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Abstract

Sulfur and fullerenes are well-known materials that have received significant attention over many
years and fullerene-Sg co-crystals have been reported recently. Here, via density functional theory
(DFT) calculations, we shed light on the electronic, vibrational, and optical properties of the Cgq
—2Sg and C;( —2Sg co-crystals. In both co-crystals, the holes and electrons are characterized by
very small effective masses that are comparable to those derived in fullerene single crystals.
Interestingly, the Sg molecules are found not to contribute to charge transport as the calculations
show that both types of carriers move over the networks formed by the fullerene molecules.
Calculations of the excited electronic states point to the formation of charge-transfer states, where
electrons are transferred from fullerene molecules to Sg molecules, i.e., the fullerenes act in these
co-crystals as electron donors. However, the energies of these charge-transfer states in both Cgg
—2Sg and C;9 —2Sg are higher than those of several excited states localized on Cgy or Cyp;
therefore, the charge-transfer states play no role in the low-energy part of the absorption spectrum.
In agreement with experimental data, the calculations also show that the fullerene-Sg inter-
molecular interactions are very weak in the ground state; as a result, the infrared (IR) spectra of
the co-crystals represent a simple superposition of the spectra of Sg and fullerene molecules. Since
the spectra are largely silent in the long-wave IR region (800-1250 cm™'), these fullerene-Sg co-

crystals are potential candidates for thermal IR imaging applications.
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1. Introduction

Sulfur, especially as a by-product of oil refinery, is an inexpensive and abundant material that is
attracting a great deal of attention. For instance, polymers with a high sulfur content are currently
used in a broad range of applications!-!? including thermal IR imaging,!> > Li—S batteries,> 4
repairable materials,> ¢ and environmental remediation.” Elemental sulfur can be found in a variety
of allotropes,!3-!7 with the crown-shaped S ring being thermodynamically the most stable form
in the normal state.!8-20 Sg-ring molecules form the basis for the crystal structure stable at room
temperature, which is transparent in the visible.?!: 22 In addition, there are many examples of

compounds in which Sg has been co-crystallized with a range of other molecules.?3-3¢

The C¢p and C; buckminsterfullerenes also consist of a single chemical element, in this case
carbon. Cgy and C;, and their derivatives have had a significant impact on a broad range of
applications ranging from solar cells to hydrogen gas storage, field-effect transistors, and
photodetectors.3”# Fullerenes have been exploited as both electron donating and electron
accepting materials and have been shown to display ambipolar charge transport with equivalent

hole and electron mobilities.*44°

One of the first studies related to fullerene-sulfur interactions was based on Cg films doped with
sulfur.’® The electrical conductivity of these doped films was found to increase by many orders of
magnitude at high temperature, which was attributed to a donating nature of sulfur. Co-crystals
containing the Cgq or Cy fullerene and Sg rings have also been of interest for many years. These
systems were developed, in particular, with the hope to achieve covalent or donor-acceptor

interactions between the fullerene molecules and the sulfur rings. For example, C¢g —2Sg, C79 — 2
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Sg, C79 — Sg, and C;¢ —6Sg co-crystals have been synthesized and investigated.?>-2%31-5 In contrast
to the sulfur-doped Cg films, the conductivity measurements on these co-crystals have shown they
are insulators or semiconductors.’® Very recently, it was demonstrated that Cgq —2Sg co-crystals
could be used to develop cathode materials for high-performance Li-S batteries.®® Fullerene-Sg co-

crystals have also received interest with regard to the evolution of their electronic properties under

high-pressure conditions.!

In spite of the broad interest raised by fullerene-Sg co-crystals, a detailed description of the nature
of the fullerene-sulfur interactions and of their impact on the system electronic properties remains
missing. In this work, we use density functional theory (DFT) calculations to shed light on the

charge transport, vibrational, and optical properties of the C;y —2Sg and Cgy —2Sg co-crystals.?>

52,59

2. Computational Methodology

Density functional theory (DFT) calculations on the periodic structures of the C¢g —2Sg and Cyq
—28¢g co-crystals were carried out using the projector-augmented wave method as implemented
in the Vienna ab initio simulation package (VASP),5>¢4 with the Perdew-Burke-Ernzerhof (PBE)
functional and considering a Pack-Monkhorst I'-centered k-point mesh of 2 X 2 X 2. The crystal
structures were optimized by relaxing the atomic coordinates until the total force on each atom
was less than 0.01 eV/A. Band structures and gamma-point phonon calculations were performed
at the same level of theory. The infrared absorption intensities were calculated using the density

functional perturbation theory approach.®>% The effective masses at the valence band maxima and
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conduction band minima were calculated through diagonalizing the (mij_l) tensor using a finite

difference method on a five-point stencil with a 0.01 Bohr! step:

1 1 0°E .
mj; - hzaklak] ( )

The hole and electron transfer integrals between adjacent molecules in the crystal were derived
using a fragment orbital approach in combination with a basis set orthogonalization procedure.®’
%8 These calculations were performed using the PBE and B3LYP functionals with the 6-31G (d,p)

basis set. The same level of theory was also used to derive the IR vibrational spectra of the Cgo and

C7¢ molecules. In addition, time-dependent (TD) DFT calculations at the B3LYP/6-31G (d,p) and

long-range corrected LC-wHPBE/6-31G (d,p) levels were performed to calculate the excited-state

energies of C;¢-Sg and C;o-Sg complexes extracted from the crystal structures. In the case of the
LC-wHPBE functional, the range-separation parameter, w, was tuned for each system following
the procedure reported earlier®; w values of 0.49, 0.47, and 0.49 bohr! were optimized for Cgp,
C70, and Sg, respectively. We considered 20% of Hartree-Fock exchange in the short range and a
dielectric constant € = 4, which is appropriate for both Sg and fullerene systems.”% 7! All electronic-

structure calculations on isolated molecules and molecular complexes were performed with the

Gaussian 16 package.”

3. Results and Discussion

Electronic structure. There are four known polymorph forms of the Cqg —2Sg co-crystal.>> We

focus here on the 3 -polymorph as it does not display any disorder of the Cg cages (hereafter, we

5
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refer to this polymorph simply as Cgy —2Sg). C¢o —2Sg has a P1 triclinic structure while C;o —2Sg
belongs to the P2;/C monoclinic space group.3> The asymmetric units of both co-crystals consist
of two fullerene and four Sg translationally inequivalent molecules. In both co-crystals, the Sg and
fullerene molecules pack in adjacent segregated stacks, see Figure 1. The molecular stacking is
along the a axis in the case of Cqy —2Sg and along the c¢ axis in the case of C;5 —2Sg. Importantly,

the intermolecular center-to-center distances between fullerene molecules are just above 1 nm, i.e.,
twice the van der Waals radius of the fullerenes, which points to the possibility of large electronic

interactions among Cg( and C;o molecules in these co-crystals.

Figure 1. Schematic representation of the crystal structures of C¢q —2Sg (a) and C;o —2Sg (b).

The band structures of the Cgg —2Sg and C;¢ —2Sg co-crystals obtained at the PBE/6-31G (d,p)
level are shown in Figure 2. The results indicate that the top of valence band (VB) and the bottom
of the conduction band (CB) in both co-crystals are dominated by the fullerene wavefunctions. To

understand this feature, we computed the energies of the C¢g and C;( frontier orbitals using the
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same molecular geometries as those in the periodic band structure calculations. As seen from

Table 1, the Sg HOMO level is located about 0.7 eV lower than those of the C¢o and C;, molecules
while the Sg LUMO is found about 0.5 eV above the LUMO levels of the fullerenes. The

calculations performed at the B3LYP/6-31G(d,p) and LC-wHPBE/6-31G (d,p) levels also support
this conclusion (see Table 1). We note that, here, we are interested in the relative positions of the
frontier molecular levels rather than in their actual energies (which clearly depend on the choice
of the functional, as seen from Table 1). The DFT calculations indicate that the electronic
couplings between the Sg and fullerene frontier orbitals (see Tables S1-S2 in the supplemental
information (SI)) do not exceed 100 meV, which points to only minor hybridization between

fullerene and Sg levels.

In the case of Cq9 —2Sg, the VB maximum is located at A, = (0.5, — 0.429, 0), i.e., close to high-
symmetry point L = (0.5, — 0.5,0). As seen from Figure 2, there is no significant band dispersion
along YL and ZN, which means that there are only weak interactions between Cg, fullerenes along
the b-axis in real space. In contrast, the valence band is more dispersive along the I'Y, LI', and I'Z
k-paths, demonstrating significant coupling among Cg, frontier orbitals along the a-axis, i.e., along
the stacking direction of the C¢y molecules. This finding is consistent with the results obtained for
the effective masses, see Table 2. The smallest effective hole mass, about ~1 my (where my is the
electron mass at rest) is found indeed along the a-axis and the largest hole mass component (61
my) is found along the h-axis. Additional direct calculations of the transfer integrals confirm that

there exists a significant electronic coupling (33 meV) along the a-axis direction (see Figure S1

and Table S3).
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Figure 2. (a) Electronic band structure of Cgq —2Sg. The points of high symmetry in the first
Brillouin zone are labeled as follows: X = (0,-0.5,0), I’ = (0,0,0), Y = (0.5,0,0), L = (0.5,-0.5,0), T
=(0,0,0), and Z = (-0.5,0,0.5), N = (-0.5,-0.5,0.5), I' = (0,0,0), M = (0,0,0.5), R=(0,-0.5,0.5), T'=
(0,0,0). (b) Electronic band structure of C;y —2Sg. The points of high symmetry in the first
Brillouin zone are labeled as follows: I' = (0,0,0), Z = (0,0.5,0), D = (0,0.5,0.5), B =(0,0,0.5), T =

8
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(0,0,0), 4 =(-0.5,0,0.5), E = (-0.5,0.5,0.5), Z=(0,0.5,0), C, =(-0.5,0.5,0), Y, =(-0.5,0,0), and T =
(0,0,0). All points are given in fractional coordinates in reciprocal space. The zero of energy is
taken as the top of the VB.

Table 1. Frontier orbital energies (in eV) of Cgp, C79, and Sg, as calculated at the B3LYP/6-31G
(d,p), PBE/6-31G (d,p), and LC-wHPBE/6-31G (d,p) levels of theory.

B3LYP PBE LC-wHPBE

Molecule ~ HOMO LUMO HOMO LUMO HOMO LUMO
Ceo -5.99 -3.23 -5.50 -3.83 -6.30 -3.28
C7o -5.91 -3.25 -5.48 -3.75 -6.23 -3.30
Sg -6.66 -2.59 -6.62 -3.29 -7.75 -2.59

The bottom of the CB in Cgy —2Sg has several local minima [i.e,. A = (- 0.007,-0.003, 0.010),
Ay =(-0.531,-0.357,0.578), and Ay = (-0.007,-0.003,0.010)] with nearly identical
energies (within 3 meV). The largest band dispersion is observed along the 'L, I'N, and I'X
pathways. This results into two small effective-mass components of 1mg and 1.7 m, along the b-
axis and in the ac plane, respectively. Thus, in the case of electrons, charge transport in the Cgg —2
Sg co-crystal has more of a 3D character. For the sake of comparison, we note that the effective
masses for holes and electrons in the face-centered-cubic Cgg crystal are 1.7 my and 1.3 my,

respectively.”?

The C;¢9 —2Sg band structure is depicted in Figure 2b. We note that, in this co-crystal, the C;q
molecules stack along the c-axis. The maximum of the VB is located at Y, = ( —0.5,0,0). The top
of the VB displays moderate band dispersion along the ZC,, Y,I', ZD, and EZ k-paths, suggesting
weak interactions among C;y molecules along the a-axis and c-axis in real space. However,
significant dispersion is observed along the Y,C, and AE directions, i.e., along the b-axis. The

effective-mass calculations show that the smallest component for holes (1.7 my) is oriented indeed
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along the b-axis. The CB minimum is located at E = ( —0.5,0.5,0.5). As in the case of C¢g —2Sg,
the CB also displays an additional local minimum at Y, = ( —0.5,0,0), located just 2 meV above
the E point. As for the holes, the smallest effective-mass component for electrons (1 mg) is
obtained along the bh-axis. However, relatively small effective-mass values (< 2 mg) are also
obtained for electrons moving in the ac plane, suggesting that, as in the case of Cgy —2Sg, the

electrons in C7q _ 25g display a 3D charge transport character.

Table 2. Hole and electron effective masses m (in units of the electron mass at rest, mg) at the

band extrema of C4y —2Sg and C,¢ —2Ss.

10
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m/mg Parallel to
1.0 a —0.040b — 0.011c
61.0 0.041a+ b + 0.080c
Holes at A},
6.6 0.007a — 0.080b + ¢
Coo — 25g 1.7 0.722a — 0.293b + 0.626¢
1.0 0.246a + 0.956b + 0.163c
Electrons at Ar
4.8 —0.646a + 0.036b + 0.762c¢
5.4 0.815a + 0.579c
1.1 b
Holes at Y,
16.3 —0.579a + 0.815c¢
2.416 a+0.142c
0.956 b
Electrons at Y,
4.464 —0.142a+c¢
C79 — 2Sg
3.520 0.997a — 0.005b + 0.077c
Electrons at E 3.271 0.005a+ b — 0.004c
1.681 —0.077a + 0.004b + 0.997c¢

Infrared (IR) properties. As mentioned in the Introduction, polymers with a high sulfur content
have emerged as a new class of materials for IR imaging.!> 7476 Regions of special interest are the
long-wave (LWIR, 8-12.5 um / 800-1250 cm!) and mid-wave (MWIR, 3-5 um /2000-3300 cm™')
IR spectral windows.! Experimental data show that Sg exhibits only a few weak IR transitions that
are found in the range of 100-500 cm™'.”7 Thus, Sg is transparent in both LWIR and MWIR

windows. In a recent theoretical work, we showed that the Cgy and C;y molecules are also fully

transparent in the MWIR window and highly transparent in the LWIR region.”® Therefore, it is

11
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interesting to investigate the evolution of the IR properties when considering fullerene-Sg co-

crystals.

The PBE IR spectra of Cqy —2Sg and C;q —2Sg co-crystals along with those of the isolated Cgy and
C7o molecules are displayed in Figure 3. We note that the PBE/6-31G(d,p) and B3LYP/6-31G(d,p)

calculations yield similar results for the investigated systems, as shown in Figures S2 and S3. As

illustrated in Figure 3, the IR spectra of both C¢g —2Sg and C;y —2Sg co-crystals resemble very
closely the spectra of Cgy and C;¢ molecules, respectively. Some doublings of the peaks seen at

high energies in Figure 3 are due to the presence of translationally inequivalent fullerene molecules
in the unit cell. Overall, the IR results are consistent with the fact that there is only negligible

charge transfer between fullerene and Sg molecules in the ground state and that the intermolecular

interactions are entirely driven by weak van der Waals forces. This conclusion is also supported

by experimental data’® >° showing that the IR spectra of the Cgg —2Sg and C;y —2Sg films are
very similar to the spectra of the related fullerene molecules. Thus, we expect that the Cqy —2Sg
and C;9 —2Sg co-crystals, as is the case for the Cgy and Cy( films, are potential candidates as IR

imaging materials in both LWIR and MWIR windows.

12
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Figure 3. IR spectra of the Cgg —2Sg (a) and C79 —2Sg (b) co-crystals and IR spectra of isolated
Ceo (¢) and Cy( (d) molecules, as calculated at the PBE level.

Optical properties. We now turn to the optical properties of the C¢g —2Sg and C;(y —2Sg co-crystals.

Here, in order to estimate the lowest excited-state energies of the systems, we performed TD-DFT

calculations at the B3LYP/6-31G (d,p) level based on fullerene-Sg complexes extracted from the

crystal structures and consisting of one fullerene molecule and one Sg molecule. The calculated

transition energies of the lowest singlet states of the Cgy-Sg and C7o-Sg complexes are presented in

13
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Table S4; selected transitions of interest in the C¢g — Sg complex along with the transition energies

in the isolated molecules are also collected also in Table 3.

Table 3. Singlet excited-state transition energies (in eV) of the Sg and Cgy molecules and Sg-Cg
complex, as obtained from TD-DFT calculations at the B3LYP/6-31G (d,p) level of theory.

Transition Sg Ceo Ss-Coeo
So—51 3.73 2.10 2.09
So—S15 4.30 2.28 2.28
So—S1 434 321 2.84

The TD-DFT/B3LYP results highlight that the energies of the lowest 15 excited states of Cg(-Sg
are identical to those of Cg( itself. However, the energy of the next (Sg—S1¢) transition in the
complex is lower than the corresponding transition in Cgg and the energy of the first excited state
of Sg. This clearly indicates that the S14 excited state in the complex is due to interactions between
Ceo and Sg molecules. The natural transition orbitals shown in Figure 4 indeed point to the Sg—S¢¢
transition in the co-crystal as representing a charge-transfer transition with an electron being
transferred from Cgq to Sg. A similar situation is found for the C;y —2Sg co-crystal, see Table S4
and Figure S4. Thus, in both co-crystals, the lowest excited states are dominated by transitions
localized on the fullerene molecules. A similar nature of the CT states is also obtained by means
of TD-DFT LC-wHPBE calculations (see Figure S5 and Table S5). This finding is supported by
the experimental data showing that the optical spectra of the co-crystals are similar to those of the
pure fullerenes and exhibit just an additional marginal transition above the optical edge of the

fullerene bands.”®

14
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Electron

Figure 4. Comparison of the B3LYP/6-31G (d,p) natural transition orbitals (NTOs) in the C¢q — Sg
complex between (a) the Cgq singlet local excited state S;s (A value for the NTO shown is 0.67; the

other relevant NTOs involve additional fullerene frontier molecular orbitals) and (b) the lowest
singlet charge-transfer state (MNTO) = 0.99), i.e., the Sy state.

4. Conclusions

We performed DFT calculations to investigate the charge transport, vibrational, and optical
properties of the Cqy —2Sg and C;y —2Sg co-crystals. DFT calculations on the crystals, fullerene-
Sg complexes, and the individual molecules demonstrate that all these properties are dominated by

the fullerene component.

With regard to charge transport, the presence of the Sg molecules does not contribute to, but also

does not affect the properties of both holes and electrons in the co-crystals, with transport taking

place over the networks of fullerene molecules. Interestingly, small effective masses are found for

15
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holes and electrons in both co-crystals with transport displaying a 3D character in the case of

electrons.

Our calculations also show that there exist only weak van der Waals interactions between the

fullerene and Sg molecules in both co-crystals; in agreement with experimental data, the calculated

IR spectra of the co-crystals essentially represent a simple superposition of the individual spectra
of Sg and fullerene molecules. Our results also suggest that fullerene-Sg co-crystals could be

potential candidates for thermal LWIR and MWIR imaging applications.

In terms of the optical properties, it is found that the charge-transfer transitions in both Cgo —2Sg
and C;9 —2Sg co-crystals are located above the lowest excited states of the fullerenes. Thus, given

that the first excited state in the Sg molecule has a very high energy, the low-energy part of the
optical spectra in the fullerene-Sg co-crystals are dominated by transitions within the fullerene

component.

Finally, our results indicate that, due its optical transparency over a large energy window and the
simplicity of its vibrational spectrum, an Sg matrix could be used to test the effect of a solid-state

environment on the intramolecular properties of various molecules and molecular complexes.
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