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Relative populations of three energy-lowest IPR (isolated-pentagon-rule) isomers of Eu@C88 are computed using the Gibbs energy
based on characteristics from density functional theory and MP2 calculations (M06-2X/3-21G∼SDD entropy term, and the
MP2=FU/6-31G*∼SDD or B2PLYPD=FU/6-31 + G*∼SDD energetics). The calculations predict coexistence of three isomers,
in agreement with extraction using a polar solvent, and offer a possible explanation why the Eu@C2(27)-C88 species should prevail
with a non-polar solvent. Role of extraction solvents and catalysis is thus pointed out.
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Several Eu containing metallofullerenes have been observed1–7

and calculated,8–12 too. Their newest X-ray structural characteriza-
tion includes5 one Eu@C88 isomer, namely the species with the C2

symmetry IPR (isolated-pentagon-rule) cage conventionally labeled
27, Eu@C2(27)-C88, thus further expanding the family of C88 based
endohedrals.13,14 There are 35 IPR satisfying topologies15,16 for the
empty C88 cages (observations found only one empty species15). In
this study, the three energy-lowest Eu@C88 isomers, including the
observed Eu@C2(27)-C88 endohedral, are calculated for the first
time in order to get a deeper insight into the isomeric system.

Traditionally, stabilities of nanocarbons have frequently been
treated only in the terms of the potential energy. However, there are
several examples17–22 that the entropic part of the Gibbs energy
becomes important at high temperatures to such a degree that a
structure which is not the potential-energy lowest can still become
the most populated at higher temperatures. Moreover, other struc-
tures higher in potential energy can exhibit mutual stability inter-
changes with increasing temperature. The stability interchanges
cannot be concluded just from the potential energies. Thus, stability
calculations here are performed on the three IPR-based Eu@C88

isomers, lowest in potential energy, in order to evaluate their relative
equilibrium populations at synthetic temperatures consistently using
both enthalpy and entropy parts of the Gibbs energy.

Calculations

The initial geometry optimizations were performed in a com-
bined basis set: 3-21G basis23 for C atoms and SDD basis24 with the
SDD effective core potential on Eu (coded here 3-21G∼SDD), using
density functional theory (DFT) approach, namely the M06-2X
functional tested25 as most reliable treatment in numerous situations
(i.e., the unrestricted M06-2X/3-21G∼SDD treatment). Moreover,
the structures were further re-optimized using the standard 6-31G*
basis sets26 for C atoms, i.e., the M06-2X/6-31G*∼SDD level.

Out of altogether 35 IPR satisfying C88 cage topologies,15,16

three species lowest in potential energy were selected, first via
calculations on empty dianion cages and then followed with the Eu
containing endohedrals (Eu donates about two electrons to the cage).
The selection points out three low-energy species: Eu@Cs(32)-C88,
Eu@C1(18)-C88, and Eu@C2(27)-C88.

Their inter-isomeric energetics was further refined using the
advanced second order Møller-Plesset (MP2) perturbation treatment27

with all electrons and the 6-31G*∼ SDD basis (MP2=FU/6-
31G*∼ SDD) in the optimized M06-2X/6-31G*∼ SDD geometries.
Moreover, a recent combination28 of the DFT and MP2 approaches
known as the B2PLYPD method with all electrons and the 6-
31+G*∼ SDD basis (B2PLYPD=FU/6-31+G*∼ SDD) was also
employed. The spin state of the studied endohedrals is octet.

In the optimized M06-2X/3-21G∼ SDD geometries, the har-
monic vibrational analysis was carried out with the analytical force-
constant matrix as input for the vibrational partition function.
Moreover, the first ten electronic excitation energies were evaluated
by means of the time-dependent (TD) DFT response theory29 at the
M06-2X/6-31G*∼ SDD level, namely for the construction30 of the
electronic partition functions. The computations are carried out with
the Gaussian 16 program package.31

Relative concentrations (mole fractions) xi of m isomers can be
expressed32,33 through their partition functions qi and the enthalpies
at the absolute zero temperature ΔH i

o
0, (in other words, the ground-

state energies—the relative potential energies corrected for the
vibrational zero-point energies) by a compact formula:

=
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where R is the gas constant and T the absolute temperature. Equation 1
is an exact formula that can be directly derived32,33 from the standard
Gibbs energies of the isomers, supposing the conditions of the inter-
isomeric thermodynamic equilibrium. Rotational-vibrational partition
functions are to be constructed using the conventional rigid rotator and
harmonic oscillator (RRHO) approximation. No frequency scaling is
applied as it is not significant34 for the xi values at high temperatures.
Finally, the chirality contribution35 was included accordingly (for an
enantiomeric pair its partition function qi is doubled). Although the
temperature region where fullerene or metallofullerene electric-arc
synthesis takes place is not well known, the recent observations36

supply some arguments to expect it around or above 1500 K. Thus, the
computed results, produced by the program described elsewhere,33 are
discussed here focusing on the temperature region.36

Actually, a modified20,37 RRHO approach for description of the
encapsulate motions is in fact considered here, following experi-
mental findings38 from NMR spectra on endohedral symmetries. The
observed cage symmetries are actually a result of large amplitudezE-mail: zdeneks@email.arizona.edu
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motions exhibited by the encapsulated atom(s), especially so at
elevated temperatures (unless the motions are restricted by cage
derivatizations39). One can expect that if the encapsulate is relatively
free then, at sufficiently high temperatures, its behavior in different
cages will bring about the same contribution to the partition
functions. However, such uniform contributions would then cancel
out in Equation 1. This simplification is called20,37 free, fluctuating,
or floating encapsulate model (FEM) and requires (in the case of a
mono-metallofullerene) two steps. In addition to removal of the
three lowest vibrational frequencies (belonging to the metal motions
in the cage), the symmetries of the cages should be treated as the
highest (topologically) possible, which reflects averaging effects of
the large amplitude motions. For example, for the Eu@C2(27)-C88

isomer based on the C2; 27 IPR cage, C2 symmetry is employed
within the FEM scheme though its static symmetry40,41 (i.e., after the
geometry optimization) is just C1. Generally speaking, the FEM
treatment gives a better agreement20,37 with the available observed
data compared to the conventional RRHO approach, and it is
therefore also applied here.

Results and Discussion

Table I reports the Eu@C88 isomeric separation energetics
computed at the three selected levels (presented are just the
differences in the potential energy without the zero-point vibrational
energies). The lowest-energy Eu@C88 isomer is the species with the
Cs; 32 cage, being rather closely followed by the endohedrals with
the C1; 18 and C2; 27 cages (Fig. 1). The energetics is relatively
similar at the three computational levels considered. The MP2 and
B2PLYPD methods are actually the most advanced approaches ever
used with metallofullerenes.11 For the two originally symmetric
cages, their symmetry is after the geometry optimization reduced to
just C1.

Table II presents some selected computed characteristics for the
three energy-lowest Eu@C88 isomers. The calculated closest con-
tacts between Eu and the cages fall within a similar interval of values
as found previously10–12 for other endohedrals encapsulating Eu.
The M06-2X/6-31G*∼ SDD computed closest Eu-C contacts are on
average longer by some 0.03 Å compared to the M06-2X/3-
21G∼ SDD values. The values of lowest vibrational frequencies
presented in Table II are in agreement with the generally known
nearly-free motions of encapsulates in metallofullerenes (that help to
recreate the cage symmetries in the NMR spectra). The M06-2X/3-
21G∼ SDD computed Mulliken atomic charges on Eu predict that
the metal donates almost exactly two electrons to the cage. The
charges fall within a similar narrow interval of values found
previously10–12 with other Eu-encapsulating endohedrals.

The Mulliken-charge calculation at the M06-2X/3-21G∼ SDD
level deserves a more general comment. The Mulliken charges from
the 3-21G∼ SDD basis, unlike the 6-31G*∼ SDD values, are
known9 to give a good agreement with the available observed
charges43 for metallofullerenes. Moreover, there are also general
methodological arguments44 why larger basis sets should not be used
with the Mulliken charges (as they can produce truly unreasonable
values). Interestingly, an approximative analysis45 supports46 the
charges from the 3-21G basis, too. Anyhow, it is not possible47 to
define uniquely charges on individual atoms—in fact there are

Table I. Eu@C88 relative potential energies ΔEpot,rel calculated in the M06-2X/6-31G* ∼ SDD optimized structures.

Species
ΔEpot,rel / kcal.mol−1

M06-2X/6-31G* ∼ SDD MP2=FU/6-31G* ∼ SDD B2PLYPD=FU/6-31 + G* ∼ SDDb

C2; 27
a 4.26 3.47 3.85

C1; 18
a 3.23 0.04 1.61

Cs; 32
a 0.0 0.0 0.0

a) See Fig. 1. b) In the B3LYP-D3/6-31G* ∼ SDD optimized geometry.42

Figure 1. M06-2X/6-31G*~SDD optimized structures of the three lowest-
energy Eu@C88 isomers (Eu is always located just below the top ring).
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numerous other definitions in addition to the (most common)
Mulliken charges and each of them contains an element of
arbitrariness. However, it is not really possible to say generally
which approach provides the best atomic charges. Each concept
offers distinct advantages and each suffers from disadvantages. A
unique universal definition which would satisfy all requirements is in
fact rather unlikely44,47 to be ever constructed. Thus, the choice
ultimately rests with a reasonable applicability for a particular
situation. With metallofullerenes, it should be rational to apply
such calculational treatments that can reasonably well reproduce
charge terms derived from observations.

Figure 2 presents the main output of this study—temperature
development of the relative concentrations of the three energy-
lowest Eu@C88 isomers in a wide temperature region for both

advanced inter-isomeric energetics. Qualitatively speaking, the MP2
and B2PLYPD approaches produce similar pictures for the relative
isomeric populations (the B2PLYPD method can be considered28

more advanced and more reliable). Anyhow, the calculations
prediction a coexistence of two comparable major isomers and one
minor species. However, this is in agreement with the isomeric
population observed in the experiments of Shinohara et al.2 On the
other hand, Lu et al.5 isolated and X-ray identified only one species.
A reason could be rooted in the used extraction solvents—either
dimethylformamide2 DMF, generally recommended for metalloful-
lerene extraction,2,48,49 or carbon disulfide5 CS2, differing in their
polarity48,49 (though catalytic effects2 (Ni) represent another factor). The
solubility48,50 of metallofullerenes can be related to their polarity—and
polarity to the calculated dipole moments. Incidentally, the M06-2X/3-
21G∼ SDD dipole moments of Eu@C2(27)-C88, Eu@C1(18)-C88, and
Eu@Cs(32)-C88 are 0.2783, 1.0008, and 1.6317 D, respectively. Hence,
the dipole moments suggest that Eu@C2(27)-C88 should have better
solubility in non-polar CS2 than the other two species. This reasoning
offers an explanation why the relative populations in Fig. 2 do not agree
with the solitary isolation5 of Eu@C2(27)-C88.

Frequently, there are stability similarities when encapsulating
different metals, however, with about the same charge transfer to the
cage, e.g.10 This similarity is related to the fact that metallofullerenes
are not formed via some new covalent bond but rather stabilized by
just an ionic bond.51–53 Unfortunately, the C88 cages are still
rare13,14,54,55 and mostly are employed by clusterfullerenes56,57

(like the Cs(32)-C88 cage treated here) so that an analysis of such
similarities is yet not possible.

In addition to the influence of different extraction solvents,2,48,49,58,59

there are differences in the applied metal source that could be related to
kinetic and catalytic aspects,60 i.e., to different degrees to which the

Table II. The selected characteristics of the Eu@C88 isomers—the
closest Eu-C contacta rEu−C, the Mulliken chargeb on Eu qEu, the
lowest vibrational frequencyb ωlow, and the lowest electronic excited
statec Ωlow.

Species rEu−C / Å qEu ωlow / cm−1 Ωlow / cm−1

C2; 27 2.649/
2.677

1.977 39.8 11 509

C1; 18 2.618/
2.650

1.986 36.3 12 013

Cs; 32 2.579/
2.607

1.984 37.1 11 270

a) M06-2X/3-21G∼SDD / M06-2X/6-31G*∼SDD terms. b) M06-2X/3-
21G ∼ SDD terms. c) M06-2X/6-31G* ∼ SDD terms. d) See Fig. See
Fig. 1.

Figure 2. The relative populations of the Eu@C88 isomers based on the FEM treatment with the MP2=FU/6-31G*∼SDD (left) and B2PLYPD=FU/6-31
+G*∼SDD (right) energetics.
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expected inter-isomeric thermodynamic equilibrium could be achieved
in the synthesis. Finally, the inter-isomeric energetics in the whole
family of Eu-nanocarbons8–12,61–64 could in future be treated even with
the MP4 approach in order to further analyze computational predictions
for fullerenic systems.46,65

Acknowledgments

The reported research has been supported by by the Charles
University Centre of Advanced Materials/CUCAM (CZ.02.1.01/0.0/
0.0/15_003/0000417), and by the MetaCentrum (LM2010005) and
CERIT-SC (CZ.1.05/3.2.00/08.0144) computing facilities.

ORCID

Zdeněk Slanina https://orcid.org/0000-0003-0292-9350

References

1. P. Kuran, M. Krause, A. Bartl, and L. Dunsch, Chem. Phys. Lett., 292, 580 (1998).
2. B.-Y. Sun, T. Inoue, T. Shimada, T. Okazaki, T. Sugai, K. Suenaga, and

H. Shinohara, J. Phys. Chem. B, 108, 9011 (2004).
3. H. Matsuoka et al., J. Phys. Chem. B, 108, 13972 (2004).
4. B.-Y. Sun, T. Sugai, E. Nishibori, K. Iwata, M. Sakata, M. Takata, and

H. Shinohara, Angew. Chem. Int. Ed., 44, 4568 (2005).
5. L. Bao, P. Yu, C. Pan, W. Shen, and X. Lu, Chem. Sci., 10, 2153 (2019).
6. L. Bao, P. Yu, Y. Li, C. Pan, W. Shen, P. Jin, S. Liang, and X. Lu, Chem. Sci., 10,

4945 (2019).
7. L. Bao, Y. Li, P. Yu, W. Shen, P. Jin, and X. Lu, Angew. Chem. Int. Ed., 59, 5259

(2020).
8. F. Uhlík, Z. Slanina, S.-L. Lee, L. Adamowicz, and S. Nagase, Int. J. Quantum

Chem., 113, 729 (2013).
9. Z. Slanina, F. Uhlík, S. Nagase, T. Akasaka, L. Adamowicz, and X. Lu, Molecules,

22, 1053 (2017).
10. Z. Slanina, F. Uhlík, L. Bao, T. Akasaka, X. Lu, and L. Adamowicz, Chem. Phys.

Lett., 726, 29 (2019).
11. Z. Slanina, F. Uhlík, L. Bao, T. Akasaka, X. Lu, and L. Adamowicz, Fulleren.

Nanotub. Carb. Nanostruct., 28, 565 (2020).
12. Z. Slanina, F. Uhlík, L. Bao, T. Akasaka, X. Lu, and L. Adamowicz, Fulleren.

Nanotub. Carb. Nanostruct., 29, 144 (2021).
13. X. Lu, L. Feng, T. Akasaka, and S. Nagase, Chem. Soc. Rev., 41, 7723 (2012).
14. A. A. Popov, S. Yang, and L. Dunsch, Chem. Rev., 113, 5989 (2013).
15. Z. Slanina, F. Uhlík, M. Yoshida, and E. Ōsawa, Fullerene Sci. Technol., 8, 417

(2000).
16. Z. Slanina, X. Zhao, S.-L. Lee, and E. Osawa, Scripta Mater., 43, 733 (2000).
17. Z. Slanina and F. Uhlík, J. Phys. Chem., 95, 5432 (1991).
18. Z. Slanina, S.-L. Lee, and L. Adamowicz, Int. J. Quantum. Chem., 63, 529 (1997).
19. Z. Slanina, S.-L. Lee, L. Adamowicz, F. Uhlík, and S. Nagase, Int. J. Quantum

Chem., 104, 272 (2005).
20. Z. Slanina, S.-L. Lee, F. Uhlík, L. Adamowicz, and S. Nagase, Theor. Chem. Acc.,

117, 315 (2007).
21. Y. Wang et al., J. Am. Chem. Soc., 139, 5110 (2017).
22. Z. Slanina, F. Uhlík, L. Feng, and L. Adamowicz, ECS J. Solid State Sci. Technol.,

11, 053018 (2022).
23. J. S. Binkley, J. A. Pople, and W. J. Hehre, J. Am. Chem. Soc., 102, 939 (1980).
24. X. Y. Cao and M. Dolg, J. Mol. Struct. (Theochem), 581, 139 (2002).
25. Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 120, 215 (2008).
26. W. J. Hehre, R. Ditchfield, and J. A. Pople, J. Chem. Phys., 56, 2257 (1972).
27. C. Møller and M. S. Plesset, Phys. Rev., 46, 618 (1934).
28. T. Schwabe and S. Grimme, Phys. Chem. Chem. Phys., 9, 3397 (2007).

29. M. E. Casida, C. Jamorski, K. C. Casida, and D. R. Salahub, J. Chem. Phys., 108,
4439 (1998).

30. Z. Slanina, F. Uhlík, S.-L. Lee, L. Adamowicz, and S. Nagase, Comput. Lett., 1, 304
(2005).

31. M. J. Frisch et al., Gaussian Inc 16, Rev. B. (Gaussian Inc, Wallingford, CT) 01
(2016).

32. Z. Slanina, Int. Rev. Phys. Chem., 6, 251 (1987).
33. Z. Slanina, Comput. Chem., 13, 305 (1989).
34. Z. Slanina, F. Uhlík, and M. C. Zerner, Rev. Roum. Chim., 36, 965 (1991).
35. Z. Slanina and L. Adamowicz, Thermochim. Acta., 205, 299 (1992).
36. R. J. Cross and M. Saunders, J. Am. Chem. Soc., 127, 3044 (2005).
37. Z. Slanina, L. Adamowicz, K. Kobayashi, and S. Nagase, Mol. Simul., 31, 71

(2005).
38. T. Akasaka, S. Nagase, K. Kobayashi, M. Walchli, K. Yamamoto, H. Funasaka,

M. Kako, T. Hoshino, and T. Erata, Angew. Chem. Int. Ed., 36, 1643 (1997).
39. K. Kobayashi, S. Nagase, Y. Maeda, T. Wakahara, and T. Akasaka, Chem. Phys.

Lett., 374, 562 (2003).
40. Z. Slanina, Contemporary Theory of Chemical Isomerism (Academia and D. Reidel

Publ. Comp., Prague and Dordrecht) p. 21 (1986).
41. Z. Slanina, F. Uhlík, L. Feng, and L. Adamowicz, Fulleren. Nanotub. Carb.

Nanostruct., 24, 339 (2016).
42. S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, J. Chem. Phys., 132, 154104

(2010).
43. M. Takata, E. Nishibori, M. Sakata, and H. Shinohara, New Diam. Front. Carb.

Technol., 12, 271 (2002).
44. F. Jensen, Introduction to Computational Chemistry. (Wiley, Chichester) p. 319

(2017).
45. J. M. Campanera, C. Bo, and J. M. Poblet, Angew. Chem. Int. Ed., 44, 7230 (2005).
46. Z. Slanina, F. Uhlík, C. Pan, T. Akasaka, X. Lu, and L. Adamowicz, Chem. Phys.

Lett., 710, 147 (2018).
47. W. J. Hehre, A Guide to Molecular Mechanics and Quantum Chemical Calculations

(Wavefunction, Irvine) p. 435 (2003).
48. B. Sun, L. Feng, Z. Shi, and Z. Gu, Carbon, 40, 1591 (2002).
49. I. E. Kareev, V. P. Bubnov, E. E. Laukhina, A. F. Dodonov, V. I. Kozlovski, and E.

B. Yagubskii, Fullerenes, Nanotubes and Carbon Nanostructures, 12, 65 (2005).
50. B. Zhuang, G. Ramanauskaite, Z. Y. Koa, and Z.-G. Wang, Sci. Adv., 7,

eabe7275eabe7275 (2021).
51. A. A. Popov and L. Dunsch, Chem. Eur. J., 15, 9707 (2009).
52. Z. Slanina, F. Uhlík, S.-L. Lee, L. Adamowicz, T. Akasaka, and S. Nagase, Int. J.

Quant. Chem., 111, 2712 (2011).
53. Z. Slanina, F. Uhlík, S.-L. Lee, L. Adamowicz, T. Akasaka, and S. Nagase,

J. Comput. Theor. Nanosci., 8, 2233 (2011).
54. A. Rodríguez-Fortea, A. L. Balch, and J. M. Poblet, Chem. Soc. Rev., 40, 3551

(2011).
55. S. Yang, T. Wei, and F. Jin, Chem. Soc. Rev., 46, 5005 (2017).
56. W. Shen, L. Bao, S. Hu, L. Yang, P. Jin, Y. Xie, T. Akasaka, and X. Lu, Chem. Sci.,

10, 829 (2019).
57. S. Hu, P. Zhao, W. Shen, M. Ehara, Y. Xie, T. Akasaka, and X. Lu, Inorg. Chem.,

59, 1940 (2020).
58. Y. Lian, Z. Shi, X. Zhou, and Z. Gu, Chem. Mater., 16, 1704 (2004).
59. Y. Maeda et al., Carbon, 98, 67 (2016).
60. Z. Slanina, X. Zhao, F. Uhlík, M. Ozawa, and E. Ōsawa, J. Organomet. Chem., 599,

57 (2000).
61. Z. Slanina, F. Uhlík, and S. Nagase, NANOTECH 2009—Technical Proceedings of

the 2009 NSTI Nanotechnology Conference and Trade Show, vol 3, Nano Science
and Technology Institute, Cambridge, MA, p. 312 (2009).

62. S. Maki, E. Nishibori, I. Terauchi, M. Ishihara, S. Aoyagi, M. Sakata, M. Takata,
H. Umemoto, T. Inoue, and H. Shinohara, J. Am. Chem. Soc., 135, 918 (2013).

63. H. Y. Zhao, H. M. Ma, J. Wang, and Y. Liu, Chin. Phys. Lett., 33, 108105 (2016).
64. C. Xi, L. Yang, C. Liu, P. You, L. Li, and P. Jin, Int. J. Quant. Chem., 118, e25576

(2018).
65. Z. Slanina, F. Uhlík, W. Shen, T. Akasaka, X. Lu, and L. Adamowicz, Fulleren.

Nanotub. Carb. Nanostruct., 27, 710 (2019).

ECS Journal of Solid State Science and Technology, 2022 11 101008

https://orcid.org/0000-0003-0292-9350
https://doi.org/10.1016/S0009-2614(98)00746-5
https://doi.org/10.1021/jp049130a
https://doi.org/10.1021/jp031350l
https://doi.org/10.1002/anie.200500876
https://doi.org/10.1039/C8SC04906H
https://doi.org/10.1039/C9SC01479A
https://doi.org/10.1002/anie.201910743
https://doi.org/10.1002/qua.24061
https://doi.org/10.1002/qua.24061
https://doi.org/10.3390/molecules22071053
https://doi.org/10.1016/j.cplett.2019.04.011
https://doi.org/10.1016/j.cplett.2019.04.011
https://doi.org/10.1080/1536383X.2020.1724104
https://doi.org/10.1080/1536383X.2020.1724104
https://doi.org/10.1080/1536383X.2020.1817900
https://doi.org/10.1080/1536383X.2020.1817900
https://doi.org/10.1039/c2cs35214a
https://doi.org/10.1021/cr300297r
https://doi.org/10.1080/10641220009351422
https://doi.org/10.1016/S1359-6462(00)00479-6
https://doi.org/10.1021/j100167a017
https://doi.org/10.1002/(SICI)1097-461X(1997)63:2<529::AID-QUA22>3.0.CO;2-1
https://doi.org/10.1002/qua.20514
https://doi.org/10.1002/qua.20514
https://doi.org/10.1007/s00214-006-0150-0
https://doi.org/10.1021/jacs.6b13383
https://doi.org/10.1149/2162-8777/ac6d0f
https://doi.org/10.1021/ja00523a008
https://doi.org/10.1016/S0166-1280(01)00751-5
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1063/1.1677527
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1039/b704725h
https://doi.org/10.1063/1.475855
https://doi.org/10.1163/157404005776611466
https://doi.org/10.1080/01442358709353407
https://doi.org/10.1016/0097-8485(89)80037-3
https://doi.org/10.1016/0040-6031(92)85272-W
https://doi.org/10.1021/ja045521r
https://doi.org/10.1080/08927020412331308458
https://doi.org/10.1002/anie.199716431
https://doi.org/10.1016/S0009-2614(03)00750-4
https://doi.org/10.1016/S0009-2614(03)00750-4
https://doi.org/10.1080/1536383X.2016.1139576
https://doi.org/10.1080/1536383X.2016.1139576
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/anie.200501791
https://doi.org/10.1016/j.cplett.2018.08.051
https://doi.org/10.1016/j.cplett.2018.08.051
https://doi.org/10.1016/S0008-6223(02)00021-0
https://doi.org/10.1081/FST-120027135
https://doi.org/10.1126/sciadv.abe7275
https://doi.org/10.1002/chem.200901045
https://doi.org/10.1002/qua.22808
https://doi.org/10.1002/qua.22808
https://doi.org/10.1166/jctn.2011.1950
https://doi.org/10.1039/c0cs00225a
https://doi.org/10.1039/C6CS00498A
https://doi.org/10.1039/C8SC03886D
https://doi.org/10.1021/acs.inorgchem.9b03269
https://doi.org/10.1021/cm0344156
https://doi.org/10.1016/j.carbon.2015.10.088
https://doi.org/10.1016/S0022-328X(99)00720-2
https://doi.org/10.1021/ja311070v
https://doi.org/10.1088/0256-307X/33/10/108105
https://doi.org/10.1002/qua.25576
https://doi.org/10.1080/1536383X.2019.1633523
https://doi.org/10.1080/1536383X.2019.1633523



