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Molecular structures of Pr@C72 and Pr@Cr2(CsHsCl2): a combined experimental-

theoretical investigationt

Yan-li Zhao,*® Qin Zhou,? Yong-fu Lian*®and Hai-tao Yu*?

A novel Pr-based monometallofullerene derivative, Pr@C72(CeHsCl2), was
successfully prepared and isolated. Its molecular composition was determined by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry. The
molecular structure of Pr@C72(CsH3Cl2) was verified as Pr@C2(10612)-C72(CsHsCl2)
by a combined UV-visible-near-infrared absorption spectroscopy and quantum
mechanics characterization, as well as a comparison with the structurally characterized
analogue La@C72(CsHsCl2). Furthermore, an additional computation indicated that the
nonderivatized Pr@C-2 has the lowest-lying structure of Pr@C>(10612)-C+2, followed
by Pr@C2v(11188)-C2, which lies only 0.62 kcal/mol above Pr@C2(10612)-C7,. In
addition, the temperature dependence of their thermodynamic distribution was
estimated. We also analyzed the charge transfer and orbital interaction between the
endohedral Pr atom and the carbon cage as well as the electronic configuration and
formal charge state of the encapsulated Pr atom based on the computed quantum

mechanics data.

1 Introduction

Endohedral metallofullerenes (EMFs) have attracted a great deal of attention because
of their unique structures and interesting properties relative to empty-cage fullerenes.-
4 Many significant applications of EMFs in such fields as materials science,
nanoelectronics, and biomedicine have been proposed.>® The encapsulated metal
atom(s) or metallic cluster can not only improve the performances of fullerenes to some
extent but also result in new properties.”® Furthermore, the encapsulation extensively
and profoundly aids our understanding of the nature of fullerenes.®*!

Experimentally available EMFs have been well reviewed.>2® Furthermore, many
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theoretical investigations have also been performed and summarized,**® which
confirmed that the quantum mechanics computation is a very effective and
indispensable method in combining the characterization of isomeric structures and
stabilities with experiments.!’

In early works, conventional EMFs were considered as those containing only one
or two metal atoms.! Recently, several EMFs with three encapsulated metal atoms have
been synthesized, for example, ErsCra4,8 DysCes,'® and M3Cso (M = Tb,2° Y,2! Sm?2),
These findings greatly broaden the range of conventional EMFs, although their
structural isomers remain unclear, except for SmzCsgo, the only trimetallofullerene
whose structure has been unambiguously confirmed by single-crystal X-ray diffraction
(XRD).?? As the simplest model systems, monometallofullerenes (mono-EMFs) are
appropriate for understanding the nature of the interaction between the metal atom and
the carbon cage. According to the formal charge of the encapsulated metal atom, the
common mono-EMFs can be classified into two categories, divalent mono-EMFs and
trivalent mono-EMFs. For the former, the encapsulated metals include alkali-earth
atoms (Ca, Sr, Ba) and lanthanide atoms (Sm, Eu, Tm, and Yb),23?* while for the latter,
the encapsulated metals include Sc, Y, and lanthanide atoms, except for Sm, Eu, Tm,
and Yb.25%

To date, the experimentally available empty fullerene molecules of a medium size
(C2n, 60 < 2n < 80) include Ceo,2® C70,%° C76,%° C78,%° and Cg0.3132 Interestingly, the Crz,
Crs, and Cgo molecules were called ‘‘missing fullerenes”,®® which are difficult to
synthesize or isolate because of their structural instabilities or high chemical reactivity.
The fullerene Cgo has been successfully isolated and structurally characterized.3!%2
Theoretically, the C»,(11188)-C7, cage, which violates the well-known isolated
pentagon rule (IPR),3* i.e., a non-IPR structure, was predicted to be the lowest-lying
isomer among all of the possible Cz. structures, followed by the IPR isomer
D6d(11190)-C72.® Generally, for the carbon cages with 2n > 72, the most
thermodynamically stable isomer was believed to possess an IPR-satisfying structure.
However, Cr2 has been indisputably confirmed as the only example of the most stable
isomer that possesses a non-IPR structure.3® A theoretical analysis indicated that for the
IPR isomer Dsq(11190)-C72, the relatively large steric repulsion originating from two
peculiar hexagons surrounded by six hexagons should be responsible for its lower
thermodynamic stability compared with the non-IPR cage C2v(11188)-C72.%” Currently,
no experimental evidence for the observation of Deq(11190)-C72 has been published.

Page 2 of 37



Page 3 of 37

RSC Advances

Although the isolation of the pure fullerene Cs2 is difficult, its chemical
functionalization and encapsulation of metal(s) or a cluster are readily
available_10,33,36,38—43

Experimental reports have shown that several divalent metal atoms (for example,
Ca,* Sr,%® Eu,®4 Tm,* and Yb®®) and trivalent metal atoms (for example, Er,* Lu,*
Gd,*Y,* and La®) can be readily encapsulated into the C72 cage. For the fullerene Cz2
encapsulating a trivalent metal atom, the molecules M@C7. (M = Er, Lu, Gd) are
limited to mass spectrometry data,***> while the Y-EMF derivative, Y@C72(CFs3), has
been isolated, and its UV-visible-near-infrared (UV-vis-NIR) absorption spectrum is
available.*® To date, the only structurally determined mono-EMF with a trivalent metal
atom in the Cr. cage is the monoadduct La@C72(CeHsCl2), whose structure has been
experimentally characterized by single-crystal XRD.%° In addition, the UV-vis-NIR
spectra of its three structural isomers are available.’® This provides us with an
opportunity to assign the detailed cage structures of some newly prepared mono-EMF
derivatives by comparing their available UV-vis-NIR absorption spectra with that of
the structurally characterized La@C72(CsH3Cl2). Note that three regioisomers of
La@C72(CsHsCl,) were isolated in the process of extracting La@Cz2-containing soot
with 1,2,4-trichlorobenzene (TCB).° Their differences are derived from different
addition sites at the aryl ring of TCB. The three isomers with different dichlorophenyl
radicals have been clearly characterized by *H NMR, while they were determined to
possess a non-IPR cage structure, namely La@C2(10612)-C+2, by a combined single-
crystal XRD and theoretical computation characterization.®

The metal Pr atom is interesting because it is similar in formal charge to La and it
can be encapsulated into many fullerenes, such as Ceo, C74, C76, C7s, Csgo, Cs2, to form
mono-EMFs.*64® In these Pr-containing mono-EMFs, only Pr@Cs. has been
structurally characterized by XRD in a recent study by our group.*® In this study, we
attempt to prepare and isolate Pr@C72(CsHsCl2), a Pr counterpart of the structurally
available molecule La@C72(CeHsCl), and estimate its structure based on UV-vis-NIR
and quantum mechanics data.

In addition, the pristine Pr@Cg2 is also an interesting goal because the formation of
the derivative Pr@C72(CsH3Cl2) and the mass spectrometry (MS) data imply the
existence of the pristine Pr@C-2 in soot. Although we did not isolate the underivatized
Pr@Cs2, some structural information is helpful for researchers to understand the nature
of Pr@C-2. Therefore, in this study, we also provide the electronic structures, bonding



RSC Advances Page 4 of 37

nature, and metal-to-cage charge transfer of the pristine Pr@C-2 isomers with higher

stability based on the quantum mechanics calculations.

2 Experimental section

2.1 General

Soot containing various empty fullerenes and Pr-EMFs was produced using a modified
arc-discharge method under a 200 Torr helium atmosphere. The anode graphite rod was
filled with the PrNi2/graphite powder, while a pure graphite rod was employed as the
cathode. Empty fullerenes and Pr-EMFs were extracted from soot with TCB at 486.65
K under an argon atmosphere for 15 h. After evaporating TCB, the dry soluble extract
was added to a certain amount of toluene to perform further multi-stage separation via
high performance liquid chromatography (HPLC, Japan Analytical Industry Corp. Ltd,
Tokyo, Japan). The entire isolation process involved two types of Cosmosil columns (¢
20 mm =250 mm, Nacalai Tesque Inc., Kyoto, Japan), namely 5PYE and Buckyprep-
M, with toluene as the eluent at different flow rates, while the 330 nm UV light was
used for detection. In addition, the purity of the target product was analyzed by
analytical HPLC (Hitachi High-Technologies Corp., Tokyo, Japan) with four different
chromatographic columns (¢ 4.6 mm =250 mm, Nacalai Tesque Inc., Kyoto, Japan),
including Buckyprep-M, Buckyprep, 5PYE, and 5PBB.

Then, a composition determination for the target product was conducted by laser
desorption ionization time-of-flight mass spectrometry (LDI-TOF MS) and matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS) with 1,1,4,4-tetraphenyl-1,3-butadiene as the matrix on a Bruker BIFLEX-11l mass
spectrometer (Bruker Corp., Bremen, Germany). The MS measurements were
performed in the positive ion mode with toluene as the solvent, and the scan was over
the range of m/z 600 to 2000. The UV-vis-NIR absorption spectrum was measured
using a UV-3600 spectrometer (Shimadzu Corp., Kyoto, Japan) with carbon disulfide
as the solvent. In the UV-vis-NIR measurement, the detection wavelength varied from
400 to 2000 nm.

2.2 Theoretical details
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Geometry optimizations for all of the stationary points were performed using the
BLYP**%° and B3LYP*** functionals. The 3-21G°! and 6-31G(d)® basis sets were
employed for the C, H, and Cl atoms and the MWB48> basis set for the Pr atom.
Furthermore, for the Pr atom, the effective core potential (ECP) was considered.>* All
of the stationary point geometries were fully optimized without symmetry constraints.
To test whether the optimized structures are true minima, additional vibrational
frequency calculations were performed at the B3LYP/6-31G(d)~MWB48 level of
theory. The Mulliken charges, obtained by the single-point calculations using the
B3LYP/6-31G(d)~MWB48-optimized geometries with the B3LYP and MO06-2X
functionals®® and different basis sets (MWB,*® CEP-4G,* and SDD®’ for metal atoms;
3-21G and 6-31G(d) for nonmetal atoms), were used to evaluate the metal-to-cage
charge transfers. Furthermore, a natural bond orbital (NBO) analysis®® was conducted
to characterize the charge transfers and electronic configurations of the metal atoms at
the B3LYP/3-21G~SDD and B3LYP/6-31G(d)~SDD levels of theory. To elucidate the
addition sites to form metallofullerene derivatives, the n-orbital axis vector (POAV)>%
pyramidalization angles of the pristine metallofullerene Pr@C7. were computed using
the B3LYP/6-31G(d)~MWB48-optimized geometry.

Generally, the abundances of EMF isomers are temperature-dependent. Because
EMFs are formed at the very high temperatures of electric arc, we performed an
additional temperature-dependent computation on some of the isomers to estimate their
thermodynamic distribution in line with the condition of the isomeric thermodynamic
equilibrium. For a mixture consisting of n molecules, the mole fraction (xi) of the isomer

i can be computed through the partition function (gi) and the ground-state energies ( AE;

0 K), and the expression can be written as follows:
q exp[_ﬂEi }
i RT
, ~AE,
Zj=1qiexp RT

where R is the gas constant, and T corresponds to the absolute temperature.5?

X =

1)

Furthermore, the binding energy (BE) of a mono-EMF Pr@C>, can be defined as
the difference between the total energy (E(Pr@C:n)) of the mono-EMF Pr@C>» and the
sum of the total energies of the lowest-lying empty cage (E(C2n)) and a free Pr atom
(E(Pr)). Thus, it can be expressed as follows:

BE =E(Pr@C,,)—E(C,,)—E(Pr) 2
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3 Results and discussion

3.1 Experiments

3.1.1 Isolation. As shown in Fig. la, the TCB extract containing Pr-EMFs,
dichlorophenyl derivatives, and empty-cage fullerenes was roughly divided into nine
fractions at the first HPLC stage. The highlighted broad fraction (Fr. 1), including the
target product Pr@C72(CeH3Cl2), as well as other Pr-EMFs (Pr.Cr2, Pr.Cso, etc.),
dichlorophenyl derivatives (Pr@C74(CsHsCl2), Pr@Crs(CsHsCl2), Pr@Cso(CsHsCl2),
etc.), and empty-cage fullerenes (Czo, Czs, Crs, €tc.), was subjected to the second stage
of separation to collect Fr. 2 (Fig. 1b). Then, Fr. 2 was subjected to the third stage of
separation to collect Fr. 3 (Fig. 1c), and Fr. 3 was subjected to the fourth stage of
separation to collect Fr. 4 (Fig. 1d). Finally, the target product was isolated at the fifth
stage of separation (Fig. 1e). The purity of the product was confirmed by analytical
HPLC on varying columns. Fig. 2 shows the analytical HPLC plots of the product on
Buckyprep-M, Buckyprep, 5PYE, and 5PBB columns. It is estimated from Fig. 2 that
the purity of the product is more than 98%.

3.1.2 Molecular composition and UV-vis-NIR absorption spectrum. Fig. 3
demonstrates the MALDI-TOF MS and LDI-TOF MS of the product. The MALDI-
TOF MS (Fig. 3a) displays a single peak at m/z 1150, and the isotropic distribution
agrees perfectly with the calculated result of Pr@C72(CsHsCl2) (insets in Fig. 3a),
verifying the covalent attachment of the CsHsCl> moiety onto the fullerene cage. The
absence of fragmentation peaks reflects the high stability of the derivative, even under
laser irradiation. Furthermore, the LDI-TOF MS (Fig. 3b) shows a single peak at m/z
1005, and the isotropic distribution agrees perfectly with the calculated result of
Pr@Cq2 (insets in Fig. 3b). It is apparent that the detected Pr@Cy-2 originates from the
fragmentation of the monoadduct Pr@C72(CeH3Cl2) because of the absence of a matrix
in the LDI-TOF MS. Thus, the above mass spectrometric studies verify the successful
formation of the 1:1 dichlorophenyl monoadduct, yielded via the reaction of the mono-
EMF Pr@C-2 in soot with the solvent TCB in the extraction procedure. In addition, no
impurity peaks are detected in Fig. 3, confirming again the high purity of the isolated
product.
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UV-vis-NIR absorption spectroscopy is a powerful tool to characterize the
geometries of the carbon cages of EMFs.*3%2 Normally, the EMFs or their adducts with
the same cage symmetry and formal charge have similar optical absorption spectra and
vice versa,®3% although the differences are in the metal or added species.®®” Generally,
this method must be combined with a quantum chemistry computation to more
accurately confirm the cage structure of an EMF or its adduct.

Fig. 4 is the UV-vis-NIR absorption spectrum of Pr@C72(CsHsCl2) in which two
strong characteristic peaks at 659 and 1068 nm along with three slightly weak peaks at
450, 532 and 945 nm are observed. Interestingly, these features are similar to those
reported previously for the three regioisomers (A, B, and C, see Fig. 4) of the
dichlorophenyl derivative La@C72(CsHsCl2).2° It should be noted that only the structure
A, which is not the highest yield among the three isomers, is structurally characterized
by single-crystal XRD.'® However, in the present case, only one positional isomer was
isolated. Therefore, we can reasonably conclude that the isolated Pr@C72(CsH3Cl2)
should be the lowest-lying structure. Based on the fact that the three La@C72(CeH3Cl>)
isomers (A, B, and C) prove to be of the same cage structure (C2(10612)-C72)*° and that
the UV-vis-NIR absorption spectra of the three La@C72(CsH3Cl2) isomers and the
present Pr@C72(CsH3Cl) are very similar (Fig. 4), it is reasonable for us to tentatively
ascribe the carbon cage of Pr@Cr2(CsHsClz) as that of La@C72(CsHsCl2), i.e.,
C2(10612)-Cr2. The relevant theoretical evidence in support of the determination will

be given in the next section.

3.2 Theoretical estimation of the structure of Pr@C72(CsHsCl>)

Previous reports proposed that the carbon atoms at adjacent pentagon pairs (APPs) of
endohedral fullerenes are more reactive than others;'%*° hence, they may be the
preferred reaction sites for exohedral chemical functionalization of Pr@C+. by an
addition reaction with TCB, as exemplified in the reaction of La@C7, with TCB.1° To
theoretically determine the preferable addition positions, we computed the distribution
of the unpaired electron and n-orbital axis vector (POAV) pyramidalization angles of
all of the C atoms in Pr@C2(10612)-C.. The latter is an effective index of the bond
strain of fullerenes. Both the spin density and POAV pyramidalization angles have been
widely used to estimate potential reactive sites in the exohedral chemical
functionalization of paramagnetic EMFs.1%%8"1 Generally, a reactive site should


javascript:showjdsw('jd_t','j_')

RSC Advances

possess relatively high spin density and POAV values, and the determination should
integrate the two aspects.'®'? The computed results of the spin densities and POAV
pyramidalization angles listed in Table S1 (see the ESIt) indicate that the carbon atoms
in APPs possess relatively high POAV and spin density values as compared with other
carbon atoms. Due to the limitation of cage symmetry, only four types of carbon atoms
exist at the APPs, and the representative atoms C(66), C(68), C(70), and C(71) were
used in computations and discussion. After the addition of Pr@C+. to TCB, three
different dichlorophenyl free radicals (2,4-, 2,5-, and 3,4-dichlorophenyl radicals) are
possible; thus, twelve regioisomers are expected. Further considering two possible
conformations derived from two different orientations of the aryl ring in each
regioisomer, twenty-four isomers should be theoretically predicted for
Pr@C72(CeHsCl2). The geometries and relative energies of the optimized twenty-four
Pr@C72(CeH3Cl2) isomers are shown in Fig. S1 and Table S2 (see the ESIf}),
respectively. Based on the computed data, we can readily find that the six isomers with
different dichlorophenyl radicals linked to C(70) are lower lying. The higher addition
activity of C(70) can be rationalized by the relatively high spin density (0.08) and
POAYV value (13.11) compared with those of other carbon atoms (see Table S1).

To obtain more accurate relative energies, we further optimized the six low-lying
isomers at the B3LYP/6-31G(d)~MWBA48 level of theory, and the computed results are
shown in Fig. 5. The results show that the relative energies of 1c (0.00 kcal/mol) and
1c¢' (0.15 kcal/mol) with the 3,4-dichlorophenyl substituent are the lowest energy
structures, followed by 1b (1.22 kcal/mol), 1a (1.35 kcal/mol), 1b' (2.69 kcal/mol), and
1a'(2.73 kcal/mol). Furthermore, after considering the Gibbs free energy correction to
the total energies, we predict that the total thermodynamic distributions of 1c and 1c’
reach 96% and 92% at 298.15 and 486.65 K (see Fig. 5 and Table S3 in the ESIf),
respectively, and the concentrations of the other four isomers are low. Because we
obtained only one extraction in the process of extracting Pr@Cr, with TCB, the
products should be the conformational isomers 1c and 1c’ with the equilibrium
concentration distributions of 7.4:10 and 7:10 at 298.15 and 486.65 K (Table S3),
respectively.

Furthermore, the optimized carbon cage of the bare Pr@C-2 is C2(10612)-C72 with
C> symmetry. After forming the monoadducts 1c and 1c’, the molecular symmetries

changed to Ci. In addition, the positions of the Pr atoms in 1c and 1c' are significantly

Page 8 of 37



Page 9 of 37

RSC Advances

different from the pristine Pr@Cy-»; it can be observed that the position clearly deviates
from the C; axis (see the geometric data in the ESIT). The detailed structure of Pr@C-2
is provided in the next section.

When the similarity in the UV-vis-NIR absorption spectrum is used to determine
whether a new EMF or derivative and a structurally characterized counterpart (the
reference molecule) bear the same carbon cage, two preconditions must be fulfilled, i.e.,
there must be identical charge states (formal or quantum mechanics charge) for the
encapsulated metal atoms and there must be a negligible contribution of metal atoms to
the orbitals that are closely correlated to the UV-vis-NIR absorption spectra. The former
determines that the two carbon cage isomers bear the same negative charge, while the
latter ensures that the UV-vis-NIR absorption spectra are associated with only the
carbon cages. Because a UV-vis-NIR spectrum can provide information regarding the
low-energy electron excitations associated with the n-n" transition of the carbon cage,
the orbitals in the second precondition involve only those that are adjacent to the
frontier molecular orbitals (FMOs).

We computed the Mulliken charges of the metal atoms in Pr@C2(10612)-
C72(CeH3Cl2) (1c) and its La counterpart, La@C2(10612)-C72(CsH3Cl2) (C), at the
various levels of theory. The results listed in Table 1 indicate that the charges of the Pr
and La atoms in the corresponding mono-EMF derivatives are very close at the same
computational level. Furthermore, for 1c or C, although the metal charges computed
using the 3-21G basis set are significantly higher than those using the 6-31G(d) basis
set, the B3LYP and M06-2X functionals give very close metal charges when the same
basis set is employed. All of these results imply that the Pr and La atoms in
M@C>(10612)-C72(CeH3Cl2) (M = Pr, La) should have the same charges.

To accurately complete the comparison of Pr@C>(10612)-C72(CeHsCl2) with its La
analogue, we computed their relevant molecular orbitals. The computed orbitals were
plotted in Table S4 (see the ESI¥), from which we can directly observe no contribution
of Pr or La to these orbitals. Therefore, the UV-vis-NIR spectra of the M@C>(10612)-
C72(CsH3Cl2) (M = Pr, La) molecules are associated only with the C72 cage. Considering
the satisfactory fulfillment of the two preconditions and the similarity in the UV-vis-
NIR spectrum compared with the reference system La@C2(10612)-C72(CsH3Cl2), we
can reasonably conclude that the isolated Pr@C72(CsHsCl2) possesses a C2(10612)-Cr2

cage.
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3.3 Theoretical evaluation of Pr@C2

3.3.1 Geometries and energies. Because the fullerene C72 possesses many
configurations,3 there must be a great number of structural isomers with different cage
structures and metal endohedral positions after the encapsulation of Pr inside of the C72
cage. It appears that it is nearly impossible to explore all of the possible isomers. To
locate the low-lying isomers of an EMF with the formal charge distribution of

M*@C}, the following method was frequently used in previous investigations. 4172

First, geometry optimizations should be conducted for the negatively charged C3

using the geometries of all of the IPR and partial non-IPR isomers of Czn. Then, the
resulting low-lying configurations are encapsulated with the metal atom M to initialize
the models of M@C:n, followed by further optimization to locate the geometries of
stationary points. Using this approach, the low-lying isomers of M@C2, can be
obtained.

For the fullerene C72, 11190 isomers including only one IPR structure have been
predicted based on the spiral algorithm proposed by Fowler and Manolopolous.3* In
this study, we selected the IPR-satisfying C7> cage and some non-IPR structures with
APPs less than three as targets. Generally, fewer APPs of a C2, cage indicate that it has
a lower energy. Because the encapsulated Pr atom can transfer less than three electrons

to the carbon cage, we initially compute the energies of the selected C7, cages and the
corresponding C;,, C%,, and C3, anions. The calculated relative energies at the
different levels of theory, as well as those of the structural isomers of Pr@C+2, are listed
in Table S5 (see the ESIT), while the relative energy dependence of Cz,, C3,, and
Pr@Cq2 on the carbon cage and computational level are shown in Fig. 6. Although the
IPR anions D, (11190)-C;, (n = 1-3) and Pr@C72(11190) are relatively high lying,
they are provided in Table S5 to complete a comparison with the non-IPR isomers. The
computations were mainly performed at the BLYP/3-21G~MWBA48 level of theory, and
further expensive computations were conducted at the B3LYP/6-31G(d)~MWB48 level
of theory for only the three lowest-lying species, Pr@C2,(11188)-C72, Pr@Cs(10528)-
Cr2, and Pr@C2(10612)-C7.. The results in Table S5 and Fig. 6 indicate that the energy
ordering and energy differences of Pr@C.(11188)-C7., Pr@Cs(10528)-C7., and
Pr@C,(10612)-C7, at the BLYP/3-21G~MWBA48 level of theory are in good agreement
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with these computed at the B3LYP/6-31G(d)~MWBA48 level of theory. Therefore, it is
reasonable to conclude that the isomers Pr@C2v(11188)-Cr2, Pr@Cs(10528)-C72, and
Pr@C,(10612)-C72 with the molecular symmetries of Cay, C1, and Co, respectively, are
the three lowest-lying configurations. Furthermore, additional computations indicate
that the isomers Pr@C,(10612)-C72 and Pr@C>,(11188)-C7> with the multiplicity of
four (quartet) are higher in energy than their respective structures with the multiplicity
of two (doublet) by 33.42 and 20.78 kcal/mol (Table S6), respectively. Therefore, the
ground state structures of Pr@C»(10612)-C72 and Pr@C2(11188)-C72 are doublets.

As discussed above, after encapsulating a Pr atom into the C72 cage, the resulting
Pr@C»(10612)-C+ is predicted as the most thermodynamically stable isomer, followed
by the non-IPR structure Pr@C2(11188)-C7> with a relative energy of only 0.62
kcal/mol (Table S5). This situation is similar to analogues with different metals M (M
=La,1%"*" Ca,®"" Eu,’”® Yb'?) from the available DFT computations, as listed in Table
2.

In the present study, another non-IPR isomer Pr@Cs(10528)-C2 is higher in energy
than the lowest-lying Pr@C>(10612)-C7, by 9.03 kcal/mol. Such a high relative energy
indicates that the isolation of Pr@Cs(10528)-C72 is nearly impossible compared with
Pr@C»(10612)-C72 and Pr@C2\(11188)-C72 with higher thermodynamic stabilities.

Considering that there is only a 0.62 kcal/mol energy difference between
Pr@C»(10612)-C7, and Pr@C»\(11188)-C+», it appears that the two isomers should
coexist in the experiments. We evaluated their thermodynamic probabilities from 273
to 4000 K based on equation 1. The results plotted in Fig. 7 indicate that the relative
concentrations of Pr@C2(10612)-C72 and Pr@C,(11188)-C7, are 95:5 at 500 K. With
an increasing temperature, the concentration of Pr@C>(10612)-C+2 decreases gradually,
and the concentration of Pr@C2(11188)-C7 increases gradually. When the temperature
reaches 2000 and 4000 K, their ratios are 63:37 and 53:47, respectively.

The optimized structures of Pr@C2(10612)-C72 and Pr@C,(11188)-C72 as well as
the characteristic [5,5] bonds and the corresponding C—Pr bond distances are shown in
Fig. 8, while their detailed structural information is provided in the ESI}. According to
the computational results, we can assign the symmetry of isomer Pr@C2(10612)-C7, as
C2 symmetry, which is similar to the corresponding empty-cage C7. (C2(10612)-C72).
In Pr@C2(10612)-C72, the Pr atom is found to localize along the C axis, which crosses
the midpoint of the [5,5] bond (Fig. 8a). Therefore, the Pr atom is equidistant from the
endpoints of the [5,5] bond. The corresponding Pr—C bond lengths (2.565 A) are the
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shortest among all of the Pr—C distances. Three M@C7. (M = La, Ca, Yb) structures
with C, symmetry have also been identified by theoretical computations'®’3"* and/or
available experiments.’® As shown in Table 2 that the shortest M-C distances in
La@C2(10612)-C72, Eu@C2(10612)-C7> and Yb@C>(10612)-C7, are 2.57-2.68
A07374 2 57 A and 2.638 A, 72 respectively, which are very close to the shortest Pr—
C bond length in Pr@C»(10612)-C+.

Similar to the position of the Pr atom in Pr@C>(10612)-C72, the Pr atom in
Pr@C2v(11188)-C7. also localizes along the C; axis of C2,(11188)-C72, which crosses
the midpoint of the [5,5] bond (Fig. 8b). The mono-EMF maintains the symmetry with
the empty cage. The shortest Pr—C bond length, i.e., the bond distance between the Pr
atom and the endpoints of the [5,5] bond, is 2.527 A, which is slightly shorter than that
(2.565 A) in Pr@C2(10612)-Cr2. The pure carbon cage C2(11188)-Cr2 is a very special

cage because it possesses the lowest energy among all of the neutral C72 isomers and
the corresponding C2, and C3, are the most stable dianion and trivalent anions

(Table S5), respectively. However, to date, no experimental investigations of
C2v(11188)-C72 as the main host to encapsulate metal atom(s) or a cluster are available.

3.3.2 Electron transfers and charges of metal atoms. The La atoms in the
reference molecules La@C2(10612)-C72 and La@D3n(14246)-C74 have been
theoretically verified to be in the 3+ states.'®’4"® In addition, the Pr and La atoms inside
of the Cg» cage were suggested to be in the 3+ states by X-ray photoelectron
spectroscopy (XPS).#"8 These results indicate that the formal charge of the La and Pr
atoms in these EMFs is +3. Thus, M@Csg2 (M = Pr, La) are also selected as reference
systems in the following discussion.

The Mulliken charges of the target molecules Pr@C»(10612)-C7> and
Pr@C2v(11188)-C7. and three reference systems (La@C>(10612)-C72 and M@C2,-Cg
(M =Pr, La)) were computed at various levels of theory. Based on the computed results
listed in Table 3, several features can be found. First, at the same computational level,
the charges of the La and Pr atoms in all five La- and Pr-containing EMFs are very
close, indicating that the metal atoms in these molecules should possess the same formal
charges. Second, under the same basis set, the B3LYP and M06-2X functionals give
similar charge values, and for most of the molecules, the former gives slightly higher
charges than the latter. Last, although the 3-21G-computed charges (2.2-2.8 e) are
higher than the 6-31G (d) (0.6-1.4 e) for the Pr atom, the charges obtained under the
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same basis set remain very close, indicating that the basis set selection has only a minor
effect on the charge determination relative to a reference system. Further, we can note
that the metal atoms in M@C2(10612)-C72(CeH3Cl2) and M@C2(10612)-C72 (M = Pr,
La) are in nearly equivalent charge states (see Tables 1 and 3) at the same basis set,
indicating that the dichlorophenyl substituent has a negligible effect on the formal
charges of the endohedral metal atoms. Based on the description above and the
available charges (3+) in the reference molecules, we can reasonably consider the metal
Pr atoms of Pr@C»(10612)-C72, Pr@C>(10612)-C72(CsHs3Cl), and Pr@C»,(11188)-C72
to be in trivalent states.

The discussed formal charge states depend solely on the electron transfer from Pr
to the carbon cage. In addition, the metal-to-cage electron transfer leads to the
interaction and bonding between Pr and the carbon cage, which effectively stabilizes
the C72 cage. The computed natural electron configurations and NBO charges of metals
for the target systems Pr@C2(10612)-C7, and Pr@C2\(11188)-C7. and the reference
molecule Pr@C,y-Cg2 are summarized in Table 4. The Pr atoms donate 2.42-2.63 e
from the 4f and 6s orbitals to the carbon cages. However, it is surprising that the electron
acceptor also provides a considerable amount of electrons (approximately 1.12-1.30 e)
to the higher-lying 5d, 6p and 6d orbitals of Pr, which was considered as a back-
donation effect in previous studies.'***8! The donation and back-donation result in the
low NBO charge of +1.16—+1.51 e relative to the formal charge of 3+. Therefore, an
electronic reorganization must occur after the Pr* ion is formed by the encapsulation
of the Pr atom into these empty carbon cages. This makes the metal-cage bonding
complex, as described in the following section.

3.3.3 Metal-cage orbital interactions. Fig. 9 and 10 show the two-dimensional
(2D) and three-dimensional (3D) fragmental electron density differences of
Pr@C:(10612)-C72 and Pr@C2(11188)-Cr, respectively, while the electron density
differences of C2(10612)-C7. and C2(11188)-C7 are provided in Fig. S2. As shown in
the contour maps (Fig. 9a-9d) and in the isosurface views (Fig. 9e and 9f) of
Pr@C.(10612)-C2, the electron density around the Pr atom decreases, which implies a
metal-to-cage electron transfer. The excess electron density localizes mainly at the C(65)
and C(66) atoms of the cage pole and other several carbon atoms of the equatorial
region, as indicated in the inset table in Fig. 9f. The contour and isosurface graphs
reflect not only the strong interaction between Pr and the carbon atoms at the cage pole
(the eight carbon atoms of APPs) and cage equator (C(63) and C(64)) but also the
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slightly weak orbital interaction between Pr and the equatorial carbon atoms, involving
mainly C(59), C(60), C(47), and C(48). However, in Pr@C2/(11188)-C72, only the
strong bonding between Pr and four polar carbon atoms, C(69), C(68), C(67), and C(70),
can be observed (Fig. 10a—10f). The more complex metal-cage interaction in
Pr@C>(10612)-C, can be attributed to the relatively long and narrow configuration of
Pr@C»(10612)-C72; however, the absence of metal-cage bonding in Pr@C2(11188)-
Cr2 associated with the equatorial carbon atoms is due to the relatively large distance
between Pr and the cage equator, resulting from the fattened shape of Pr@Cz\(11188)-
Cr2 (Fig. 10e and 10f).

An additional computation of the BEs of Pr@C2(10612)-C7, and Pr@C2,(11188)-
Cr2 based on equation 2 indicates that the B3LYP/6-31G(d)~MWB48-computed BEs
are —72.07 and -53.15 kcal/mol for Pr@C»(10612)-C7> and Pr@C,,(11188)-Cr2,
respectively. Because the relaxations among different low-lying empty cages require
less than 20 kcal/mol in thermodynamic energy, we can reasonably conclude that
Pr@C»(10612)-C, has a larger metal-cage interaction energy than Pr@C>,(11188)-C+2.
This can be rationalized by the cooperative action of the metal-carbon (at the polar
region) and metal-carbon (near the equator) interactions in Pr@C2(10612)-Cz,. In
addition, a much narrower molecular shape of Pr@C>(10612)-C7> than Pr@C2,(11188)-
Cr2 should be responsible for the low BE of Pr@C>(10612)-C..

4 Conclusions

In this study, we successfully synthesized a novel Pr-containing mono-EMF derivative,
Pr@C72(CeHsCl2). The monoadduct was generated in the process of extracting the soot
with TCB and was isolated from various empty fullerenes and endohedral fullerenes or
dichlorophenyl derivatives by a multi-stage HPLC procedure. The purity of the sample
was checked by analytical HPLC. The molecular composition of monoadduct
Pr@C72(CeHsCl2) was confirmed by MALDI-TOF mass spectrometry. Furthermore,
we found that the UV-vis-NIR absorption spectrum of Pr@C72(CeHsCly) is very similar
to those of the three isomers of the La-containing mono-EMF derivative
La@C2(10612)-C72(CsH3Cl2). By further considering the quantum mechanics results,
we confirm that the structure of the novel mono-EMF derivative Pr@C72(CeH3Cl>) is
Pr@C2(10612)-C72(CsHsCly).

In addition, we investigated the properties of the pristine Pr@Cr2. Pr@C>(10612)-
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C7 and Pr@C»(11188)-C7, are predicted to be the most energetically favorable
structures of all of the Pr@C7, isomers, and their energy difference is only 0.62
kcal/mol in favor of Pr@C»(10612)-C7.. The relative concentrations of Pr@C>(10612)-
C72 and Pr@C2(11188)-C7, are 95:5, 63:37, and 53:47 at 500, 2000, and 4000 K,
respectively. The Pr atoms in Pr@C2(10612)-C7,, Pr@C2(11188)-C72, and the adduct
Pr@C72(CeHsCly) are in the 3+ formal charge states. For Pr@C2(10612)-Cr,, the
electron acceptor (carbon cage) provides a considerable amount of electrons to the
higher-lying 5d, 6p and 6d orbitals of Pr; thus, an obvious back-donation effect exists
in the interaction of the metal atom Pr and the carbon cage.

The combination of the theoretical simulation and the experiment allows us to
reasonably identify and rationalize the structures of the aforementioned Pr-containing
mono-EMF dichlorophenyl derivative Pr@C72(CsHsCl2) and mono-EMF Pr@C-z. This
study effectively extends the family of the Pr-based mono-EMFs and their derivatives.
For Pr@C72(CeH3Cl2) and Pr@C-2, further experiments are required for isolation and

the subsequent structural characterization (for example, NMR and single-crystal XRD).
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Figure Captions

Fig. 1 Multi-stage HPLC separation/isolation scheme for Pr@C72(CsH3Cl2) and main
compositions in all highlighted Frs. in red. (a) The first-step separation (5PYE column;
flow rate 10.0 mL/min), (b) The second-step separation (Buckyprep-M column; flow
rate 10.0 mL/min), (c) The third-step separation (Buckyprep-M column; flow rate 5.0
mL/min ), (d) The fourth-step separation (5PYE column; flow rate 5.0 mL/min) and (e)
The fifth-step separation (5PYE column; flow rate 5.0 mL/min). In the entire separation,
toluene was used as the eluent, the detection wavelength was 330 nm, and the
temperature was room temperature.

Fig. 2 Purity check of Pr@C72(C3HsCl2) by analytical HPLC using different columns
with toluene as the eluent. In the analytical HPLC experiments, the flow rate was 1.0
mL/min, the detecting wavelength was 330 nm, and the temperature was 298.15 K.
Fig. 3 (a) MALDI-TOF mass spectrum obtained with 1,1,4,4-tetraphenyl-1,3-
butadiene as the matrix and (b) LDI-TOF mass spectrum. In the experiments, the
positive-ion mode was used. The insets show the measured and calculated isotope
distributions.

Fig. 4 UV-vis-NIR absorption spectrum of the purified sample of Pr@C72(C3HsCly) in
carbon disulfide solution. The corresponding absorption peaks of three
La@C72(C3HeCl2) isomers (A, B, C) were taken from Ref.[10] and are shown in
parentheses in different colors.

Fig. 5 Optimized structures, relative energies (REs, kcal/mol, 0 K), and relative
concentrations (RCs, 486.65 K) of Pr@C.(10612)-C72(CeHsCl,) at the B3LYP/6-
31G(d)~MWB48 level of theory.

Fig. 6 Relative energies of optimized Cr,, C3,, and Pr@Cr, at different levels of

computation. The fullerene isomers are coded according to the spiral algorithm, which
was proposed by Fowler and Manolopoulous, see Ref.[34].

Fig. 7 Relative concentrations (RCs) of Pr@C,(10612)-C72 and Pr@C>,(11188)-Cr.
The Gibbs free energy corrections were performed by single-point computations at the
BLYP/3-21G~MWB48 level with the B3LYP/6-31G(d)~MWB48-optimized
geometries.

Fig. 8 Optimized structures of (a) Pr@C>(10612)-C+2 and (b) Pr@C2v(11188)-C- at the
B3LYP/6-31G(d)-MWB48 level.



RSC Advances

Fig. 9 Fragmental electron difference densities of Pr@C2(10612)-C72. (a) C71-C72-Pr73
2D plane, (b) Ces-Ces-Przz 2D plane, (c) Csgo-Cr0-Prz3 2D plane, (d) Ces-Cess-Przz 2D
plane, (e) 3D (side view), and (f) 3D (top view) and the charges of partial carbon atoms.
Blue solid lines (or purple regions) and brown dotted lines (or green regions) show the
increase and decrease in electron density, respectively. Blue balls represent the C atoms
with a relatively strong interaction with the Pr atom. Three-dimensional (3D)
fragmental difference densities are plotted with an isodensity value of 0.008 hartree.

Fig. 10 Fragmental difference densities of Pr@C>,(11188)-C7,. (a) C71-C72-Prz3 2D
plane, (b) Ces-Ces-Pr73 2D plane, (c) Csg-C70-Prz3 2D plane, (d) Ce3-Cesa-Prz3 2D plane,
(e) 3D (side view), and (f) 3D (top view) and the charges of partial carbon atoms. Blue
solid lines (or purple regions) and brown dotted lines (or green regions) show the
increase and decrease in electron density, respectively. Blue balls represent the C atoms
with a relatively strong interaction with the Pr atom. Three-dimensional (3D)

fragmental difference densities are plotted with an isodensity value of 0.008 hartree.
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Table 1 Computed Mulliken charges of Pr@C72(CeH3Cl2) (1c) and La@C72(CeH3Cl2)
(C) using the B3LYP and M06-2X functions with the 3-21G and 6-31G(d) (for the Cl,
C, and H atoms), MWBA48 (for the Pr atom), MWB46 (for the La atom), and CEP-4G
and SDD (for the Pr, La atom) basis sets

. Pr@Cs(10612)- La@C2(10612)-
Methods Basis sets C72(CeHsCl2) (1c) C72(CsHsCl) (C)?
B3LYP 3-21G~MWB 2.77 2.86
3-21G~SDD 2.63 2.85
6-31G(d)~MWB 0.89 0.95
6-31G(d)~CEP-4G 1.24 121
6-31G(d)~SDD 0.79 0.73
M06-2X 3-21G~MWB 2.63 2.73
3-21G~SDD 2.39 2.57
6-31G(d)~MWB 0.95 1.03
6-31G(d)~CEP-4G 1.25 1.32
6-31G(d)~SDD 0.73 0.64

@ The structure of La@C2(10612)-C72(CesHsCl2) (C) is given in Fig. 4
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Table 2 Computed relative energies (kcal/mol) of M@C,(10612)-C7, and
M@C2,(11188)-C72 (M = La, Ca, Eu, Yb, Pr). The shortest M—C bond lengths (A) and

molecular symmetries in those molecules are provided in square brackets

M Level Ref. M@C2(10612)-C72 M@C2,(11188)-C7»

La B3LYP/6-31G(d)~LANL2DZ 75 0.00 0.26
BLYP/DNP 73 [2.57, Cg]

PW91/DNP 74 [2,586, Cy]
B3LYP/6-31G(d) 10 [2.605, 2,680,C;]

Ca B3LYP/6-31G~(5s5p)/[4s4p]? 76 0.00[C7] 1.20[Ca/]
B3P/6-31G~(5s5p)/[4s54p]? 76 0.00[C2] 1.60[C2y]
B3LYP/6-31G~dz® 77 0.00 0.80
B3LYP/6-31G(d)° 77 0.00 0.04

Eu PW91/DNP 78 [2.57]

Yb B3LYP/6-31G(d)~CEP-4G 72 1.80[2.638,C;]  0.00 [2.571,Ca]

Pr B3LYP/6-31G(d)~MWB48  Thisstudy 0.00 [2.565,C.]  0.62 [2.527,Ca]

2 Single-point computations with the HF/3-21G-dz-optimized geometries.
b Single-point computations with the B3LYP/3-21G-dz-optimized geometries.
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Table 3 Computed Mulliken charges using the B3LYP and M06-2X functionals. The 3-21G and 6-31G(d) basis sets are for the C atom, the
MWB48 basis set for the Pr atom, the MWBA46 basis set for the La atom, and CEP-4G and SDD basis sets for the Pr and La atoms

Methods Basis sets  Pr@C»(10612)-C72 Pr@Czv(11188)-C72 Pr@Cay-Cg2 La@C2(10612)-C72 La@Cay-Cs2

B3LYP 3-21G~-MWB 2.71 2.78 2.72 2.83 258
3-21G~SDD 2.63 2.54 2.48 2.85 2.56
6-31G(d)~MWB 0.88 0.98 1.06 0.96 1.06
6-31G(d)~CEP-4G 1.28 1.12 1.33 1.27 1.21
6-31G(d)~SDD 0.87 0.86 0.89 0.75 0.87

M06-2X 3-21G~MWB 2.60 2.65 2.61 2.71 2.46
3-21G~SDD 2.39 2.31 2.29 2.56 2.30
6-31G(d)~MWB 0.96 1.05 1.13 1.05 1.06
6-31G(d)~CEP-4G 1.21 1.09 1.33 1.38 1.29

6-31G(d)~SDD 0.64 0.79 0.88 0.64 0.81
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Table 4 Computed natural electron configurations (NECs, in €), NBO charges (NCs, in
e) on the Pr atom, summations of the lost electrons (LEs, in ) from 6s and 4f of the Pr
atom, and total backdonation of electrons (BDEs, in e) from cage to the Pr atom by the

single-point calculations using the B3LYP/6-31G(d)~MWB48-optimized geometries

with the B3LYP method and different basis sets

Systems Basis sets NECs NCs LEs BDEs
Pr@C,(10612)-C7, 3-21G~SDD 6s01041248500806p0-356011 1,16 2.42 1.26
6-31G(d)~SDD  6s%994f2445d0876p033 6010 117 2.47 1.30
Pr@C,,(11188)-C7, 3-21G~SDD 6s0-08424450-806n0-2860010 1 30 2.48 1.18
6-31G(d)~SDD  6s%974f243500-85602669%%8 131 2.50 1.19

Pr@Caz-Cs2 3-21G~SDD 6000423154083 0-216¢%%8 151 2.63 1.12
6-31G(d)~SDD  65%0°4{2335(0-866p02164007 148 2.62 1.14
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€1 €2

Atom Charge (e)

O -0.04
Cus -0.04
g -0.05
€ -0.05
Cs -0.08
O -0.08
e -0.04
Cei -0.04
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Atom Charge (¢)

Cas -0.05
s -0.05
By -0.05
(o -0.05
G -0.09
G -0.09
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The  carbon-cage  structure of the lowest-lying Pr@C;, and its
dichlorophenyl-functionalized derivative is C;(10612)-C5,.

 Pr@C,(10612)-Cy(CH,CL)
0.00 O I 5 Pr@CZ( 10612)_C72 PI‘@C:ZV(:l 1 188)_C7Z
keal/mol keal/mol 0.00 kcal/mol 0.62 kcal/mol




