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Abstract: Inside the cages of hypothetical carbon clathrates there is precious little
room, even for the smallest atoms, such as Li. Unless it is the Li* ion that is
inserted, in which case a compensating negative charge should be distributed over
the carbon cage. The hypothesis explored in this paper is that Li-insertion can be
achieved with appropriate B substitution within the framework. The resulting
structures of 2L1@C10B2 (Clathrate VH), 8L1@C38B8 (Clathrate I), 7L1@C33B7
(Clathrate IV), 6Li@C»sB¢ (Clathrate H), and 6Li@C,sB¢ (Clathrate II) are
definitely stabilized in theoretical calculations, especially under elevated pressure,
as judged by enthalpy criteria and bond length metrics. Different strategies for B
substitution (symmetry reduction, following the parent charge distribution,
substitution on the most weakened bonds, relieving stress on bond angles) are
explored. Two possible competing channels for Li-doping-B-substitution,
formations of LiBC and C-vacancies, are investigated.



INTRODUCTION

What are commonly called clathrate structures self-assemble everywhere in
chemistry where space is filled with approximately tetrahedral building blocks, and
where fewer or greater than 4 contacts are electronically discouraged. Among the
common structural constituents of clathrate structures — let’s call them nodes —
are water molecules, Group 14 elements, or SiO,!"!1?

An infinity of low energy structural minima of high density for such four-
coordinated nodes is obtained in the stacking variants of the diamond structure, or
from interpenetrating diamondoid nets, if the node-node separation is large. The
characteristic features of clathrates are (a) polyhedral structures, built mostly of 4-
to 6-membered rings with cavities substantially bigger than those of the
diamondoid networks; (b) angles and distances not that different from the optimum
tetrahedral angle and node-node separation of the diamond archetype. The net
result of these features, essentially constraints of Euclidean space coupled with
bond metrics, is that the clathrate structures are (¢) less dense than diamonds, yet
(d) per node, not that much less stable than the global energy minimum of the
diamond family. A further consequence, let’s call it a lure, is that the cavities of the
polyhedra of carbon clathrates seem to be waiting there to be filled with other
atoms, as they are in other Group 14 clathrates.

Our paper sets out the exploration of some as yet unsynthesized carbon
clathrates, substituted by B atoms, and stuffed with Li atoms.

Clathrates and the special problems of those made of carbon. In Figure 1
we show five typical clathrate structures; for a more complete list, please see the
Reticular Chemistry Structural Resource'*!'* or the database of zeolite structures. !
The building blocks of these clathrates are a variety of polyhedra with typical ideal
bond angles within 20 degrees of the tetrahedral angle; the [5'%] and [5'%67]
polyhedra are most common, clearly seen in the structure of Clathrate 1.'%!7 An
exceptionally clear and useful survey of Group 14 clathrate structures has been
given by Karttunen, Fissler and coworkers;'® we will have occasions to refer to
this paper repeatedly. Historically, many studies have looked at the stability of C
clathrates at P = 1 atm and under compression; one of us (RN) has contributed an
early example.'”>7 No carbon clathrates have been made, to our knowledge. But
we mention here the products of fullerene pressurization obtained and
characterized by the Yamanaka group — Cgo buckyballs that are connected in three
dimensions through 4-coordinated carbons.?%+!
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(a) Clathrate 1, mep (b) Clathrate II, mtn

(c) Clathrate 1V, zra-d (d) Clathrate VII, sod

(e) Clathrate H, doh

[512] [435663] [4668] [51262] [51263] [51264] [51268]
®

Figure 1. Structures of the five clathrates investigated in this work: (a)-(e). The
building blocks of the structures are shown in (f).



In Table 1, we list some calculated properties of the clathrates investigated in this paper. They compare well
with those presented in Ref. 18 (except band gaps, more details below), although different basis sets (plane wave
here and atomic functions there) and functionals are used.

Table 1. Calculated properties of the five carbon clathrates investigated in this paper.

structure® polyhedral relative | recrange/ | Zece “radii” of band Li-doping
components® enthalpy® | A range / ° polyhedra’ gap®/ eV | enthalpy /
/eV/ eV per Li
atom
I (Cs6, mep) [5"21[5"%6%]6 0.11 1.52-1.59 |106-124 |2.17,2.41 39,56 |231
2.14,2.27
I (Cs4, mtn)" | [512]4[5'26]; 0.08 1.53-1.59 |106-120 |2.17,2.61 3.7,55 228
2.09, 2.58
IV (Cyo, zra-d) | [5"°]5[5"%6%]5[5'%6°], | 0.13 1.51-1.66 | 105-124 |2.16,2.43,2.53 |3.5,5.1 |[2.20
2.08,2.28, 2.47
VII (Cy, sod) | [4%°], 0.39 1.55 90-120 245 2.6,3.6 |2.66
2.45
H (Cs4, doh) [512]5[4°5%°],[5%6%]; | 0.14 1.53-1.57 | 90-120 2.18,2.20,2.97 | 2.7,43 230
2.13,2.03,2.77

4 Given in the parentheses are the unit cell formula and the RCSR three letter name (http://rcsr.anu.edu.au/) of the clathrate.

b The subscript digit indicates the number of the bracketed polyhedra in the unit cell.

¢ Relative to diamond, calculated with our approximations.

d Averaged (shortest) distances between the center of mass of a polyhedron and its vertices are given in the upper (lower) row. The
values are ordered in the same sequence as the types of polyhedra in the fourth column. The two sets of data largely follow the same
order.

¢ The two values correspond to the gap extracted from the conventionally calculated DOS and the GOWO gap.

f Throughout this paper, we use the primitive cell, 34 C atoms, in the study of Clathrate II and its relevant Li-doped and B-substituted
structures, instead of the conventional cell with 136 C atoms.
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The optimized geometries are from our calculations (details in Theoretical
Methods section at the end of paper) — all calculations are done with the pressure
1 atm unless further specified. And all are static ground state calculations, without
addition of zero point energies. All unit cell coordinates of the calculated structures
in this work are given in the all.txt file as part of the Supplementary Information

(SI).

Let’s take Clathrate I as an example — in its optimized structure, we get a
range of CC distances between 1.52 and 1.59 A, and a range of CCC bond angles
between 106 and 124°. The resultant density (3.05 g/cm?) is intermediate between
graphite and diamond. The net result of the small geometrical deformations noted
is an enthalpy only 0.11 eV / C relative to diamond for C Clathrate 1.

Yet no carbon clathrate framework has been made, as we said. When it 1s
made, carbon Clathrate I will most certainly be kinetically persistent — it takes
much energy to disrupt CC bonds on the way to diamond. Considering that
buckminsterfullerene is about 0.39 eV / C less stable than diamond but is very
much bench-stable, we believe all five carbon clathrates in Table 1 are likely to
have substantial kinetic stability.

The cavities in these clathrates are enticing. For other Group 14 elements, Si,
Ge, and Sn, quite persistent, colloquially “stable” compounds exist in which these
cavities are filled with a variety of atoms, yielding stoichiometries such as NagSis,
KsSi4s, and BagSiss***® But for carbon, there is just less room in the cavities to
encapsulate a guest atom. How much less, we will examine in detail below. It
might also be noted that in alkali-metal-doped Group 14 clathrates, the metal atoms
do not necessarily go into the cavities. So there was a recent report that in
KsLixGessxa02-3x4 (O being vacancies on the cage) Clathrate I structure, the Li
atoms occupy cage sites,*’ i.e., when all cavities are occupied by K, Li are
“marginalized” to the cage. This type of ternary compound is not considered in the
present study.

The difficulty of stuffing atoms in the carbon clathrates can be seen in
another, very direct, way from calculating the enthalpy of inserting 8 Li atoms into
Clathrate I, which has 8 polyhedra per 46 atoms unit cell. This turns out in our
calculations to be:*®

8L1 (bcc) + Cy (Clathrate 1) = 8Li@Cas AH=2.31eV/Li Eq. 1
5



We will return to the electronic reason for this destabilization, and its structural
consequences.

No reason to give up. Let’s think about inserting into the clathrate cavities
an ion, for ionic radii are much smaller than covalent or van der Waals ones. The
obvious candidates are Li* and Be®". Electrostatically, it is obvious that one must
make the clathrate cage anionic, when cations are inserted. This may be
accomplished by substituting isoelectronic B~ for C, so that the Li-doped-B-
substituted structure is isoelectronic to its parent C clathrate, and (we argue)
inherits its stability. For Clathrate I the extended structure we want has the
stoichiometry LigBsCss. Actually, similar Group-1-element doped and Group-13-
element substituted clathrates of Group 14 elements other than C have been
synthesized and investigated, e.g., KsGasSisg, RbsGagSisg, and K7B7Siz0, %! as well
as some Group-2-element-doped clathrates.’>>°> But we need to re-emphasize the
trouble on our hands: C is not Si, and the cavities in the carbon clathrates are
small! The cavity radii of the carbon polyhedra are smaller than those of the silicon
counterparts by at least 1 A (see Table 3 of Ref. 18).

In our thinking about compensating the positive charge on the inserted Li"
ions with the negative charge on B~ substituting for C, we avoid other Group 13
elements, such as Al (which are fine in Si and Ge clathrates>®*”). This is because
the size of B is comparable to C,*® and there might be little structural penalty in
strain to the clathrate framework. But exactly how comparable are B~ and C? One
measure may be obtained from a Cambridge Structural Database® search on borate
anions. This, of course, found many tetraphenyl borates, but also a few other
compounds, with a range of B-C distances of 1.62-1.67 A.%%-%2 We also obtained a
theoretical measure, by optimizing the structure of B(CHs)4~ (Section S2 in the SI),
isoelectronic with neopentane. The B-C distance in this anion comes out as 1.65 A,
compared with the 1.54 A C-C distance in neopentane. It looks like a B~ center is
about 0.1 A larger than a C.

There are other phases in the Li/B/C ternary phase diagram. One of these,
LiBC, will be considered by us as a thermodynamic competitor phase. Li,B,C; (as
well as Li,B,Si, and Li,B1,PC) exist, %% featuring typical icosahedral B, cages.
We will not consider these fascinating, but topologically distinct phases. We
mention finally another strategy to implant alkali metal ions into C cages, put into
practice for fullerenes. This is to exploit counter-anions, e.g., [Li*@Cso] [SbCls 1%



and [Li"@Ceo] [PFs ]°’. However, this strategy is only applicable when each cage
is an isolated molecular entity.

With the stage set, we now explore the geometries and energetics of the
formation of a variety of Li-encapsulated-B-substituted carbon clathrates.

RESULTS AND DISCUSSION

Clathrate VII: a less stable clathrate with a small unit cell. We start our
journey with one of the smallest and simplest (in terms of the number of types of
polyhedra and the number of C atoms in a unit cell) clathrates, Clathrate VIL.% It
contains only one type of polyhedron, [4°6%], and all C atoms are identical by
symmetry. SiO; with the similar polyhedron building unit is called sodalite.
Although it is the least stable (0.39 eV / C atom relative enthalpy with respect to
diamond) among the clathrates we consider, its absolute stability (relative to
diamond) is comparable to that of fullerene. The optimized C-C bond lengths are
all equal to 1.55 A, just slightly longer than the ideal 1.54 A bond length in
diamond. The strain is hence mostly induced by the distorted tetrahedral
coordination for each C atom in the structure, or, alternatively, by the 90 and 120°
angles of the four- and six-membered rings composed of sp® carbons.
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Figure 2. Band structure of Clathrate VII, all carbon. The position of the highest
occupied crystal level is indicated by the dashed line.



The band structure of Clathrate VII is shown in Figure 2, and the
corresponding density of states (DOS) in Figure 3(a). Clearly, Clathrate VII is a
semiconductor/insulator, with a 2.6 eV indirect band gap between I" and N. The
band gap is enlarged to 3.6 eV with the more reliable non-iterative GW®"! (so-
called “one-shot” GOWO0) method. A substantial band gap is expected, as all C
atoms form four single bonds and satisfy the octet rule. Our calculated band gap is
significantly smaller than the value (5.6 eV) presented in Ref. 18, very likely for
using plane wave basis set here versus atomic basis set there, while the calculated
radii of the C,4 cage are in good agreement (2.45 A here vs. 2.44 A in Ref. 18).
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Figure 3. Densities of states of (a) Clathrate VII, (b) 2Li@C,, and (c) the
representative P4;/mmc 2Li@C9B:. The DOS unit is states/eV/unit cell.

Stuffing Li atoms into Clathrate VII. With this preliminary understanding
of Clathrate VII, we proceed to place two Li atoms into the two cavities of each
unit cell of this clathrate. In this 2Li@C,», the symmetry of the lattice is retained.
The doping swells the cage, as the C-C bond lengths are increased from 1.55 to
1.59 A and the [4°6®] polyhedron radius from 2.45 to 2.52 A. Correspondingly, the
unit cell volume increases from 84.3 to 91.4 A3,

What characteristic size parameters should we use to reach a decision on
whether there is or is not room for a Li inside a clathrate cage? Should it be ionic,
covalent, or van der Waals radii, cognizant of the ambiguity of each? Certainly not
covalent/atomic radii, since there cannot be 24 Li-C bonds in each cage. A
reasonable compromise, given the prospective charge transfer from Li, in a
delocalized way, to the clathrate framework, might be the van der Waals radius of
C (1.77 A7) and the cationic radius of Li (0.76 A7?). This combination of van der
Waals radii and ionic radii for clathrate and guest atoms was used by Karttunen,
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Fassler et al. in judging the space needed for encapsulating a guest atom in a
cavity.'® The summation of the two radii (2.53 A) is not much bigger than the
radius of the empty cavity (2.45 A). Actually, if Bondi’s’* or Batsanov’s’> van der
Waals radius of C (1.70 A) is used, the radii summation (2.46 A) is about the same
as the empty cavity radius. Therefore, the swelling cannot be straightforwardly
ascribed to not having enough space in the cavity.

Figure 3(b) shows the DOS of 2Li@C,,; the underlying band structure is
shown in Fig. S1 in the IS. Comparing it with Figure 3(a), one can see that the two
electronic structures are similar, except there are more states on the top of the
conduction band in Figure 3(b), as one might expect from the extra Li orbitals. The
essential difference is the position of the Fermi level (in general, and fully aware of
the correct definition of a Fermi level, we loosely call the energy of the highest
occupied crystal level the Fermi level in this paper, regardless of whether the
material is semiconducting or metallic) — for 2Li@C,, it enters the bottom of the
conduction band. The two doped Li atoms lose two electrons which then occupy
the orbitals unfilled in the clathrate. Given the octet, diamond-like closed-shell
structure of C Clathrate VII, those virtual orbitals must have C-C antibonding
character. Their occupation naturally lengthens the C-C bonds and swells the
cavity.

Let’s look at the bonding character of the states around the Fermi level. This
is best done with the Crystal Orbital Hamilton Population (COHP) of Dronskowski
and Blochl.”® In Figure 4 we plot the COHP between two adjacent C atoms in
2Li@C». The antibonding character of the energy levels around the Fermi level is
unambiguous, given the positive COHP there. This statement is supported by the
orbital electronic density (the square of the crystal orbital) of the highest-occupied
crystal orbital (HOCO) of 2Li1@C,, at the N point of the first Brillouin zone
(FBZ).”” The orbital density is shown in Fig. S2 in the SI; while the density does
not show directly the change of phase of the orbital we expect along the CC bonds,
indirectly the absence of density at the CC midpoints hints at nodes there. The
HOCO there looks identical to the lowest-unoccupied crystal orbital (LUCO) of
Clathrate VII, which is not shown. For comparison, the HOCO of Clathrate VII is
also shown in Fig. S2 — it displays clear C-C bonding character.

78,79

The Zintl picture’>”” of nearly complete metal-to-nonmetal electron transfer,

is applicable to 2Li@C;».
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Figure 4. The Crystal Orbital Hamilton Population between two adjacent C atoms
in 2Li@C; around the Fermi level. The position of the highest occupied crystal
level is indicated by the horizontal dashed line. Note that we plot the negative of
COHP, following the convention of the chemical community.

What about the energetics of inserting the Li atoms into the C clathrate
lattice? As expected, the Li-doping is highly endothermic:

2Li (bee) + Cyz (Clathrate VII) = 2Li@C,, AH=2.66 eV / Li. Eq. 2

Overall, the Li metal bonding is disrupted and the C-C bonds of the clathrate are
weakened, explaining the increase of enthalpy. Putting 2Li (gas) on the left hand
side, i.e., subtracting the cohesive energy of Li, gives AH =1.01 eV / Li, still an
endothermic process.

To summarize, on doping 2 Li atoms into Clathrate VII, we effectively have
2Li*"@C1,*. While the Li* ions fit in sterically, electron occupation of the
antibonding orbitals of the clathrate framework exacts a high price, energetically
and structurally, for the insertion. Note that two factors would made 2Li@E;, (E =
Si, Ge, Sn) much happier — a larger cage, and lower-energy of the E-E o* levels.

Boron substitution is a great improvement. Given the electronic structure
of 2Li@C2, if we can “remove” the two extra high energy electrons by
substituting two C atoms with B (or one C with Be, a substitution not tried here),
then we can have a structure that is isoelectronic to Clathrate VII, and possibly
more stable. We call this class of double Li-doped double B-substituted structures
generally 2Li@CoB>. There are in total five symmetrically unique ways to make a
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double boron substitution in Clathrate VII. Hidden here is an assumption that the
substitution retains Z = 1, the same unit cell size. One of the five ways has two
adjacent B atoms and we guess the resultant structure should be the least stable.
This is because the B is formally negatively charged (B). Putting two formally
negatively charged sites adjacent to each other is electrostatically unfavorable, and
it has been observed that substituted Group 13 atoms in Group 14 clathrates avoid
homonuclear bonds 38!

All five optimized 2Li@C;¢B; unit cells are shown in Figure 5, with their
relative enthalpies and space group symbols. The Amm2 structure with adjacent B
atoms is the least stable, as expected, by 0.94 eV / unit cell relative to the most
stable P4,/mmc structure. The P4,/mmc, P4/nmm, and AmaZ2 structures are within
0.40 eV / unit cell in enthalpy.

Can we predict which 2Li@C10B; isomer would be made; in particular will
it be the P4,/ mmc structure? If it were only as easy as looking at the enthalpies! It
is not. Structures (a)-(c) in Figure 5 are not significantly different in enthalpy. In
the real world, kinetics may be at work, and we do not know what method will
eventually be found to make these. Once made, a metastable isomer would have a
large barrier to rearrange to a more stable form. We are here more in the realm of
organic chemistry — the universe of thermodynamically unstable but kinetically
persistent molecules — than in high temperature inorganic chemistry.
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Figure 5. (a)-(e) The five 2Li@C 9B, unit cell structures with their relative
enthalpies with respect to (a) (eV per unit cell, values in parentheses are under P
=40 GPa) and space group symbols. Li, C, and B are represented by red, brown,
and green spheres, respectively. (f) Histograms of B-C and C-C bond lengths in the
unit cells of Clathrate VII, 2Li@C)>, and structure (a).

Let’s examine further the P4,/mmc structure, most stable in the group, just to
have a focus for further analysis. The optimized P4./mmc 2Li@C;oB; unit cell has
Li at the center of its cavities. The distances from the central Li to the C vertices
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range from 2.46 to 2.60 A, while that to the B vertices is 2.54 A. The 92.9 A3
volume of the 2Li@C 0B, unit cell, in comparison to the 84.3 A3 of Clathrate VII,
indicates an even more substantial swelling of the cavity, compared to the 91.4 A3
unit cell volume of 2Li@C,. However, the swelling is more related to the longer
C-B bond (1.65 A in the P4,/mmc structure, which is consistent with experimental
C(sp?)-B(sp’) bond lengths in a variety of organoborates.®*-%?) than the C-C bonds
(1.55 A in Clathrate VII), instead of occupying antibonding orbitals of the clathrate
framework. From Figure 5(f), a histogram of distances, we can clearly see the C-C
bond length elongation on Li-insertion and the re-contraction of some of the C-C
bonds after B-substitution, removing the corresponding antibonding character.

On doping two borons into the carbon framework, the semiconductor nature
of the parent clathrate is restored. The DOS of the P4,/mmc 2Li@C,¢B; isomer is
shown in Figure 3(c); the corresponding band structure is in Fig. S3 in the SI.
Although the symmetry is lowered from Im3m of 2Li@C,, the two systems share
similar features within the valence and conduction bands, respectively, and the
indirect band gap also occurs between I" and N. The similar electronic structures in
the valence bands confirm that 2Li@C;0B; should be viewed as 2Li"@C;0B,> .

In P4:/mmc 2Li@C,oB,, there are three unique adjacent atomic pairs,
corresponding to a C-B (1.65 A) and two C-C (1.57 and 1.59 A) bonds. COHPs of
the three bonds are shown in Fig. S4 in the SI. Only a few C-C antibonding states
remain just below the HOCO.

To a reasonable approximation, the plan of not occupying antibonding
orbitals through B-substitution seems to work.

Despite the similarity of their electronic structures, P4,/mmc 2Li@C,0B»
features a smaller band gap than Clathrate VII (0.6 vs. 2.6 eV (1.3 vs. 3.6 eV with
the GOWO0 method), see Figure 3(c). The lower electronegativity of B and the
negatively charged framework push up the energies of the valence band to be close
to the conduction band. 2Li@C,0B: should be a good semiconductor. Note that Li-
doped-B-substituted Si clathrates were also predicted to be good
semiconductors.>!:3

What about thermodynamic stability? For the following reaction,

2Li (bee) + 2B (a-By;) + Cy, (Clathrate VII) = 2Li@C 0B, (P4,/mmc) + 2C
(diamond), Eq.3
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the calculated reaction enthalpy i1s —0.16 eV / Li. The energy costs in breaking the
Li metal and B-B multicenter bonds in the elemental structures are compensated by
the Coulombic interaction between the Li cations and the negatively charged C,(B.
framework, as well as the formation of the more stable (over Clathrate VII)
“extruded” C in the diamond structure. To get a feeling for the importance of the
formation of diamond, we tried to formulate the formation reaction without explicit
involvement of diamond, as follows:

2Li1 (bee) + 2B (a-B2) + 5/6 Cyz (Clathrate VII) = 2Li@C,0B2 (P42/mmc).  Eq. 4

The reaction (formation) enthalpy is 0.22 eV / Li; diamond formation, or to put it
in other words, the strong cohesive energy of diamond, switches the doping-and-
substitution from endothermic to exothermic. Although the reaction enthalpy of
Eq. 3 is evaluated at 1 atm, we choose diamond, instead of graphite, as the C
reference. The reason for this is that the C atoms in clathrates are approximately
tetrahedral and we would like to maintain this geometry/hybridization on the two
sides of the equation. Since graphite and diamond are so close in enthalpy (graphite
lower by 0.02 eV / C)*}, replacing diamond by graphite would not result in any
qualitative change of the formation enthalpy.

One way or the other, there is great stabilization upon B substitution.
Compared to the 2.66 eV / Li doping enthalpy mentioned above for 2Li@Ci»,
P4,/mmc 2Li@C,¢B, should be (thermodynamically) easier to synthesize.

Li-doping and B-substitution under elevated pressure. In recent work by
one of us (TAS), a novel Si clathrate allotrope, Si»4, was made by synthesizing
NaySiy4 under pressure,® followed by removal of the Na by heating and lowering
the pressure.® So pressure is naturally on our mind as we think about the Li-doped
carbon clathrates.

Considering the change of volume in the Li-doping and B-substitution in
Clathrate VII (-17.7 A3/ Li for the reaction in Eq. 3 at P = 1 atm), the synthesis of
the 2Li@C,(B: is expected to be more favorable under high pressure. Indeed, the
calculated reaction enthalpy for the following formula,

2Li1 (0116) +2B (Y—Bzg) +Cpp (Clathrate VH) = 2Li@C10B2 (P42 /mmc) +2C
(diamond), Eq. 5

at P =40 GPais-2.61 eV /Li. Thatis a 2.45 eV / Li greater (than at P =1 atm)
exothermicity for the reaction. Note that the most stable phases of Li*® and B%’
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under this pressure are chosen to calculate the enthalpy. 40 GPa is not difficult to
reach with today’s technology, and the significantly more negative doping-
substitution enthalpy is a promising sign for prospective synthesis of 2Li@C,0B..

The order of the stabilities of the five isomers is roughly maintained as the
pressure is raised to 40 GPa. The calculated 1 atm unit cell volumes of the five
2Li@C 0B, isomers are 92.9, 94.0, 93.6, 93.5, and 93.4 A3, in the order of Figure
5(a)-(e), so the increasing stabilization of the first, the P4./mmc 2Li@C,¢B>
structure is not unexpected. But there is no clear effect otherwise of unit cell
volume at 1 atm.

Clathrate I: easier to encapsulate Li in smaller cavities? Alkaline-metal-
filled Group 14 Clathrates I of Si, Ge, and Sn entered the sight of scientists about
50 years ago,**® and have remained central to the field since then.®® Still, no
carbon Clathrate I, filled or unfilled, has been synthesized. The 46 atoms unit cell
of Clathrate I is made up of two [5'?] and six [5!26?] polyhedra (see Figure 1(a)),
with C atoms occupying the 24k, 16i, and 6¢ Wyckoff sites of the pm3m space
group. The various sites are marked in three colors in Figure 6. Each [5'?] cage
contains 12 24k and 8 16i WyckofT sites, while each [5'26?] cage contains 12 24k, 8
167, and 4 6c sites.
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Figure 6. Optimized unit cell structure of C Clathrate I, with the C atoms
occupying the 24k, 16i, and 6¢ Wyckoff sites marked with brown, light blue, and
red colors, respectively. It takes a while to see the fragments of the component
polyhedra, which were completed in the representation of Figure 1. But they are
there.

There are in total four types of C-C bonds, between C atoms at thel 6 and
161, 16i and 24k, 6¢ and 24k, and 24k and 24k sites, respectively. The
corresponding bond lengths in our optimized structure are 1.52, 1.54, 1.57, and
1.59 A. The lower limit (106°) of the CCC bond angle range we find is close to the
ideal tetrahedral bond angle 109.5°. The upper limit (124°) is clearly related to the
six-membered rings in the [5'%6?] polyhedron. Note that the bond lengths of
Clathrate I have a broader distribution and larger deviations from the norm of 1.54
A of diamond than those in Clathrate VII. Yet Clathrate I is more stable than
Clathrate VII (relative enthalpies 0.11 vs. 0.39 eV / C, Table 1). The indication is
that bond angles deviating from ideal tetrahedral coordination contribute more than
bond stretches to the strain in the clathrates.

That is not what one might have anticipated from bond stretching and
bending force constants. However, using neopentane as a model system, we show
(in Section S2 in the SI) that bending the CCC bond angle from 109° to 90° costs
almost 0.6 eV, while stretching the C-C bond from 1.54 to 1.64 costs only 0.15 eV.
Apparently, the bending to 90° CCC angle in Clathrate VII is so large that the
harmonic oscillator approximation fails. Thus, predictions based on force constants
may not be realistic.
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Figure 7. Densities of states of (a) Clathrate I, (b) SLi@Cys, and (c) the
representative R3c 8Li(@CssBs. The DOS unit is states/eV/unit cell.

Clathrate I is an insulator or semiconductor. The DOS of this hypothetical
yet attractive material is shown in Figure 7(a), the underlying band structure is in
Fig. S7 in the IS. The 3.9 eV band gap (5.6 eV at the GOWO level) is larger than
the 2.6 eV (3.6 eV) band bap of Clathrate VII, consistent with the former being
more stable. Our 5.6 eV GOWO gap is still lower than the 6.2 eV gap reported in
Ref. 18, but close to the 5.3 eV GW gap reported in Refs. 90 and 91.

Doping eight Li atoms per unit cell in Clathrate 1, i.e., filling all its cavities,
increases the unit cell volume from 300.9 to 319.3 A3. As mentioned in the
beginning of the paper, this full doping costs 2.31 eV / Li enthalpy. Isn’t it strange?
The cavity in Clathrate VII is larger than those in Clathrate I (radii 2.45 vs. 2.17
and 2.41 A, Table 1), but it costs more in enthalpy to fully dope Li in the former
(2.66 vs. 2.31 eV / Li in enthalpy). Apparently, cavity size is not the only thing that
matters.

In Clathrate I, further calculations of partial doping indicate that it takes 2.85
eV / Li to dope two Li atoms in the two small [5'?] cavities, and 2.21 eV / Li to put
in six Li atoms in the six larger [5!26?] cavities in Clathrate I. Thus, within the
same clathrate, the cavity size does determine the difficulty of inserting lithiums.
The weighted average of the doping enthalpies in the two types of cages, i.e., (2.85
x2+221x6)/8=2.37eV/Li,is similar to the 2.31 eV / Li obtained for the
fully doped 8Li@Clas.

Shown in Figure 7(b) is the DOS of 8Li@Cas; the band structure is Fig. S7
in the IS. Comparing Figure 7(a) and (b), we again see signs of electron transfer,
filling the antibonding levels of the C framework. The COHPs in Figure 8 show
that the levels below the Fermi level are C-C antibonding, but more weakly so than
for Clathrate VII. The reason for the smaller doping enthalpy of 8Li@Ca4s now
becomes clear: the orbitals that accept the Li electrons are less antibonding in
8Li1@C4e than in 2Li@C,,. Underlying this comparison is the commensurate
increase of the number of C atoms (and C-C bonds: from 12 to 46 atoms and from
24 to 96 bonds, about 4-fold) and the number of cavities (and antibonding
electrons coming from Li) from 2 to 8, 4-fold) per unit cell as the clathrate is
changed from Type VII to I. The weaker antibonding character in 8Li@Cae is
quantitatively justified by the its less positive averaged integrated COHP of the
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orbitals occupied in the Li-insertion, 0.136 eV (Figure 8), compared to the 0.417
eV counterpart of 2Li@C,, (obtained in a similar way, using the COHP in Figure
4).

E/eV

16i-16i (0.095) —
_ 16i-24k (0.204)
6¢-24k (0.008) —
24k-24k (0.145) —
Averaged (0.136) —

-0.5 0.0 0.5
-COHP

Figure 8. Crystal Orbital Hamilton Populations of the four types of C-C bonds and
their weighted average in SLi(@Cys around the Fermi level. The position of the
highest occupied crystal level is indicated by the horizontal dashed line. The
numbers in parentheses are the integrated COHP (in eV) from E =—4 to 0 eV.
Note that we plot the negative of COHP, following the convention of the chemical
community.

Boron substitution strategies. We want to replace 8 out of 46 carbons with
borons, so as to balance the charge if the Li change to Li", as they must. There is
no way we can examine all the structures — the combinatorial possibilities are too
large. What strategies might we come up with to delimit the set of isomers to be
considered?

1. Symmetry. Nature seems to favor a medium reduction in symmetry. So there
are bent as well as linear ABA molecules, but as a first approximation no
ABA molecules with unequal bond lengths.”?> So we could examine for
8Li@CssBs those isomers with the largest possible subgroups of the cubic
Pm3n, the space group of Clathrate 1.

2. Charge. The three distinct Wyckoff sites of Clathrate I bear different
charges. If we integrate the projected DOS up to the HOCO level, we get
populations of 4.02, 3.97, and 4.01 valence electrons for the C atoms at the
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24k, 16i, and 6c¢ sites. A simple electronegativity argument would argue for
B substitution at the sites bearing less electron population, i.e., the 16i site.

. Bonding. As the COHP values of Figure 8 show, some bonds just below the
Fermi level of 8Li@C4¢ are weakened more than others. Why not substitute
B in those bonds, to avoid occupying those antibonding levels?

. Stress Relief. The 6c¢ sites in Clathrate I are common vertices of two 6-
membered rings, and thus feature two bond angles close to 120°,
substantially different from the ideal 109.5° bond angles of a four-
coordinated C. We expect some bond angle stress.’! B-substitutions on those
sites can reduce this stress, and this is shown using a B(CH3)s~ model in the
SI, Section S2. Actually, Group 13 substitutions in 8K@GagSnss,
8Rb@GagSnsg, and 8Rb@GagGess primarily occur on the 6¢ sites.*-°
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Figure 9. (a) The optimized R3c 8Li(@C3sBs unit cell with six 6¢ and two 16i

carbon atoms substituted by B, and (b) histograms of B-C and C-C bond lengths in

the unit cells of Clathrate I, 8Li@Cys, and structure (a). Li, C, and B are

represented by red, brown, and green spheres, respectively. The binning resolution

in (b) is 0.01 A.
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We tried all four approaches: the gruesome details are given in Section S4 in
the SI. The stress relief strategy appears most successful, leading to the lowest
enthalpy structures. A representative R3¢ 8Li(@CssBs unit cell obtained following
this strategy, with all 6¢ and two 16i sites substituted by B atoms, is shown in
Figure 9(a), with the statistics of the bond lengths in the unit cell in Figure 9(b).
Comparing the bond lengths in Clathrate I, 8Li@Cas, and 8Li@CssBs in Figure
9(b), the trend is apparent: Li-doping stretches the C-C bond lengths significantly,
reflecting the aforementioned effect of filling C-C antibonding orbitals. The
subsequent B-substitution re-contracts some of the C-C bonds, stabilizing the
structure. This is similar to the case of Clathrate VII (Figure 5(d)) discussed above.

The R3c 8Li(@CssBs structure we have discussed has the lowest enthalpy
among all 8Li@Cs;sBs structures that we have explored (see Section S4 in the SI
for all of them). But ... it is not substantially lower in enthalpy: some other isomers
are just 0.005 eV / Li higher. We think that when an 8Li@Cs3Bs solid will be
made, it is likely to be an unpredictable mixture of substitutional isomers,
potentially an amorphous solid.

The calculated DOS of the R3¢ 8Li@C;sBs is shown in Figure 7(c), band
structure given in Fig. S7 in the IS. There is now a 1.8 eV band gap (2.9 eV at the
GOWO level). As we expected, R3c 8Li@CssBs is calculated to be a
semiconductor. With the degeneracy lifting due to the lower symmetry (R3¢ vs.
Pm3n), the bands (see Fig. S7) still show the tendency of merging at the R point,
which is a sign of similar band structures of the 8Li@Cs3Bs and Clathrate |
structure. The smaller band gap of the 8Li@C;sBs (1.8 vs. 3.9 eV of Clathrate I
(2.9 vs. 5.9 eV at the GOWO level)) should again be attributed to the negatively
charged framework and the lower electronegativity of B compared to C.

The calculated reaction enthalpy for the Li-doping and B-substitution, i.e.,
the following equation,

8Li (bcc) + 8B (a-Bjy) + Cy6 (Clathrate 1) = 8Li@C3sBs (R3¢) + 8C (diamond),
Eq. 6

1s 0.12 eV / Li. One contribution to this larger and positive value (vs. —=0.16 eV / Li
reaction enthalpy of the similar process of Clathrate VII) is the stability of
Clathrate I (0.28 eV / C more stable than Clathrate VII, see Table 1).
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At P =40 GPa, the reaction enthalpy for

8Li (cl16) + 8B (y-Bas) + Cyu6 (Clathrate 1) = 8Li@CssBs (R3¢) + 8C (diamond)
Eq. 7

is calculated to be —2.18 eV / Li. Again, the volume reduction of Li-doping and B-
substitution (—16.4 A3/ Li for Eq. 6) favors the formation of the 8Li@C33Bs at
high pressure.

We proceed to an abbreviated discussion of Clathrates IV, H, and II; more
details are provided in the SI (Sections S5-7).

Clathrate IV: B-substitutions motivated by relief of both bond angle
stress and bond length elongation. Clathrate IV has 6 fewer atoms than Clathrate
I, and one fewer cage in the unit cell. It is also called hex-Cy4y and was first
proposed theoretically in 1995.%° There was a study on doping Li and substituting
B for C, separately, for this clathrate,’ but the two perturbations were not tried
together. There are three [5'?], two [5!26], and two [5'26°] polyhedra in its unit cell
(see Figure 1(c)), and they are composed of C atoms at the 12n, 6m, 120, 6;, and
4h Wyckoff sites of the P6/mmm space group. Our optimized hexagonal unit cell
structure of Clathrate IV is shown in Figure 10.
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Figure 10. Optimized unit cell structure of C Clathrate 1V, with the C atoms
occupying the 24n, 6m, 120, 6j, and 4h Wyckolff sites marked with green, brown,
light blue, red, and blue colors, respectively.

There are eight types of C-C bonds in the unit cell with the following bond
lengths: 1.51 A for 120-4h, 1.52 A for 4h-4h, 1.53 A for 6m-6m, 1.54 A for 12n-
120, 1.56 A for 120-6m, 1.57 A for 12n-6j, 1.63 A for 12n-12n, and 1.66 A for 6;-
6j. With many bonds longer than the diamond norm (1.54 A) by more than 0.1 A,
Clathrate 1V is still fairly stable, with 0.13 eV / C relative enthalpy (Table 1)
compared to diamond. We think this is quite remarkable — organic molecules with
such long bonds are found only in a small number of strained molecules.” Similar
bond elongation also occurs in Si Clathrate I'V: the longest Si-Si bond in our
optimized structure is 2.47 A between the two 6j-6; sites, 0.13 A longer than the
bond in the Si diamond-like crystal. Clathrate IV is, as expected, a semiconductor
(see Section S5 in the SI for more discussion).

Li-insertion costs energy, as expected. As the detailed discussion in Section
S5 of the SI shows, the long 6j-6j and 12r-6;j bonds are even longer in 7Li@Cao,
consistent with their most significant gains of antibonding character (the most
positive incremental COHP values (Fig. S13 in the SI)) in the insertion.

Detailed in Section S5 in the Sl is also how we came to the B-substitution
pattern on three 65, two 12n, and two 4/ sites. With those substitutions, the number
of 6j C atoms that are shared vertices of two 6-membered rings are halved, and the
numbers of the stretched 12n-12n and 44-4h C-C bonds are reduced. The resulting,
we think representative, C2 7Li@C;3B5 has its unit cell shown in Figure 11.

22



Figure 11. The optimized unit cell structure of the representative C2 7Li@C33B.
Li, C, and B are represented by red, brown, and green spheres, respectively.

The doping and substitution reaction,

7Li (bcc) + 7B (a-Biz) + Cyo (Clathrate 1V) = 7TLi@C33B7 (C2) + 7C (diamond)
Eq. 8,

costs 0.32 eV / Li enthalpy. At P =40 GPa, the reaction enthalpy for the following
reaction,

7Li (cI16) + 7B (y-Bas) + Cyo (Clathrate IV) = 7TLi@C3;3B7 (C2) + 7C (diamond)
Eq. 9,

is —1.91 eV / Li. The volume change for reaction in Eq. 8 is —15.6 A3/ Li at 1 atm,
and this value changes little from Eq. 3 (-17.7 A%) to Eq. 6 (-16.4 A%), and to Eq.
8. That makes perfect sense, as the most significant volume change comes from the
release of the volume taken by Li solid, which is about 20 A3/ Li in the bec crystal.

Clathrate H: less room for lithiums. Although they share the same
P6/mmm space group symmetry, Clathrate H has six fewer C atoms and
correspondingly one fewer cage in its unit cell than Clathrate IV (see Figure 1(e)
and Table 1). Our optimized Clathrate H unit cell is shown in Figure 12. It features
four types of occupied Wyckoff positions and seven types of C-C bonds: 1.53 A
for 4h-4h, 1.54 A for 12n-120, 1.55 A for 120-4h, 1.56 A for 6i-6i, 1.56 A for 12n-
121 (||.), 1.57 A for 12n-12n (L.), and 1.57 A for 120-6i. The 120 C atoms are
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grouped into three squares in the unit cell and thus there are two types of
perpendicular 127-12n bonds, the ones that are perpendicular to the c-axis (labeled
as L. and shown as the light blue bonds in Figure 12) and the ones that are parallel
to the c-axis (labeled as ||.. Since only bonds that are completely contained in the
unit cell are shown in the figure, the 12n-12n (||c) bonds cannot be seen in Figure
12. They are more clearly displayed in Figure 1(e).)

Figure 12. Optimized unit cell structure of C Clathrate H, with the C atoms
occupying the 120, 4h, 12n, and 6i Wyckoff sites marked with green, brown, light
blue, and red, respectively.

Despite the cyclobutane-like squares in its structure (90° bond angles),
Clathrate H is only 0.14 eV / C higher in enthalpy than diamond, significantly
more stable than Clathrate VII. One obvious reason is that every C vertex in
Clathrate VII has two 90° bond angles, while only twelve (out of 34) in the
Clathrate H unit cell have one 90° bond angle each.

It takes 2.30 eV / Li to fully dope six Li atoms into the clathrate. Section S6
in the SI has a detailed analysis of the consequences, and follows through with a B-
substitution strategy based on relief of bond angle stress and bond length
modification ensuing from hypothetical Li-doping. Six 12n C atoms are
substituted. In addition to the stress and stretch, enlarging the small [435°63] cage
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(with the shortest 2.03 A center-to-cage minimum distance in Table 1) is a hidden
motivation for this substitution. A representative isomer of P31m symmetry is
shown in Figure 13. There are other isomers, close in enthalpy.

ae—"-sph

Figure 13. The optimized unit cell structure of the representative P31m
6Li@CssBs. Li, C, and B are represented by red, brown, and green spheres,
respectively.

The reaction enthalpy for the Li-doping and B-substitution reaction,

6Li (bcc) + 6B (0-B1y) + Ca4 (Clathrate H) = 6Li@CasBs (P31m) + 6C (diamond)
Eq. 10

is calculated to be 0.51 eV / Li. At P =40 GPa, as anticipated, the reaction
enthalpy for

6Li (cI16) + 6B (y-Bag) + Ci4 (Clathrate H) = 6Li@C23Bs (P31m) + 6C (diamond)
Eq. 11

becomes exothermic, by —1.79 eV / Li.

Clathrate II: most stable, least stabilized. Clathrate II, a common
structure for other nodes,”®?” has for carbon the lowest relative enthalpy with
respect to diamond, as shown in Table 1. The discussion here is abbreviated (see
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Section S7 of SI for further detail), as many of the points parallel what we have
found for the other clathrates.

The conventional unit cell of the Fd3m structure has 136 atoms, posing a
computational problem. But the 34 atom primitive unit is tractable. As Table 2 and
previous work'® by others indicates, this is the lowest enthalpy pure C alternative
to diamond among the clathrates, for the bond length and angle adjustments to the
strain of filling space are smallest. Li doping into the [5'?]4[5'26*], polyhedra of the
structure is accomplished with moderate repulsion (see Table 2); the [5'?] cages are
small, but the [5!26%] ones are relatively roomy.

A variety of strategies for B-doping were tried. There are many competitive
structures; the lowest enthalpy (by a little) one we have found is the P/ structure
shown in Figure 14.

Figure 14. Optimized structure (in a rhombohedral primitive unit cell) of a P1 B-
substituted 6Li(@C,sBs Clathrate I structure.

The signs of stabilization on B substitution are all there (see SI), in
“renormalization” of distances, and in enthalpy. The calculated reaction enthalpy
for

6Li (bcc) + 6B (a-Bi,) + Cs4 (Clathrate IT) = 6Li@CysB6 (P1) + 6C (diamond)

1s 0.52 eV / Li. At P =40 GPa (different structures for Li and B) it becomes -1.73
eV / Li. The two reaction enthalpies are the highest (least negative) among all five
clathrates considered; Li-insertion and B-substitution brings the least stabilization,
in accord with the most stable Clathrate II coming on the left hand side of the
reaction formula.
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Trying to stuff diamond with lithiums. The diamond “cavity” is tiny, with
a 1.68 A radius.”® Not surprisingly, trying to fill every cavity with Li leads in
theory to disruption of the lattice, with resultant C-C distances >3 A. If we then try
our strategy of compensating B atoms, since the initial stoichiometry is LiC, we
reach LiB, all carbons gone. Remarkably a material of this stoichiometry exists!**-
0L At P =1 atm, LiB features B needles (a karbin analogue). At the higher pressure
of 40 GPa, LiB is predicted to have a graphitic layer-type structure, and eventually,
above 80 GPa, a stuffed NaTl diamondoid structure.”

Competition: LiBC and vacancies. Two competing channels for xLi@C,B,
synthesis come to mind. The first is the formation of LiBC, a known stable
phase.!?? Taking the Li-doped-B-substituted Clathrate I structure for example, the
calculated reaction enthalpy for

8LiBC (P6y/mmc) + 30C (diamond) = 8Li@C3sBs (R3c) Eq. 12

is +2.01 eV at P =1 atm and +1.81 eV at P = 40 GPa. Here we have assumed that
LiBC maintain its stoichiometry and space group symmetry at the higher pressure.
Relaxation of this assumption simply makes the reaction more endothermic. One
should thus avoid pathways that involve LiBC in synthetic attempts directed at Li-
doped-B-substituted C clathrates. In clathrate formation, kinetic factors and space
filling are likely to play important roles, beyond thermodynamics. If there is a local
minimum on the potential energy surface, it may be accessible through fast
topologically directed kinetics and presence of templates, which need some time to
segregate away during phase transformation. Thus, in another context, zeolites are
thermodynamically less stable than sand, but they are synthesizable and separable.
LiBC, featuring a layer structure, should be “kinetically avoidable” from the cage
structure of xLi@C, B, (layer vs. cage, graphite vs. diamond).

Another possible channel is the formation of vacancies, instead of B-
substitutions, on the C sites. Alkali metal-inserted type I clathrates of other Group
14 elements with vacancies are well known, e.g., SRb@Sns0,, 8Cs@Snas0a,
8K @Gessms, and 8A@Snusm; (A being a mixture of K and Cs),! %1% with the
vacancies (0) preferentially in the 6c¢ sites.

The presumption, based on the above other Group 14 structures, is that each
vacancy formally removes a carbon atom. If four electrons per vacancy are added,
one has effectively four carbanions, so one needs two C vacancies per eight
inserted Li atoms, to formally satisfy the octet structure. The vacancies are places
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of local electronic stress — the carbanions would be only 2.6 A apart in unrelaxed
structure.

We have calculated several models for 8Li@Cas02; the details are given in
Section S8 in the SI. The C’s surrounding the vacancies become less pyramidal,
and move apart, to C-C distances greater than 3 A. The Li’s around these anionic
sites move in, in an attempt to stabilize the structure.

It is not easy to calculate the relative energetics of competing formation of
vacancies and B-substitution. For the vacancy model, we calculate the reaction
enthalpy for!"’

6C (diamond) + 8Li@CssBs ( R3¢) = 8Li@Cy40, (Cc) + 8B (a-rhombohedral)
Eq. 13

and the result is 1.38 eV / Li; it increases to 1.75 eV / Li at P = 40 GPa and with
the 8B taking the most stable phase (y-Bas) at that pressure. Given the kinetic
convenience to access boron, the synthesis of 8Li@CssBs (R3c¢) should be
competitive with vacancy formation.

CONCLUSIONS

In the preceding sections we have given a blow-by-blow description of what
transpires when the cavities of five carbon clathrates are first filled by lithiums.
And when a corresponding number of borons are then inserted into the clathrate
framework, replacing carbons. It is time to summarize the results. In doing so, we
deemphasize the energetically costly Li-stuffing. This process is unrealistic, and
was just a conceptual step for us, to guide us to a strategy for B substitution. We
also reiterate a point we made before: there is absolutely no guarantee that for any
xLi@C,B, solid we have found the global low enthalpy isomer. We do believe that
the isomers on which we have based our numerical analyses are representative
ones.

With this caveat, we present in Table 2 a summary of the important results
for xLi@C,B,, the Li-doped-B-substituted clathrates. The formation enthalpies for
those systems are also given in the table, in addition to the Li-doping-B-
substitution enthalpies, since the synthesis pathway is not necessarily through
forming C clathrates first and making Li-doping and B-substitution later. The two
enthalpies are connected through the formation enthalpies of the C clathrates and
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qualitatively show the same trend. Since those formation enthalpies of the C
clathrates are all positive (relative enthalpies in Table 1), the formation enthalpies
in Table 2 are all shifted up compared to the Li-doping and B-substitution
enthalpies. Still, the —0.46 eV / Li formation enthalpy for 8Li@CssBs at P =40
GPa is encouraging. It would also not be unrealistic to consider beryllium instead
of boron substitution at cage positions. This may lead to more local strain but
fewer impurity positions in the clathrate structures.
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Table 2. Calculated properties of the five Li-doped-B-substituted carbon clathrates investigated in this paper.

structure enthalpy for | formation | rccrange /A | rpc range /A | £¢ range /° | band gap?/
Li-doping and | enthalpy eV
B-substitution |/ eV per Li®
/ eV per Li*

I 8Li@C;3Bs 0.12, 2.18 0.74,-0.46 | 1.57-1.62 1.63-1.70 102-126 1.8,2.9
II 6Li@CyBs | 0.52,-1.73 0.94,-0.15 | 1.56-1.63 1.63-1.71 104-123 1.1,2.2
IV 7TLi@Cs3B; | 0.32,-1.91 1.06,0.09 | 1.54-1.66 1.60-1.80 104-125 14,2.6
VII 2Li@CB, | -0.16,-2.61 |2.15,1.50 |1.57-1.59 1.65 84-122 0.6, 1.3
H 6Li@CxBs | 0.51,-1.79 1.27,0.31 | 1.53-1.62 1.66-1.69 84-121 1.3,2.2

2 Both the enthalpies at P = 1 atm (first) and 40 GPa (second) are given.

b Both the enthalpies at P = 1 atm (first) and 40 GPa (second) are given. The enthalpies are calculated for the reaction xLi + xB + zC =
xLi@C:By, with C always being diamond, Li and B in their respective stable phases at the two pressures, e.g., see Egs. 6 and 7.

¢ All four types of angles, CCC, CBC, BCB, and CCB, are included; a further breakdown can be found in Section S8 in the SI.

4 The two values correspond to the gap extracted from the conventionally calculated DOS and the GOWO gap.
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We have in several ways shown that Li-filled B-substituted clathrates are
stabilized:

1. B-substitution lowers substantially the enthalpic cost of inserting Li atoms
into clathrate cages (compare the last column in Table 1 and the first values
of the second columns in Table 2). At P = 1 atm, this stabilization amounts
to about —2 eV / L1, and it occurs even for clathrates with small cages that
really do not have room for a Li-dopant, e.g., [5'?] and [4°5%6%].

2. The resulting clathrates, for the five cases we have studied, show a
reasonable range of C-C and C-B bond lengths, especially in comparison to
the Li-doped clathrates without B-substitution. The structural features of the
clathrates are not altered by Li-doping and B-substitution, as demonstrated
by the similar ranges of bond angles in Tables 1 and 2. Also, all the resulting
clathrates display a semiconducting electronic structure. The Li-doping-B-
substitution does reduce their band gaps. Elevated pressure enhances the
theoretical stabilization (compare the two values in the second or third
column in Table 2).

We have explored a range of strategies for deciding just where in the
clathrates boron substituents will go— symmetry, charge distribution,
strengthening bonding, relieving angle and distance strain. These ideas lead us to a
representative low enthalpy Li-doped-B-substituted candidate for each type of
clathrate we study, but it is apparent that in each case there are several
enthalpically competitive structures.

We have also investigated two possible competing channels for xLi@C,B.
synthesis: formation of LiBC and C-vacancies. LiBC formation is
thermodynamically favorable, but we think it can be kinetically avoided due to its
fundamental structural difference from xLi@C,B,. C-vacancies, established for
other Group 14 clathrates, we think are too costly a way to stabilize Li-insertion in
comparison to B-substitution, especially when boron is accessible.

Here is what we have not done, nor do we think we can do:

1. Find the global minimum B-substitution pattern for each stuffed
clathrate.

2. Search in a random way for alternative structures of each stoichiometry.

3. Come up with a criterion for deciding for any C«(LiB), composition
which clathrate structure will be taken up.
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4. Calculate the activation energies for isomer interconversion.

Several (many) structures, all stabilized and of similar enthalpy, emerge for
Li-doped-B-substituted carbon clathrates. And all these are likely to be kinetically
persistent, i.e., to have large barriers to interconvert at P=1 atm and T =298 K —
they are after all strongly bonded organic molecules. We believe the consequence
of these two facts points to a variety of possible outcomes when a way is found (it
will be!) to the synthesis of the Li-doped-B-substituted clathrates. And that an
amorphous material is a likely product. The entropy effect arising from many ways
of distributing B-substitution sites will also favor the formation of amorphous
material.

COMPUTATIONAL METHODS

All solid state electronic structure calculations are carried out using the
Vienna ab-initio simulation package (VASP-5.3.5),!% 11! with the projector
augmented-wave (PAW) potentials'!>!!* and PBE functional.!!'*!!> K points are
automatically generated using the Monkhorst-Pack scheme!'® for Clathrates I and
VII that have cubic unit cells, and their Li-doped and B-substituted derivatives. For
Clathrates IV and H with hexagonal unit cells, the I'-centered K-mesh is used. The
density of K points is systematically increased until the enthalpy converges within
0.0001 eV / atom. A plane-wave energy cutoff of 520 eV is used throughout.
COHPs are obtained using the program LOBSTER-1.2.0.!'7:11¥ We employ
FINDSYM!!%120 ¢ find the space group symmetry of our optimized structures. The
five 8Li@C33Bsg isomers with the largest possible subgroups of the cubic pm3m
space group of Clathrate I (shown in Fig. S8 in the SI) are obtained using
ToposPro,'?! which is also used to check all the topologies. All unit cell structures
are plotted using VESTA 3.1.6.'2* The neopentane and B(CH3)4 calculations in
Section S3 in the SI are carried out using the GAMESS-US program package!?>!124
with the PBE functional and cc-pVTZ basis set.'?® Their natural bond orbital'
analyses are done with NBO 6.0.!%” Molecular structures are plotted using
MacMolPIt 7.4.4.128

Two band gaps are reported for each compound, one from the conventional
DFT DOS calculation, the other calculated at the GOWO level of theory. From the
DFT calculated band structure, it is clear between which k points the band gap
occurs, and then we calculate GOWO0 band gap by subtracting GOWO energy levels
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of HOCO and LUCO at the respective k points. While the GOWO0 band gaps are
more quantitatively meaningful, qualitative discussions such as COHPs are based
on the conventional DFT DOS. Despite the substantial difference in quantity (up to
1.7 eV) between the two sets of band gaps, they vary with the same trend, i.e.,
clathrates with more 90° bond angles have smaller band gaps, and Li-doping-B-
substitution reduces band gaps.
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