
Proceedings of the Estonian Academy of Sciences, 4017, 66, 2,  
 

 

Proceedings of the Estonian Academy of Sciences,  
2018, 67, 1, 106–113 

https://doi.org/10.3176/proc.2018.1.06 
Available online at www.eap.ee/proceedings 

 
 
 
 
 
 
 

Comparison  of  prominent  methods  for  computational  studies  of  
lanthanoid  cation  complexation 

 
Liisa Luhaste, Kaido Tämm*, Lauri Sikk, Anni Pupart, Eve Toomsalu, and Peeter Burk 

 
Institute of Chemistry, University of Tartu, Ravila 14a, Tartu 50411, Estonia 
 
Received 28 April 2017, revised 22 May 2017, accepted 23 May 2017, available online 13 February 2018 
 
© 2018 Authors. This is an Open Access article distributed under the terms and conditions of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/). 
 
Abstract. We compared different computational methods (quantum chemical and DFT) for calculations of binding energies of  
8- and 9-coordinated lanthanoid–aqua complexes. We used nine computational methods and compared the results with those 
obtained by the CCSD(T) method. All the nine methods provided relatively similar results and calculated energies correlated very 
well with the CCSD(T) obtained energies for complexes of this type. The comparison of basis sets revealed that combination of 
Dolg’s (5s5p4d)/[4s4p3d] + 2s1p1d basis set for lanthanoids and the cc-pvdz basis set for non-lanthanoids can be suggested as 
optimal for further studies of lanthanoids cation complexation. 
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Acronyms  and  abbreviations 
* 
AM1 – Austin Model 1 
aug-cc-pvdz – augmented correlation-consistent polarized 

valence double-zeta basis set 
aug-cc-pvtz – augmented correlation-consistent polarized 

valence triple-zeta basis set 
BP – Becke–Perdew 1998 functional 
BP-D3 – Becke–Perdew 1998 functional with D3 dispersion 

correction term 
B3LYP – Becke 3 parameter hybrid functional with non-local 

correlation term by Lee, Young, and Parr  
B3LYP-D3 – Becke 3 parameter hybrid functional with non-

local correlation term by Lee, Young, and Parr combined 
with D3 dispersion correction term 

cc-pvdz – correlation-consistent polarized valence double-zeta 
basis set 

CCSD – Coupled Cluster Single-Double 
CCSD(T) – Coupled Cluster Single-Double pertubative Triple 
CPMD – Car–Parrinello molecular dynamics 

                                                           
* Corresponding author, kaido.tamm@ut.ee 

 
 
def-TZVP – Valence Triple Zeta Polarization basis set by 

Ahlrich 
DFT – Density Functional Theory 
ECP – Effective Core Potential 
GTO – Gaussian-Type Orbital 
HF – Hartree–Fock 
MP2 – second-order Mųller–Plesset perturbation theory 
PBE – Perdew–Burke–Ernzerhof functional 
PBE0 – Perdew–Burke–Ernzerhof functional with full PBE 

correlation energy 
SCS-MP2 – Spin-Component Scaled MP2 
SMLC II – improved Sparkle Model for the calculation of 

Lanthanide Complexation 
STO – Slater-Type Orbital 
TPSS – Tao–Perdew–Staroverov–Scuseria functional 
TPSSh – hybrid functional using the Tao–Perdew–Staroverov–

Scuseria functional 
TZVP – Valence Triple Zeta Polarization basis set 
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INTRODUCTION 
 
Lanthanoid compounds have been extensively used as 
luminescent chemosensors for medical diagnostics and 
optical cell imaging, contrast reagents for magnetic 
resonance imaging, shift reagents for NMR spectroscopy, 
as well as for applications in fundamental and applied 
sciences such as organic synthesis, bioorganic chemistry, 
and catalysis. Thus, the studies of lanthanoid complexes 
have shown a rising trend during the past few decades. 
Most of these studies mainly concern compounds where 
the metal ions have the common +3 oxidation state 
(Ln3+) and behave as hard acids with a strong affinity 
for hard bases such as O-donors (neutral or negatively 
charged) or N-donors with which they form essentially 
non-directional bonds of a predominant ionic nature [1]. 

Research has also been focused on lanthanoids 
complexes and their applications in distinct devices such 
as chemical sensors, diagnostic systems, luminescent 
materials, and liquid crystals. The main advantages of 
luminescent lanthanoids complexes with chelating ligands 
in comparison to traditional organic fluorophores are  
the long luminescence lifetimes in addition to narrow 
emission bands and low concentration quenching [2]. 

Several reviews have been published on lanthanoids 
chemistry. In 1985 Rard [3] published a comprehensive 
overview on the chemistry and thermodynamics of 
europium. More recent reviews concentrate on organo-
metallic complexes of lanthanoids [1,4] as well as on 
their luminescence properties [5]. In 2012 D'Angelo and 
Spezia [6] published a review of the hydration of 
lanthanoids and actinides from both theoretical and 
experimental aspects. 

There are also theoretical studies on Eu3+–ligand 
complex formation [7,8,9]. Ricca et al. [7] performed 
ab initio calculations on Eu3+–L complexes, which can 
be used as benchmarks to assess the accuracy of 
calculations done at a lower level of theory on larger 
complexes. They focused on the interaction of Eu3+ with 
CH3NH2 as a model of lysine, S(CH3)2 as a model of 
methionine, and imidazole as a model of histidine. 
Respective results were compared with those obtained 
for Eu3+–H2O and Eu3+–H2S. It was shown that the 
binding energies follow the trends in dipole moment and 
polarizabilities as expected for electrostatic bonding. 

Freire et al. [8] compared the efficacy of the semi-
empirical sparkle model (SMLC II, MOPAC 93r2) to 
ECP ab initio calculations for the prediction of ligand 
field parameters of europium(III) complexes using the 
quasi-relativistic effective core potential of Dolg et al. 
[10] with related [5s4p3d]–GTO basis set for Eu and 
HF/STO-3G and HF/3-21G basis sets for all other atoms. 
They carried out a comparison between the predicted and 
crystallographic ground state geometries and concluded 
that SMLC II is applicable in molecular biology where 

biotechnological applications of very large systems are 
addressed. 

Freire et al. [9] also studied the structure and 
emission spectrum of the europium cryptate containing 
3,3-biisoquinoline-2,2-dioxide with the framework of 
the Sparkle/AM1 model and Judd–Ofelt theory. They 
found a satisfactory similarity between the theoretical 
study and X-ray measurements found in the literature 
but also stated that some differences can be attributed to 
the fact that the optimization was performed in vacuum. 
However, they once again demonstrated that the Sparkle/ 
AM1 model can be used for simulating the larger Eu3+ 
molecular systems. 

Albuquerque et al. [11] combined an empirical relation 
involving the energy of the lowest triplet state of Tb3+ 
complexes with semi-empirical quantum mechanical 
calculations and studied the relation between the structure 
and luminescent properties of Tb3+ complexes containing 
β-diketonate. 

Studies on the complexation of actinides by mono-, 
di-, and hydroxycarboxylic acids also show a rising 
trend, mainly for two reasons. First, carboxylic acids 
present in the natural waters may play an important role 
in influencing the migration of actinides in the aquatic 
environment around a deep geological repository. They 
are also used as model compounds to investigate the 
mechanism of the binding of actinides by humic sub-
stances in the natural waters. Second, hybrids containing 
rare earths and organic moieties have been found to 
enhance the optical properties of rare earth elements. 
For instance, the luminescence of Eu(III) was found to 
be sensitized by complexation with carboxylic acids [12]. 

A number of studies have been carried out for 
computational simulation of the hydration of lanthanoids. 
Terrier et al. [13] studied structural and electronic 
properties of La3+ immersed in bulk water by means of 
DFT-based CPMD simulations. They reported first-
principle molecular dynamics simulations of La3+ in 
bulk liquid water that are able to reproduce structural 
properties of this system, which includes not only the 
La–water distance in the first hydration shell but also  
a stable coordination number equal to nine for the time 
spanned by the simulation. Zhang et al. [14] studied the 
hydration of all trivalent lanthanum ions theoretically from 
two aspects: energy and wave function. In comparing two 
computational methods, they stated that SCS–MP2 [15] 
is nearly as accurate as the computationally more 
demanding CCSD [16] and enables giving the most 
accurate first principle hydration Gibbs free energies and 
reliable preferred coordination numbers of lanthanoid(III)–
aqua complexes: 9, 8, and both, for light, heavy, and 
intermediate lanthanoids, respectively. In the current 
study, we performed calculations for 15 eight- and 
nine-coordinated lanthanoids by using nine computational 
chemistry methods. 
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METHODOLOGY 
 
Calculations were performed using the ORCA [17] 
program package. First, we compared the CCSD(T) [18] 
results obtained by Zhang et al. [14] with the following 
computational methods: BP [19,20], BP–D3 [21], B3LYP 
[19,22,23], B3LYP–D3 [21], PBE [24], PBE0 [25,26], 
TPSS [27], TPSSh [27], MP2 [28,29] with a def-TZVP 
basis. This def-TZVP basis consists of the Stuttgart–
Dresden pseudopotentials [10,30,31], which replaced 28 
core electrons (46 in the case of La) with the corres-
ponding def-TZVP basis sets on lanthanoids and the 
TZVP basis [32] on other atoms. 

In the second step, which was performed only with 
the BP functional, we used pseudopotentials for the 
lanthanoids, where the core–shell electrons were sub-
stituted by the scalar-relativistic 4f-in-core (substituting 
46 (La) to 60 (Lu) inner electrons) pseudopotential 
[10,33] and the corresponding (7s6p5d)/[5s4p3d] [10], 
(5s5p4d)/[4s4p3d] + 2s1p1d [10,34], and (6s6p5d)/[4s4p4d] 
+ 2s1p1d [10,34,35] basis sets for lanthanoids. These 
three basis sets for lanthanoids were tested together with 
cc-pvdz, aug-cc-pvdz, or aug-cc-pvtz [36,37] basis sets 
(altogether nine combinations) for the other atoms. 

Full geometry optimizations and vibrational analyses 
were performed for all reactants and products of the 
studied hydration reactions at the BP level with the def-
TZVP basis set. All stationary points were found to be 
true minima (NImag = 0). For the rest of the calculations 
only geometry optimizations were performed and the 
correction terms calculated at the BP/def-TZVP level 
were applied. 
 
 
RESULTS  AND  DISCUSSION 
 
Hydration binding energies were calculated for all 
lanthanoids (Ln) by Eq. (1): 
 

3 3
2 2Ln H O Ln(H O) ,nn                  (1) 

 
where n is 8 or 9. 

The hydration energies for eight- and nine-co-
ordinated aqua complexes calculated with the def-TZVP 
basis as described in Methods are presented in Tables 1 
and 2. 

With this basis the best correlation between the 
observed and the calculated hydration energies was 
obtained with the B3LYP and B3LYP-D3 functionals  

 
Table 1. Gas phase binding energies (kJ/mol) calculated with the def-TZVP basis and statistical parameters (experimental vs 
calculated) for eight-coordinated lanthanoids 
 

8x(H2O) CCSD(T)* BP BP-D3 B3LYP B3LYP-D3 PBE PBE0 TPSS TPSSh MP2 

La 1623.22 1575.55 1606.95 1594.46 1623.11 1588.25 1604.63 1587.20 1595.06 1593.64 
Ce 1655.45 1705.48 1738.39 1703.82 1734.28 1715.83 1718.94 1717.29 1718.38 1781.54 
Pr 1686.20 1745.83 1778.51 1741.80 1772.49 1756.70 1756.43 1757.14 1756.51 1816.60 
Nd 1715.07 1773.60 1806.23 1769.72 1800.37 1784.90 1782.68 1782.34 1781.71 1846.06 
Pm 1742.35 1799.55 1831.24 1797.09 1827.38 1811.74 1809.40 1810.79 1809.45 1876.25 
Sm 1768.67 1829.76 1862.11 1824.79 1856.00 1842.03 1835.29 1839.64 1835.64 1907.49 
Eu 1794.97 1848.20 1878.67 1848.70 1873.45 1861.43 1853.35 1859.71 1853.13 1930.72 
Gd 1819.60 1857.51 1892.22 1861.34 1896.77 1871.98 1856.68 1868.69 1882.27 1955.61 
Tb 1845.37 1869.19 1900.66 1874.82 1905.21 1881.69 1883.57 1881.19 1880.81 1990.23 
Dy 1869.86 1905.33 1937.02 1909.06 1942.12 1918.05 1917.32 1918.37 1916.40 2015.94 
Ho 1893.78 1924.37 1955.90 1939.12 1970.34 1939.90 1947.43 1938.63 1941.70 2038.05 
Er 1917.43 1943.65 1973.89 1961.17 1993.25 1962.05 1970.08 1962.98 1965.73 2064.33 
Tm 1939.10 1968.21 1998.78 1983.44 2009.39 1985.01 1990.12 1985.55 1984.96 2093.21 
Yb 1961.28 1990.13 2023.12 2001.80 2039.11 2008.52 2011.56 2005.89 2006.08 2115.75 
Lu 1975.43 2005.69 2038.59 2031.30 2064.48 2021.95 2037.85 2024.64 2031.09 2132.55 

Statistical parameters for all 8-coordinated lanthanoids 
R2  0.95 0.95 0.97 0.97 0.95 0.97 0.95 0.96 0.94 
Slope  1.01 1.00 1.06 1.07 1.02 1.04 1.03 1.03 1.25 
Intercept  27.37 62.07 –57.90 –43.72 5.51 –15.83 0.14 –2.17 –328.09 
SE  27.79 28.09 20.98 21.19 27.04 22.30 26.91 24.70 36.23 

Statistical parameters for 8-coordinated lanthanoids after removal of La 
R2  0.99 0.99 1.00 1.00 0.99 0.99 0.99 0.99 1.00 
Slope  0.89 0.88 0.97 0.98 0.91 0.95 0.91 0.92 1.09 
Intercept  251.63 288.80 106.84 122.65 222.75 154.82 217.07 195.78 –24.83 
SE  7.92 7.99 7.69 7.77 8.09 9.52 7.77 7.61 2.49 ___________________________ 

* From Zhang et al. [14]. 
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(R2 = 0.97 for both functionals, Fig. 1). These functionals 
are closely followed by PBE0 with the R2 value of 0.97. 
The order of functionals based on R2 values is as 
follows: B3LYP, B3LYP-D3 > PBE0 > TPSSh > TPSS, 
PBE > BP, BP-D3 > MP2. However, the slope, intercept, 
and standard error values should also be considered in 
the comparison of functionals presented in Tables 1 and 2. 
Despite the highest R2 values, B3LYP and B3LYP-D3 
functionals have the slope and intercept farthest from the 
ideal values (slope 1 and intercept 0) together with MP2. 
The slope values closest to one were obtained with BP 
and BP-D3 functionals (1.005 and 1.003, respectively). 
While it seems that in the case of BP and BP-D3, the 
hydration energies are greatly misestimated with the 
intercept values of 27.37 and 62.07, values in Table 1 
reveal that this is only in the case of lanthanum. Similar 
effects can be seen for all other tested computational 
methods. The reason is illustrated in Fig. 1, as the 
hydration energies for La are smaller than calculated  
by Zhang et al. [14], which has a great effect on the  

 
 

Fig. 1. Plot of CCSD(T) vs B3LYP calculated gas phase binding 
energies (kJ/mol) for eight-coordinated lanthanoids. 

 

Table 2. Gas phase binding energies (kJ/mol) calculated with def-TZVP basis and statistical parameters (experimental vs. 
calculated) for nine-coordinated lanthanoids 
 

9x(H2O) CCSD(T)* BP BP-D3 B3LYP B3LYP-D3 PBE PBE0 TPSS TPSSh MP2 

La 1700.46 1632.00 1674.76 1657.96 1698.36 1648.49 1671.11 1646.20 1656.80 1672.96 
Ce 1732.30 1755.86 1800.07 1762.04 1804.29 1769.99 1779.57 1770.21 1774.16 1855.79 
Pr 1761.90 1796.09 1840.01 1799.61 1842.13 1810.69 1816.74 1809.72 1812.03 1891.55 
Nd 1789.50 1820.68 1863.60 1824.13 1866.68 1835.68 1839.66 1832.38 1834.79 1917.47 
Pm 1815.36 1846.09 1889.07 1850.81 1892.22 1861.90 1864.55 1859.24 1860.30 1947.04 
Sm 1840.28 1874.23 1917.84 1875.74 1919.11 1890.42 1888.93 1886.11 1884.80 1974.52 
Eu 1865.43 1889.95 1931.19 1896.27 1937.63 1907.17 1908.41 1903.05 1903.83 1998.45 
Gd 1888.01 1899.99 1946.15 1908.03 1955.60 1918.60 1903.83 1912.70 1927.81 2020.87 
Tb 1911.99 1911.23 1953.83 1923.65 1966.06 1927.53 1935.47 1926.20 1928.63 2055.91 
Dy 1934.58 1942.78 1989.51 1953.13 2000.81 1959.44 1965.21 1959.20 1961.23 2077.46 
Ho 1956.50 1960.78 2003.79 1982.32 2024.45 1980.27 1993.65 1977.59 1983.89 2097.27 
Er 1978.26 1981.68 2022.56 2004.28 2046.87 2000.78 2013.68 2000.39 2005.43 2122.30 
Tm 1998.08 2002.22 2044.05 2022.26 2064.46 2023.88 2030.92 2021.78 2023.09 2147.02 
Yb 2018.82 2022.32 2066.08 2040.77 2086.51 2045.09 2049.94 2038.89 2039.74 2166.64 
Lu 2031.15 2033.84 2077.76 2065.63 2110.67 2054.07 2075.16 2055.53 2064.33 2179.01 
Statistical parameters for all 9-coordinated lanthanoids 
R2   0.95 0.95 0.97 0.97 0.95 0.97 0.95 0.96 0.94 
Slope  1.00 1.00 1.05 1.06 1.03 1.03 1.03 1.02 1.25 
Intercept  2.67 47.51 –74.56 –49.67 –18.89 –19.15 –21.36 –14.77 –350.28 
SE  26.19 26.41 19.50 19.74 25.46 21.23 25.28 23.26 35.37 
Statistical parameters for 9-coordinated lanthanoids after removal of La 
R2  0.99 0.99 1.00 1.00 0.99 0.99 0.99 1.00 1.00 
Slope  0.88 0.88 0.96 0.97 0.91 0.94 0.91 0.92 1.08 
Intercept  240.62 287.83 97.41 125.71 211.03 160.30 208.41 195.82 –17.79 
SE  7.18 7.13 7.15 6.83 7.57 9.75 6.94 6.70 2.49 

________________________ 

*From Zhang et al. [14]. 
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correlation line. The correlation results omitting La are 
shown in Table 1. The deviation of calculated results  
for lanthanum is most likely caused by its somewhat 
different ECP, which replaces 46 inner electrons instead 
of 28 as for the rest of lanthanoids. 

Removal of La from the data set greatly improved 
the correlation between previously calculated hydration 
energies and the results presented here. The best results 
were obtained with the MP2 method as it has the best  
R2 value, the intercept closest to one, and the smallest 
standard error values. However, B3LYP and B3LYP-D3 
still offer the best results with the highest R2, the intercept 
closer to zero, and the lowest standard error values 
among the DFT methods. The studied DFT functionals 
can be considered as equally good for the differences in 
correlation results are very small. It must be noted that 
the values of hydration energies are relatively large and 
most of the standard error comes from the intercept. 
Therefore, a small difference in intercept values between 
functionals is not the best measure to compare different 
functionals. 

In the case of nine-coordinated lanthanoid complex 
formation energies, the whole picture is pretty much the 
same. Calculated energies are presented in Table 2 and 
illustrated in Fig. 2. Updated statistical parameters after 
the removal of La are also presented in Table 2. Similarly 
to eight-coordinated complexes, the MP2 was by far the 
best method when considering the R2, intercept, and 
standard error values. However, B3LYP and B3LYP-D3 
were the best DFT methods because of small intercept 
and standard error values. 
 

 

 
 

Fig. 2. Plot of CCSD(T) vs B3LYP calculated gas phase 
binding energies (kJ/mol) for nine-coordinated lanthanoids. 

Comparison  of  basis  sets 
 
As demonstrated, all functionals provide rather similar 
results for water binding energy calculations. Therefore, 
for comparison of basis sets, we chose the BP functional 
as the fastest. We tested the binding energies for eight- 
and nine-coordinated lanthanoid complexes using the 
BP functional and the second set of basis sets described 
in the methodology section (pseudopotentials where the 
core–shell electrons were substituted by the scalar-
relativistic 4f-in-core pseudopotential [10,33] and the 
corresponding (7s6p5d)/[5s4p3d] [10], (5s5p4d)/[4s4p3d] + 
2s1p1d [10,34], and (6s6p5d)/[4s4p4d] + 2s1p1d [10,34,35] 
basis sets for lanthanoids, and cc-pvdz, aug-cc-pvdz, or 
aug-cc-pvtz [36,37] basis sets (altogether 9 combinations) 
for the other atoms). The best results obtained with  
the (5s5p4d)/[4s4p3d] + 2s1p1d [10,34] basis set for 
lanthanoids are given in Table 3 and illustrated in Fig. 3. 
The results with two other basis sets for lanthanoids are 
given in Supporting Information. 

Comparison of the results in Tables 1, 2, and 3 clearly 
indicates that the (5s5p4d)/[4s4p3d] + 2s1p1d [10,34] 
basis, especially with cc-pvdz or aug-cc-pvdz for non-
lanthanoid atoms, performs much better than the def-
TZVP basis. All lanthanoids are treated equally well and 
there are no clear outliers as was La in the case of def-
TZVP. We are tempted to suggest the (5s5p4d)/[4s4p3d] + 
2s1p1d basis set for lanthanoids and cc-pvdz basis set 
for non-lanthanoids for further studies of lanthanoid 
complexation as a good compromise between cost and 
accuracy. However, one should also keep in mind that 
this suggestion is based only on hydration energies 
and in the case of softer bases (like N- or S-bases) the 
inclusion of f-electrons in ECP might lead to some errors. 

 
 

CONCLUSIONS 
 
In the current study we demonstrated that nine quantum 
chemical methods could equally well be used alternatively 
to the computationally costly CCSD(T) method in the 
calculation of binding energies for eight- and nine-
coordinated water complexes of lanthanoid cations with 
the def-TZVP basis. All the used computational methods – 
BP, BP-D3, B3LYP, B3LYP-D3, PBE, PBE0, TPSS, 
TPSSh, and MP2 – provided relatively similar results 
and correlated well with the respective results from the 
CCSD(T) method. 

Comparison of Dolg’s f-electrons in-core pseudo-
potentials and the corresponding basis sets for lanthanoids 
together with Dunning basis sets on non-lanthanoid 
atoms revealed that these basis set combinations may be 
even more accurate than the Stuttgart–Dresden pseudo-
potentials, which replaced 28 core electrons (46 in the  
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case of La) with the corresponding def-TZVP basis sets 
on lanthanoids and the TZVP basis on other atoms. 

The combination of the (5s5p4d)/[4s4p3d] + 2s1p1d 
basis set for lanthanoids and the cc-pvdz basis set for 
non-lanthanoids can be suggested as optimal for further 

studies of lanthanoid cation complexation as it is a good 
compromise between cost and accuracy. However, as 
the current evaluation is based only on hydration energies, 
one must be careful when extending these conclusions to 
softer bases. 

 

Table 3. Gas phase binding energies for eight- and nine-coordinated lanthanoids (kJ/mol) using the scalar-relativistic 4f-in-core 
pseudopotential [10,33] and the (5s5p4d)/[4s4p3d] + 2s1p1d [10,34] basis set for lanthanoids, three different basis sets on O and H, 
and the BP functional 
 

 Eight-coordinated lanthanoids Nine-coordinated lanthanoids 

 CCSD(T) cc-pvdz aug-cc-pvdz aug-cc-pvtz CCSD(T) cc-pvdz aug-cc-pvdz aug-cc-pvtz 

La 1623.22 1654.88 1554.02 1567.67 1700.46 1723.65 1605.32 1618.91 
Ce 1655.45 1689.76 1586.91 1600.03 1732.30 1757.45 1636.94 1650.08 
Pr 1686.20 1725.58 1623.17 1636.89 1761.90 1792.61 1672.29 1686.16 
Nd 1715.07 1757.28 1653.03 1666.32 1789.50 1823.07 1700.75 1714.24 
Pm 1742.35 1786.83 1680.74 1693.65 1815.36 1851.40 1726.98 1740.17 
Sm 1768.67 1815.33 1707.29 1719.85 1840.28 1878.61 1751.98 1764.90 
Eu 1794.97 1843.81 1734.26 1746.53 1865.43 1905.63 1777.34 1790.01 
Gd 1819.60 1868.97 1758.51 1770.70 1888.01 1929.32 1800.06 1812.64 
Tb 1845.37 1895.55 1783.97 1795.80 1911.99 1954.30 1823.85 1836.04 
Dy 1869.86 1918.60 1807.89 1819.35 1934.58 1975.44 1846.05 1857.86 
Ho 1893.78 1938.12 1831.56 1842.58 1956.50 1992.49 1867.92 1879.27 
Er 1917.43 1958.75 1854.83 1865.51 1978.26 2011.25 1889.36 1900.37 
Tm 1939.10 1975.10 1875.60 1886.06 1998.08 2026.69 1908.42 1919.15 
Yb 1961.28 1995.56 1897.79 1908.00 2018.82 2046.30 1928.73 1939.23 
Lu 1975.43 2016.04 1918.39 1928.14 2031.15 2065.62 1947.70 1957.72 

y = ax + b 
a  1.01 1.02 1.00 a 1.02 1.02 1.01 
b  25.35 –90.94 –58.76 b 3.53 –121.82 –88.84 
R2  1.00 1.00 1.00 R2 1.00 1.00 1.00 
AMS  42.16 62.65 50.71 AMS 34.08 89.26 77.06 

 
 
 

 
 

 

 

 
Fig. 3. Plot of CCSD(T) vs cc-pvdz, aug-
ccpvdz, and aug-cc-pvtz calculated gas
phase binding energies for eight-co-
ordinated lanthanoids calculated using the
scalar-relativistic 4f-in-core pseudopotential
and the (5s5p4d)/[4s4p3d] + 2s1p1d basis
set for lanthanoids, three different basis
sets on O and H, and BP functional. 
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Supporting Information: Supporting information 
entitled ʻComparison of Some DFT, MP2 and CCSD(T) 
Methods for Computational Studies of Lanthanoid 
Cation Complexationʼ (PDF and xyz coordinates for all 
calculated species) is available at www.ut.ee/cc/lantha/ 
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CCSD(T),  MP2  ja  valiku  DFT-meetodite  võrdlus  lantanoidide  katioonide  
komplekseerumisenergiate  arvutamiseks 

 
Liisa Luhaste, Kaido Tämm, Lauri Sikk, Anni Pupart, Eve Toomsalu ja Peeter Burk 

 
Käesolevas töös arvutati seostumisenergiad ja võrreldi erinevaid kvantkeemilisi ning DFT-meetodeid kompleks-
ühenditele lantanoid-vesi (vastavalt 8 ja 9 vee molekuli katiooni kohta). Kokku kasutati üheksat meetodit – BP, BP-D3, 
B3LYP, B3LYP-D3, PBE, PBE0, TPSS, TPSSh, MP2 – ja saadud tulemusi võrreldi kirjanduses toodud CCSD(T)-
meetodiga. Kõik valitud arvutusmeetodid andsid suhteliselt samaväärseid tulemusi ja korreleerusid väga hästi 
CCSD(T)-meetodiga saadud energiatega. Võrreldes erinevaid baase, saame järeldada ja soovitada, et lantanoidide 
kompleksimoodustumist on kõige optimaalsem arvutada, kombineerides Dolgi avaldatud baase (5s5p4d)/[4s4p3d] + 
2s1p1d ning cc-pvdz (vastavalt lantanoididele ja mittelantanoididele). Võib järeldada, et BP-funktsionaal koos eel-
nimetatud baasidega annab samaväärseid tulemusi CCSD(T)-meetodiga, olles samal ajal märkimisväärselt väiksema 
arvutusajaga. Peab mainima, et antud hinnang põhineb hüdratatsioonienergiatel ja ei pruugi sobida komplekseerumis-
energiate hindamiseks lantanoidide ning pehmete aluste vahel. 
 
 

 


