antitumor agertfsn ionic liquids research? and Two cases were examined: (i) UME-) values involving

in the spectrophotometric determination of aniéhsmong only the interatomic distancel between the lanthanum or

many others. Likewise, there are several applications involving lutetium central ion and the atoms of the coordination polyhe-

lutetium complexes, such as in photodynamic ther&g§in a dron and (ii) UME values involving the interatomic distances

supporting role in the detection of solar neutridstc. R between the lanthanum or lutetium central ion and the atoms
Therefore, as another option to research, especially in theof the coordination polyhedron, as well as the interatomic

modeling and design of lanthanide complexes, we advance indistances} between all atoms of the coordination polyhedron.

this article Sparkle/PM3 parameters for trivalent lanthanum and Tables 1S and 2S of the Supporting Information present the

lutetium complexes. UME -1y and UME values for both Sparkle/PM3 and Sparkle/
AM1 for the 75 complexes of La(lll) and 30 complexes of
* Corresponding author. E-mail: simas@ufpe.br. Lu(lln)
T CCET, UFS. o . .
+ CCEN, UFPE. Assuming th_at the _sparkle mod_el isa good representation of
8 CCEN, UFPB. the lanthanide ion as it interacts with the ligands, the distribution
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TABLE 1: Parameters for the Sparkle/PM3 Model for the
La(lll) and Lu(lll) lons
30
Sparkle/PM3 i Lanthanum (Il
parameter La(ll) Lu(ll) o Hl
@
GSS 55.706 393 859 7 56.617 726 884 4 = Sparkle/PM3
ALP 2.0790327441 4.058 582 242 9 g 20
4] 0.947 861 518 2 1.121 653 611 2 O
by 7.2366011717  7.9408016011 o b0 A
Cy 1.854 378 629 8 1.706 026 973 1 T
a 0.317 767 190 4 0.3305655101 o k=5.26
b 8.522 400 629 2 7.3013810219 g 10
C2 3.075247 472 4 2.909 046 517 8 =z p-value = 0.655
EHEAT? (kcal mol)  928.9 1031.2 5 LA
AMS (amu) 138.9055 174.9670 | i
aHeats of formation of the La(lll) and Lu(lll) ions in Sparkle/PM3 0 R
obtained by adding the first three ionization potentials to the heat of T S ] MRS S ] P | e e ea R R e
atomization of each respective lanthanide. UME 5.1y (A)
of these UME values should be random around a mean whose (a)

value can be used as a measure of the accuracy of the model
Because the UME values are positive, defined in the domain
(0, ), they should follow a gamma distribution that has the
probability density functiony(x;k,0), wherex > 0 represents

35

30
) PX Lanthanum (lll)
the UME valuesk > 0 is the shape parameter, a6d> 0O is L 25 .
the scale parameter of the gamma distribution. The expectedg. Sparkle/AM1
value of the gamma distribution is simpkg. g 20
To obtain the gamma distribution fit of the UME data, we O
estimated the shape and scale parameters with the method 0G 45 6=00136 A
maximum likelihood, and to assess the quality of the gamma E
distribution fit, we used the one-sample nonparametric Kol- € 1o s
mogorov-Smirnov test. This test allows us to verify statisti- 2 p-value = 0.905
cally whether the distribution of the UME values is actually a 5t f |\ NI
gamma distribution indexed by the estimated parameters. In this / | PN i
case, the null hypothesis is that the UME values do follow the b 005010 ' 015 T T VPR

given gamma distribution. For the null hypothesis not to be
rejected at the usual level of 5%, tpevalue of the test must UME 5.1 (A)
thus be larger than 0.05. In addition, the higher phealue, (b)

whose maximum possible value is 1, the higher the probability
that the UME deviations of the mean are random, and the more
justifiable the use of the statistical tools employed here and, by
extension, of the Sparkle model itself. If tpevalue is indeed
larger than 0.05, the gamma distribution fit informs the
probability of a UME, for an arbitrary complex, to belong to a
given interval.

We now examine results for the Sparkle/PM3 model being
presented in this article for La(lll) and Lu(lll), as well as the
already published Sparkle/AM1 model for the same lanthanide
ions3

Figure 1a presents a gamma distribution fit of the UME,

Figure 1. Probability densities of the gamma distribution fits of the
UMEn-1) values for the La(lll) Sparkle/PM3 and Sparkle/AM1
models, superimposed with histograms of the same data for all 75 La-
(1M complexes consideredkis the shape parameter afidls the scale
parameter of the gamma distribution; thevalue is a measure of the
significance of the gamma distribution fit; and mean is the expected
value of the fitted gamma distribution, which was set to be equal to
the arithmetic mean value of the 75 UM values.

Table 2 presents unsigned mean errors for both Sparkle/PM3
and Sparkle/AM1 for various types of distances in the La(lll)
and Lu(lll) complexes considered. The results indicate that there
data for the Sparkle/PM3 model for La(lll). As indicated in the '€ no substantial differences between the two models for the
figure, thep value is 0.655, thus indicating that the UME values WO lanthanide ions considered. The distances between the
are indeed significantly randomly distributed around the mean !anthanide ion and its directly coordinated ligand atoms are
through a gamma distribution. To give a simple pictorial idea predicted with significantly higher accuracy than the distances
of this concept and also of where and how the actual UME between atoms of the faces of the coordination polyhedron. This
values occurred, Figure 1 also presents superimposed histogrami$ fortunate because lanthanide tdigand atom distances are
of the data with the number of bars chosen to best adjust thefar more important for luminescent complex desfrror all
histogram to the curve obtained from the gamma distribution complexes considered in the present work, the lanthanide
fit. For comparison purposes, Figure 1b presents the samecoordinated atom distances vary from 2.011 to 2.953 A, whereas
gamma distribution fit for the UM[E,—) data for the already  lanthanide-lanthanide distances range from 3.627 to 4.632 A
published Sparkle/AM1 model for La(llh,which gives ap Thus, the lanthanideligand atom average UME of 0.07 A is
value of 0.905. 2.8% of the corresponding average distance of 2.50 A. Likewise,

Figure 2 presents gamma distribution fits of the UME) the lanthanide lanthanide average UME of 0.14 A is 3.3% of
data for lutetium for both the present Sparkle/PM3 and the the corresponding average distance of 4.19 A. Therefore, the

previously published Sparkle/AM1 modeln both cases, the
respectivep values were well above the critical value of 0.05,
thus validating the use of both Lu(lll) Sparkle models.

distances between two lanthanide ions, directly facing each other
in a dilanthanide complex, present percentage errors that are
comparable to those of the lanthanidiggand atom distances.
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Figure 2. Probability densities of the gamma distribution fits of the
UME(n-) values for the Lu(lll) Sparkle/PM3 and Sparkle/AM1
models, superimposed with histograms of the same data for all 30 Lu-
(1) complexes consideredkis the shape parameter afidls the scale
parameter of the gamma distribution; theralue is a measure of the
significance of the gamma distribution fit; and mean is the expected
value of the fitted gamma distribution, which was set to be equal to
the arithmetic mean value of the 30 UME ., values.

TABLE 2: Sparkle/PM3 and Sparkle/AM1 Unsigned Mean
Errors (A) for All Distances Involving the Central
Lanthanide lon, Ln, and the Ligand Atoms of the
Coordination Polyhedron, L, for 75 La(lll) Complexes and
30 Lu(lll) Complexes

type of distance

Ln—L Ln—L,

and Ln—Ln,

model Ln-Ln Ln—O Ln—N L-L Ln-Ln andL-L
Lanthanum (I11)

Sparkle/PM3  0.104 0.061 0.083 0.179 0.068 0.158
Sparkle’/AM1 0.213 0.087 0.048 0.208 0.078 0.183
Lutetium(l11)

Sparkle/PM3 0.176 0.083 0.054 0.145 0.076 0.130
Sparkle’/AM1 0.222 0.084 0.047 0.170 0.075 0.150

Average
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Figure 3. Unsigned mean errors, UME-1) values (in A), between

the lanthanide central ion and the atoms of the coordination polyhedron
obtained from Sparkle/AM1, Sparkle/PM3, and ab initio RHF/STO-
3G/ECP calculations of the ground-state geometries for each of the
representative La(lll) and Lu(lll) complexes, identified by their
respective Cambridge Structural Database 2004 codes.

quality of the predicted coordination polyhedron geometties.
The conclusion was that RHF/STO-3G/ECP appears to be the
most efficient model chemistry in terms of predicting coordina-
tion polyhedron crystallographic geometries from isolated
lanthanide complex ion calculatioAsHowever, because the
study did not report calculations on La(lll) and Lu(lll)
complexes, we chose to fully optimize the geometries of seven
La(lll) and five Lu(lll) complexes with the model chemistry
RHF/STO-3G/ECP. These complexes were selected to be
representative of the various classes of ligangisliketones,
nitrates, monodentates, bidentates, tridentates, polydentates, and
dilanthanides) present in the validation set. At the time, we could
not find anyj-diketone and tridentate lutetium complexes in
the CSD.

As indicated in Figure 3, the RHF/STO-3G/ECP average
UMEn-1) and UME values for the six La(lll) complexes
were calculated to be 0.061 and 0.143 A, which are comparable
to the respective Sparkle/PM3 values of 0.066 and 0.117 A
and to the corresponding Sparkle/AM1 values of 0.064 and
0.135 A.

Recently, a thorough study was carried out on the accuracies Likewise, from Figure 3, the RHF/STO-3G/ECP average

of predicting coordination polyhedron geometries using ab initio
effective-core-potential (ab initio/ECP) calculatiocnSontrary
to what would normally be expected, it was reported that either

an increase in the basis set or inclusion of electron correlation,

UMEn-1) and UME values for the five Lu(lll) complexes

calculated were 0.037 and 0.086 A, which are comparable to
the respective Sparkle/AM1 values of 0.061 and 0.112 A and
to the corresponding Sparkle/PM3 values of 0.072 and

or both, consistently enlarged the deviations and worsened the0.106 A.
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Conclusion (4) Stewart, J. J. P1. Comput. Chenil989 10, 209-220.
_ (5) Stewart, J. J. Rl. Comput. Cheml989 10, 221-264.
The conclusions drawn for Sparkle/AM1, for both La(lll) and (6) Dewar, M. J. S.; Zoebish, E. G.; Healy, E. F.; Stewart, J. J. P.

Lu(lll) complexes? can safely be extended to Sparkle/PM3. Am. Chem. Sod985 107, 3902.
Both models exhibit prediction accuracies for coordination (7) Stewart, J. J. P. liEncyclopedia of Computational Chemistry
polyhedron geometries that are competitive with those of SCh'ZyegtP' Vr'tRJ" fdﬁwjgglé’vggyo‘é‘ ’\SAO:S- IE?‘_’: Yoi,ﬁ,%ggs% )
present-day full geometry optimization ab initio/ECP calcula- Jang\n) Togg 00 Manualrujitsu Limited: - Tokyo,
tions on lanthanide complexes, While being hundreds Of_ times  (9) Frisch, M. J.: Trucks, G. W.; Schlegel, H. B.: Scuseria, G. E.: Robb,
faster. Indeed, Sparkle/PM3 might prove useful for ligand M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
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Lot ; ; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
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