J. Phys. Chem. A 2009, 113, 10839-10844 10839

Structure, Stability, and Thermochemistry of the Fullerene Derivatives Cg4Xg
X=H,F, C)
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The geometrical structures, electronic properties, and stabilities of the unconventional fullerene derivatives
CesXs (X = H, F, CI) have been systematically studied by the first-principle calculations based on the density
functional theory. The fullerene derivatives 1911(2)-CesX¢ generated from the pineapple-shaped CesX4 are
predicted to possess the lowest energies. The other two X atoms are added to the carbon atoms with the
highest local strain assessed by the pyramidalization angles. The calculations of the nucleus-independent
chemical shifts suggest that the aromaticity of CesX affects the stability order of the derivative isomers. To
address why CesHg was not observed in the experimental study of Wang et al. (J. Am. Chem. Soc. 2006, 128,
6605) and if the halogenated derivatives Ce X6 (X = F, CI) can be synthesized, thermochemical analysis of
the reaction Cey Xy + X, — CgyXe was also performed. The results indicate that the formation of Cg¢4Hg and
Ce4Clg is not favored at high temperatures. The former may be a reason why CgHg was not found in the
experiment. In sharp contrast, the Gibbs free energy change to form CesFs is found to be —23.29 kcal/mol at
2000 K, suggesting that this compound may be formed and detected in experiments. The NMR and IR spectra

of 1911(2)-Cg4Fs are sequentially calculated and presented to facilitate future experimental identification.

1. Introduction

The geometry of fullerene is governed by the isolated
pentagon rule (IPR),! which states that the most stable cage
structures have every pentagon surrounded by five hexagons to
minimize the steric strain resulting from the misalignment of
the sp? hybrid orbitals on the fullerene surface. Except for I;-
Cyo,> all possible isomers of fullerenes with less than 70 carbon
atoms disobey the IPR and, hence, are called unconventional
fullerenes or non-IPR fullerenes. Compared to the normal
fullerenes such as Cgy and C;, these unconventional fullerenes
have also attracted significant scientific interest, because they
are precursors of normal fullerenes in the growth process
according to the “fullerene road” mechanism.3~® Investigations
of the unconventional fullerenes are expected to provide valuable
clues about how the fullerenes grow up.

Owing to the high strain of the unavoidable adjacent
pentagons, the unconventional fullerenes are predicted to be
highly unstable and difficult to isolate; however, they can be
stabilized by forming endohedral or exohedral derivatives with
other groups. Chemists are very interested in why and how these
extremely unstable fullerenes are stabilized. Through encapsula-
tion of small clusters (or atoms), some endohedral derivatives
of the unconventional fullerenes, such as Sc,@Cg,” Sc,C,@Cyg,®
and Sc;N@Cgz,” have been successfully synthesized and char-
acterized. Further investigations’™ reveal that the electron
transfer between the encapsulated cluster and the fullerene cage
greatly releases the bond strain in the fused pentagons, hence
increasing the stability of the endohedral fullerene derivatives.
On both the theoretical and experimental fronts, a vast effort
has been invested to study the exohedral chemical deriving of
the unconventional fullerenes.'®~!° The structures and electronic
properties of C54C18,IO C56C13,” C56C110,” hept-C()zXz,lz C(,4X4,]3
and CyX4'* (X = H, F, Cl, or Br) have been explored by using
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the density functional theory method. Through a graphite arc-
discharge process modified by introducing carbon tetrachloride
(CCly) in the helium atmosphere, Xie et al.'> have successfully
synthesized the first stable exohedral fullerene derivative Cs,Cl;q
in milligram quantities. Recently, a new exohedral fullerene
derivative Cg4H,'7 has also been isolated in milligram quantities
using the arc-burning method by introducing methane, and no
other Cgy-based fullerides were observed in the product.
Moreover, the similar Cg4Cl," derivative has also been pro-
duced, and the CgyF,'? isomer was predicted to be more stable
than the former two. The corresponding results also reveal that
four X (X = H, CI, F) atoms are covalently attached to the
fused edges of three fused pentagons to form a stable pineapple-
shaped structure, which is believed to essentially release the
strain in the abutting-pentagons of Cgy. Naturally, the following
questions are raised from the above studies. Why are no other
Cey-based fullerides, such as Cg4Hg, found? Can the halogenated
derivatives CeyX¢ (X = F, Cl) be synthesized and observed?
‘What are the most stable structures of CgX¢ and how are these
derivatives stabilized?

To address these issues, in the present contribution, the first-
principle density functional calculations were performed on the
exohedral fullerene derivatives, CgsX¢ (X = H, F, Cl). The most
stable structures and the factors contributing to the stability were
discussed. Furthermore, the frequency calculation and thermo-
chemical analysis of the most stable Cg, X isomers were carried
out. The results are expected to explain why CgHg was not
found in the experiment of Wang et al.!” and to give prediction
of the possibility that the other two fullerene derivatives, viz.,
CesFs and CgyClg, can be observed in future experiments.

2. Methods

2.1. Generation of Initial Structures. In non-IPR fullerenes,
the pentagon—pentagon fusion vertexes (PPFVs) are considered
to be kinetically unstable. Among all 3465 Cg, classical isomers
generated by a spiral algorithm,?*?! there are 4 isomers with
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Figure 1. The Schlegel diagram with numbered carbon atoms of Ceq:
1911. Attaching X atoms to the four pentagon—pentagon fusion vertexes
(PPFVs) in dark green leads to the pineapple-shaped CgyXy.

four PPFVs and 13 isomers with six PPFVs, while the others
possess PPFV values larger than six. To fully stabilize Cg4 via
exohedral addition, all of the kinetically unstable PPFV atoms
need to be saturated sufficiently.'®!"?> Hence, to identify the
most stable Ce4Xs (X = H, F, Cl), only the isomers with four
and six PPFVs are taken into account as the parent cages.

The Cg¢4X¢ derivatives from all the 13 parent cages with six
PPFVs were generated by simply adding six X atoms to all the
PPFV carbons. Among the four parent cages with four PPFVs,
Ce4:1911 (numbering in spiral nomenclature, the corresponding
Schlegel diagram is depicted in Figure 1) was reported to be
the most favorable one for the C¢Xy (X = H, F, Cl, Br)
derivatives.'*!71° In these studies, the pineapple-shaped structure
with C3, symmetry was suggested for Ce4X4, all four PPFVs of
which were saturated by four X atoms. Thus, Ces:1911 was also
employed as a parent cage of C¢Xe in this study. The initial
isomers were generated from the pineapple-shaped structure of
CesXy by adding the other two X atoms to the active carbon
atoms. In light of the theoretical investigations,?** the active
order of the carbon atoms in fullerene is 5/5/5 > 5/5/6 > 6/6/5
> 6/6/6: 5 and 6 denote pentagon and hexagon, respectively;
5/5/5 indicates the common vertex of triplet pentagons; 5/5/6
indicates the common vertex of two pentagons and one hexagon,
and the rest may be deduced by analogy. The 5/5/5 and 5/5/6
carbon atoms have been saturated for the pineapple-shaped
CesX4. Therefore, in this study, all the 6/6/5 carbon atoms and
the 6/6/6 carbons nearby the three abutting pentagons are chosen
as active carbon atoms for the addition of the other two X atoms.
Among all the possible combinations, 33 different pairs of
addition sites with higher symmetry were considered, yielding
33 different C¢4X4 isomers from the pineapple-shaped CguXy
(see Table S1 in the Supporting Information).

The other three parent cages with four PPFVs are Cg4:3451,
Ce4:3452, and Cg4:3457, bearing D,, C,, and C, symmetry,
respectively (the corresponding Schlegel diagrams are depicted
in Figure S1 in Supporting Information). According to the above
generation method, we construct 45, 34, and 30 different C¢4 X,
isomers with higher symmetry based on Cg:3451, Cg4:3452,
and Cg4:3457, respectively (the attaching sites can also be seen
in Table S1 in Supporting Information). These isomers are
prescreened using the semiempirical PM3 method, and the top
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10 PM3 low-energy isomers from each parent cage are selected
for the further calculations. The total number of isomers of CgsXg
investigated in the following, therefore, amounts to 76.

2.2. Geometry Optimization and Stability Analysis. All
76 initial structures of the fullerene derivatives Cgs X (X = H,
F, Cl) were optimized using the HF*/3-21G method. On the
basis of the results, some lower-energy isomers of each CgXg
were further refined at the B3LYP?/6-31G(d) level of theory
to predict the lowest-energy isomers. Earlier studies!0~!422:27:28
have demonstrated the reliability of the B3LYP method in
fullerene chemistry. B3ALYP/6-31G(d) calculations can also give
a good prediction of the IR and NMR spectra of fullerene
derivatives corresponding to the experimental data.'>!”

The strain and aromatic effects to the stability of CgyXg
isomers were analyzed. For the former purpose, the pyrami-
dalization angles®* of the possible addition sites on the
pineapple-shaped structure of CesX4, which are used to assess
the local strains, were calculated through s-orbital axis vector
(POAV)?30 analysis. To estimate the aromatic character of the
fullerene derivatives, the nucleus-independent chemical shifts
(NICS),*!32 were measured for the optimized geometries, by
employing the gauge-including atomic orbital (GIAO)** B3LYP/
6-31G(d) method.

2.3. Thermochemical Analysis of the Reaction to Form
Cs4X6. Two assumed reaction routines were taken into account
to evaluate the thermochemical stabilities of CgsXg derivatives.

Ce, + 3X, — Co X, (1

CoX, + X, — CoX, )

The corresponding reaction energy at the B3LYP/6-31G(d) level
of theory was estimated, which is defined as the total energy
difference between product and reactant. The reaction energy
per X, is used for comparison of eqs 1 and 2. Moreover, the
harmonic vibrational frequency calculation and thermochemical
analysis were performed on the most stable fullerene derivatives
at the same B3LYP/6-31G(d) level, and the Gibbs free energy
changes (AG) according to eq 2 were calculated to predict
whether the Cg4X¢ isomers can be obtained at high temperature.
All the computations reported in this study were performed using
the Gaussian 03 program package.*

3. Results and Discussions

3.1. Structures of C¢Xs (X = H, F, Cl). The relative
energies of all the 76 Ce4 X6 (X = H, F, Cl) isomers at the HF/
3-21G level are reported in Table 1. Apparently, the lower-
energy structures are those generated from the pineapple-shaped
CesX4 isomers, while the other derivatives are less stable. To
obtain more accurate results, the five lowest-energy isomers from
Ce4:1911, the stable isomers from Cg4:3451, Cg4:3452, and Cgy:
3457, and the top four lower-energy CesX¢ structures with
six PPFVs were calculated at higher level of theory, B3LYP/
6-31G(d). The relative energies, HOMO—LUMO gaps, and
NICS values at the cage centers are shown in Table 2, and
the most stable structures, 1911(2)-C¢4Xe, are depicted in
Figure 2. It would be apparent that the isomers generated
from the pineapple-shaped Cg¢ X4 have not only relatively
lower energies but also much larger HOMO—LUMO gaps.
This indicates that the derivatives from the pineapple-shaped
Ce4X4 are more stable in both thermodynamics and kinetic
aspects. A careful look at a pineapple-shaped CgsXy structure
shows that ignoring the four X atoms and four attaching
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TABLE 1: Relative Energies (E..) of the 76 Cs,Xs (X = H, F, Cl) Isomers at the HF/3-21G Level of Theory

E.° (kcal/mol)

E.° (kcal/mol)

isomer” NppFVh C64H5 C54F6 C04C16 isomer” NppFVh C@4H6 C64F6 C54C16

1911(2) 4 0.00[1] 0.00[1] 0.00[1] 3451(44) 4 65.45[39] 67.52[39] 62.75[46]
1911(1) 4 2.90[2] 3.14[2] 9.63[3] 3454 6 65.47[40] 69.12[41] 61.28[42]
1911(31) 4 7.16[3] 9.49[5] 28.62[13]  3452(14) 4 66.08[41] 69.46[42] 57.11[35]
1911(7) 4 8.88[4] 6.88[3] 12.13[4] 1911(9) 4 66.54[42] 63.46[35] 57.24[36]
1911(8) 4 10.41(5] 7.91[4] 3.16[2] 1911(15) 4 66.54[43] 63.46[36] 57.24[37]
3457(1) 4 15.60[6] 11.39[6] 14.33[5] 1911(4) 4 69.29[44] 69.60[43] 63.82[47]
1911(29) 4 21.09(7] 16.59[7] 16.06[6] 3451(6) 4 69.56[45] 80.38[60] 66.21[49]
1911(6) 4 27.288] 27.39[10]  27.27[11]  3457(28) 4 70.75[46] 73.08[49] 60.77[41]
1911(19) 4 27.76[9] 24.60[8] 24.79[8] 3452(4) 4 71.10[47] 70.28[45] 58.79[38]
3452(19) 4 28.84[10] 37.34[14] 24.29(7] 3451(16) 4 71.31[48] 79.20[57] 71.88[59]
1911(3) 4 29.46[11] 26.26(9] 26.60[10] 3457(27) 4 71.53[49] 74.97[51] 62.16[44]
1911(10) 4 33.89[12]  31.00[11]  25.61[9] 1911(17) 4 72.76[50] 73.82[50] 70.01[53]
1911(23) 4 36.94[13] 33.87[12] 28.50[12] 1629 6 73.20[51] 70.04[44] 68.86[51]
3457(3) 4 37.08[14]  39.22[15]  37.94[17]  3451(24) 4 73.26[52] 83.76[62] 70.87[55]
1911(16) 4 38.62[15]  35.14[13]  29.56[14]  3451(28) 4 73.37[53] 77.74[54] 75.62[62]
3457(15) 4 40.57[16] 45.72[19] 34.46[15] 3457(21) 4 75.84[54] 78.78[56] 65.33[48]
1911(20) 4 42.32[17]  40.70[16]  34.84[16]  3457(6) 4 76.10[55] 80.16[59] 78.27[64]
3452(17) 4 4237[18]  50.87[23]  49.14[26] 1911(13) 4 76.11[56] 79.73[58] 70.37[54]
3452(6) 4 45.84[19] 53.20[25] 48.81[25] 3455 6 76.14[57] 77.83[55] 71.08[56]
1911(26) 4 46.05[20] 41.12[17] 38.00[18] 1911(25) 4 76.24[58] 75.60[52] 71.69[58]
3451(38) 4 47.63[21]  56.60[31]  43.61[20] 1911(27) 4 76.91[59] 75.87[53] 72.21[60]
3452(28) 4 49.63[22]  51.76[24]  47.84[23] 1911(5) 4 78.76[60] 55.41[27] 51.27[28]
1310 6 49.80[23] 46.54[20] 46.33[22] 3451(36) 4 79.38[61] 85.29[65] 71.29[57]
3457(30) 4 50.19[24] 55.78[29] 48.70[24] 3402 6 80.80[62] 84.07[63] 77.03[63]
1911(22) 4 50.72[25]  48.13[21]  42.24[19] 1911(12) 4 81.56[63] 72.04[48] 68.32[50]
1911(11) 4 52.13[26] 49.84[22] 43.84[21] 2730 6 82.06[64] 83.51[61] 79.68[65]
1911(33) 4 55.33[27]  4438[18]  56.17[34]  3451(34) 4 83.81[65] 89.54[68] 75.30[61]
3451(40) 4 S7.19[28]  64.40[38]  62.28[45]  3451(21) 4 86.86[66] 94.79[69] 81.06[66]
3452(15) 4 57.66[29]  57.12(32]  53.79[32] 1911(32) 4 86.96[67] 88.25[67] 95.53[71]
3452(30) 4 58.25[30]  68.50[40]  59.35[39] 2983 6 91.54[68] 85.80[66] 82.80[67]
191121) 4 59.72[31]  55.70[28]  50.87[27] 1911(28) 4 92.25[69] 84.93[64] 90.26[69]
1911(24) 4 60.35[32]  58.03[34]  51.60[29] 3423 6 94.02[70] 98.05[70] 90.97[70]
1911(30) 4 61.58[33]  55.25[26]  54.23[33]  3457(26) 4 95.60[71] 98.81[71] 85.52[68]
1911(14) 4 61.73[34]  57.69[33]  S52.13[30] 3416 6 103.92(72]  109.16[72]  101.45[72]
3452(29) 4 62.49[35]  70.54[46]  61.43[43] 3424 6 104.66[73]  112.52[73]  103.82[73]
3457(14) 4 62.83[36]  6438[37]  59.68[40] 3425 6 121.13(74]  123.02[74]  114.50[74]
3452(26) 4 64.04[37]  71.17[47]  69.23[52] 3428 6 127.14(75]  134.40[75]  126.51[75]
1911(18) 4 65.27[38]  5636[30]  52.33[31] 3438 6 136.89(76]  136.14[76]  127.60[76]

@Code of parent fullerene numbering in spiral nomenclature.”>*' (n) is used to distinguish different Cg4Xs isomers based on Ce4:1911,
Ce4:3451, Cg4:3452, and Cg4:3457. » Number of pentagon—pentagon fusion vertexes (PPFV). ¢ [n] indicates the stability order for each CgsXe.

TABLE 2: Relative Energies (E,q in kcal/mol), HOMO—-LUMO Gaps (E; in eV), and NICS Values (in ppm) at the Cage
Centers for the 12 Selected CgXs Isomers at the B3LYP/6-31G(d) Level of Theory*

CosHs CeaFs CesClg

isomer symmetry E. E, NICS E. E, NICS E. E, NICS
1911(2) C, 0.00[1] 2.704 —11.2 0.00[1] 2.732 —10.4 0.00[1] 2.733 —10.7
1911(31) C, 2.49(2] 2.543 —8.6 4.15[3] 2.604 7.4

1911(1) C, 3.19(3] 2.759 —11.2 2.77(2] 2.715 —10.4 9.73[4] 2.692 —10.5
1911(7) C 9.70[5] 2.620 —8.9 7.73[5] 2.662 —8.7 12.09[5] 2.635 —8.8

1911(8) C; 11.46[6] 2.561 -7.5 9.29[6] 2.508 —8.0 1.69(2] 2.494 -7.9

1911(29) C, 15.53[6] 2.508 -=7.9

3457(1) C, 9.13[4] 2.137 —9.4 5.84[4] 2.170 —8.3 7.94(3] 2.118 —8.4

3452(19) C, 25.25[7] 2.416 —13.5 29.45[8] 2.287 —12.0 17.46[7] 2.247 —12.4
3451(38) C, 33.72[9] 1.509 —13.0 38.38[9] 1.494 —11.0 26.23[9] 1.459 —11.8
1310 C 28.12[8] 1.351 —-17.3 24.17[7] 1.304 —16.1 20.33[8] 1.303 —16.5
1629 C; 43.55[10] 0.854 —12.5 39.89[10] 0.846 —13.7 36.10[10] 0.831 —13.8
3454 C, 47.89[11] 1.798 —13.0 46.97[11] 1.773 —11.5 38.09[11] 1.737 —12.0
3455 Cy 49.57[12] 1.263 —11.1 47.69[12] 1.280 —8.3 39.19[12] 1.242 —9.0

“(n) and [n] stand for the same meaning as in Table 1.

carbon atoms, the remaining structure is similar to a perfect
Ceo molecule. This structural similarity may be the reason
why the pineapple-shaped Cg¢X,; can be synthesized in
experiments,'”!° and why the C¢4X¢ generated from them are
more stable.

3.2. Factors Contributing to the Stability of CgXs (X =
H, F, Cl). From Table 1, it can be found that although the
electronegativities of H, F, and ClI are different, the stability
order of CgyXe isomers is similar except for a few isomers
such as 1911(31)-Cs4X6. This indicates that the charge transfer
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CessHs

Figure 2. B3LYP/6-31G(d) optimized structures of the most stable fullerene derivatives 1911(2)-CgsX¢ from different directions.

TABLE 3: Pyramidalization Angles of the 12 Different sp?
Carbon Atoms in the Pineapple-Shaped Cs Xy (X = H, F,
Cl)

CeaFs

Xu et al.

TABLE 4: The Reaction Energies per X, (E,.,) of Equations
1 and 2 for the Most Stable 1911(2)-C¢4X Isomers at the
B3LYP/6-31G(d) Level of Theory”

pyramidalization angle (deg)

E... (kcal/mol)

carbon atom* C64H4 C64F4 C64C14 C64H6 C64F6 C64C1(,
1,5,7, 11, 13, 17 114 11.5 11.5 eq 1 —49.29 —132.06 —49.20
2,4, 8,10, 14, 16 11.5 11.5 11.5 eq 2 —21.41 —99.47 —16.38
19, 20, 24, 25, 29, 30 10.6 10.5 10.6 , ] )
21, 23, 26, 28, 31, 33 8.4 3.5 85 “For comparison, the B3LYP/6-31G(d) reaction energies per X,
34. 35. 37. 38. 40. 41 75 76 74 are calculated to be —63.22, —148.36, and —65.61 kcal/mol for the
44’ 45’ 49’ 50’ 5 4’ 55 11.6 1.7 1.7 formation of the pineapple-shaped CgHi, CgFy and CegyCly,
46, 48, 51, 53, 56, 58 11.8 11.8 11.8 Tespectively.
59, 60, 61, 62, 63, 64 11.6 11.6 11.6
2’ ?,21?8 i(l)g i(l)g i?g the idea that the more negative the NICS value, the more
.27 32 96 96 97 aromatic the structure. According to Table 2, the stability order
47,52, 57 11.9 11.8 11.8 of the five low-energy isomers generated from the pineapple-

“Carbon atom number can be seen in Figure 1. Isoatoms due to
the symmetry are listed in one set.

between the H, F, and Cl atoms and the fullerene cage affects
the stability slightly. In 1911(31)-Ces X, derivatives, five X
atoms are attached to one pentagon, as delineated in Figure
S2 in the Supporting Information. The steric repulsion of
the exohedral addends increases and, hence, lowers its
stability as the atom volume increases for H, F, and Cl.

To probe the influence of the other two attaching sites in the
pineapple-shaped CgsXy, the corresponding geometries were first
optimized at the B3ALYP/6-31G(d) level, and then the pyrami-
dalization angle was calculated for each carbon atom to assess
its local strain. According to the structural symmetry (C3,), only
12 different sp? carbon atoms are considered, and the results
are presented in Table 3. The 12, 52 carbon atoms (denoted in
Figure 1) possess the largest pyramidalization angles, suggestive
of the highest local strain. Attaching X atoms to those sites can,
hence, release the most energy, rationalizing the result of the
energy calculations, wherein the two attaching sites of the most
stable isomers, 1911(2)-CesXs, are 12 and 52. The 1911(31)-
CesXg isomers (attaching sites: 40, 41), however, are also very
stable, although the pyramidalization angles of 40 and 41 carbon
atoms are the smallest. This may be because adding two X atoms
to 40 and 41 carbons only slightly alters the structures of the
stable pineapple-shaped CgyX4. From all the above, it can be
summarized that adding X atoms to the sites with large pyr-
amidalization angle or having little influence to the stable Ce4X4
both lead to stable C¢Xg derivatives.

In addition, the NICS values at the cage center of the C¢yXs
derivatives were measured to probe their aromaticity, based on

shaped C¢4X4 by and large correlates with their NICS values.
This correlation also exists in the four less stable isomers with
six PPFVs. It is, however, destroyed by applying to the 12
selected isomers, suggesting that NICS alone cannot explain
the relative stabilities of the fullerene derivatives.

3.3. Thermochemical Analysis of C¢Xs (X = H, F, Cl).
The reaction energies per X; of eq 1 for the formation of the
most stable 1911(2)-CesXe isomers are gathered in Table 4. It
would appear that the reactions are highly exothermic, mainly
because binding six H, F, or Cl atoms releases much of the
strain of the Cgy cage, particularly in the case of F. Can these
CesX compounds be formed by experiments? Compared to the
well-known decachlorofullerene Cs,Cl;, (reported to be —50.7
kcal/mol),?* the reaction energy for CgHg and CegCls is
approximate, and for CeFg much higher. Thus, the synthesis
of 1911(2)-CgsX¢ derivatives seems feasible. Yet, in the
experimental study of Wang et al.,'” CgHg had not been
observed in the products. To explain this phenomenon, the
reaction energies of Cgq + 2X, — Cgs X4 were also estimated
(see the footnote of Table 4). The latter reactions are suggested
to be more favored than eq 1. Furthermore, the reaction energies
of eq 2 for the formation of 1911(2)-CeyXe from 1911-CeyXy
were also calculated. The results in Table 4 show that the
reaction energy of eq 2 is remarkably lower than that of eq 1,
due to the high stability of the pineapple-shaped CesX4. This
step of reaction, however, is still found to be exothermic, which
cannot explain the experiment. As the temperature of the arc-
burning experiment is very high, the contribution of the entropy,
therefore, should be taken into account. This is implemented
by estimating the Gibbs free energy change (AG) of eq 2 at a
temperature of 2000—3000K and a pressure of 500 Torr, which
are used to mimic the conditions of the arc-burning experiment.'”
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TABLE 5: The Gibbs Free Energy Change (AG) of
Equation 2 at 2000, 2500, and 3000 K for the Most Stable
1911(2)-C4sX6 Isomers at the B3LYP/6-31G(d) Level of
Theory

AG (kcal/mol)

temperatur (S (K) C@4H6 C64F6 C()4Clb
2000 50.99 —23.29 56.74
2500 67.25 —5.92 73.39
3000 83.25 11.15 89.73

The calculated AG at the B3LYP/6-31G(d) level is shown in
Table 5. Clearly, AG is very positive for the reaction of CgyHg
and Cg4Clg due to the effect of entropy, indicating that it is
disfavored to form them at the high temperature. This may be
the reason why no CesHp fulleride was found in the experiment
of ref 17. Inspiringly, for the formation of CgsFg, AG is negative
at the temperature below 2500 K, even at 3000 K it is just a
small positive value. The reason may be the reaction of adding
F atoms is more exothermic than that of Cl or H atoms. These
results strongly suggest that at variance with CgsHg and CgyClg,
the 1911(2)-CqsFs isomer can probably be formed and observed
along with the pineapple-shaped CgF, in the arc-discharge
experiments.

3.4. Spectroscopy of the 1911(2)-CqFs Derivative. To
provide a verifying basis for the experimental identification of
1911(2)-Ce4F¢ isomer, we have calculated the NMR spectra at
the GIAO-B3LYP/6-31G(d) level of theory and IR spectra at
the B3LYP/6-31G(d) level of theory, based on the optimized
geometry at the same level. The '3C chemical shifts of 1911(2)-
CesFs are computed relative to Cg and converted to the TMS
(tetramethylsilane) scale using the experimental value for Cg
(0 = 142.7 ppm).* There are 35 different carbon atoms (29 x
2; 6 x 1) according to the symmetry (C;), and thus 35 different
lines are shown in Figure 3. a x b represents a different types,
and in one type, there are b symmetrical equivalent atoms. The
calculated '*C NMR spectra can be easily divided into two
regions. There are 30 peaks with chemical shifts from 124.67
to 152.54 ppm in the left region, ascribed to the 58 sp? (28 x
2; 2 x 1) carbon atoms, 28 of which have the same intensity,
and the other two have the half of the intensity. Five peaks
appear in the right region with chemical shifts from 99.34 to
109.22 ppm, corresponding to the six sp? (1 x 2; 4 x 1) carbon
atoms.

Figure 4 gives the calculated IR spectra of 1911(2)-CqsFs
isomer. The most intensive peak is located at 1063 cm™!,
corresponding to the C—F stretching at the attaching sites 12,
52. The neighbored peaks (from 1000 to 1200 cm™") are also
very intensive, mainly related to the other C—F stretching
modes, and the other lower intensive peaks correspond to the
cage breathing and C—C stretching modes. These results are
expected to be helpful for experimental characterization in the
future.

Degeneracy

150 140 130 120 110 100
Chemical Shift (ppm)

Figure 3. '3C NMR spectra of the 1911(2)-Cy,4Fg fullerene deriva-
tive.
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Figure 4. IR spectra of the 1911(2)-Cg,F¢ fullerene derivative, which
are scaled by a factor of 0.9613.

4. Conclusions

A systematic density functional investigation has been
performed on the structures and stabilities of the unconventional
fullerene derivatives C¢4 X4 (X = H, F, CI). The predicted most
stable derivatives are 1911(2)-Ces X generated from the pineapple-
shaped Cg4X4 isomers. The structural similarity of the pineapple-
shaped motif to the Cg molecule may be an important
contribution to the stabilization of the C44X¢ isomers generated
from it. On the basis of this structural motif, the pair of carbon
atoms with the largest local strain is considered to be the most
favored addition sites. The stability of 1911(2)-C¢sX, can also
be ascribed to the significant release of strain by adding the
other two X atoms at these two sites. Further analysis of the
aromaticity through the NICS value shows that the former makes
a positive contribution to the most stable 1911(2)-CgyX4 isomers,
although it is not a dominating factor to affect the relative
stability of all the C44X, isomers. Thermochemical analysis was
also implemented on the most stable 1911(2)-Cg4Xe. The results
show that although the reaction is exothermic, the formation of
CesHg and CgyClg is disfavored at the high temperature, due to
the effect of entropy. This can be considered as the reason why
CesHg was not found in the experiments. At variance with these
two derivatives, the reaction to form CesFg is shown to be highly
exothermic, moreover, the corresponding Gibbs free energy
change for adding two F atoms is found to be negative at the
temperature below 2500 K. These results strongly suggest that
Ce4Fg can probably be formed and observed in the arc-discharge
experiments, besides CgsF4. Finally, the NMR and IR spectra
of 1911(2)-Ce4F¢ are predicted to provide a verifying basis for
the experimental identification.
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