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ABSTRACT

High energy irradiation of diamond produces point defects that are observable by
spectroscopy. While many defects have been confirmed such as the monovacancy V;, the
divacancy V,, and various interstitials, most remain unidentified. The prediction of the properties
of these defects through computational modeling is an important ally in solving these mysteries.
Computational work on smaller vacancy clusters V, in diamond had previously been performed
with n up to 14 but these were always done with assumptions about that structures of the low
energy clusters. A novel generational algorithm has allowed for the identification of the low
energy clusters without structural bias. By going beyond n=14 insights have been made into the
structural optimizations of large voids in carbon materials, which is important in helping describe
Carbide-derived carbons (CDCs) at the atomistic level. Studying the mechanism of V, formation
has uncovered multiple stable non-contiguous divacancy structures with high spin that may be
found in the ESR. The unique environment of vacancy clusters, within the rigid framework of
the diamond lattice, gives rise to unusual carbon-carbon bond lengths. Molecular analogous
where this kind of bonding can be found are rare but paracylophanes—which undergo [4+4]
cycloaddition, spanning the spectrum of sp? to sp>-hybridized carbon—are one example. This
process mimics the diamond-to-graphite transition, the modeling of which offers valuable

insight.
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CHAPTER 1

INTRODUCTION

Until the discovery of buckminsterfullerene in 1985* carbon was known to exist primarily
in three solid allotropes: diamond, graphite, and amorphous carbon. In diamond, each carbon
atom is tetrahedrally bonded to its neighbors creating a sp* network and are broadly divided into
two types: cubic and hexagonal. Cubic diamond belongs to the Fd3m-0/. space group, has eight
atoms in the unit cell, and a lattice constant of 3.56692. All bond lengths are equivalent to 1.54 A.
The structure repeats after the third layer, or has an ABC motif. Cubic diamond may be further
divided into types la, Ib, Ila, and I1b based on impurity concentration (primarily nitrogen) and
subtle differences in the absorbance spectra, particularly the ultraviolet (UV) and infrared (IR);
however, there are no noticeable variations in the lattice constant between these types®.
Hexagonal diamond was first reported in 1967° and has the same cyclohexane-like layers as the
cubic form but repeats after the second layer (ABA pattern). The result is a structure with lattice
constantsa = b # c, where a = 251 pm, ¢ = 412 pm, and the interatomic distances are the same
as found in cubic diamond. Except where noted, all references to diamond herein assume the
cubic variety.

Graphite is quite different, displaying an aromatic network of sp? bonded carbons
separated into planar sheets, about 3.4 A apart’. Graphite competes energetically with diamond
and at ordinary temperatures and pressures is slightly more stable’ by 2.9 kJ mol™?, owing
primarily to the energy gain of aromaticity in forming the sp? planar network. The structure is

hexagonal with the aromatic layers offset in such a way that the Cg units do not directly overlap.



Instead, the Cg unit of one layer is positioned so that an atom from the Cg unit above or below is
positioned directly in the center of the ring®.

Amorphous carbon is defined by its complete lack of long-range regularity’ and
crystalline structure. Natural sources of amorphous carbon—such as soot—can contain
impurities of both graphite and diamond. The advent of fullerenes, such as Ceg, has increased the
data bank of carbon allotropes to include many carbon molecules. Chief among these are
nanotubes®, which can be thought of as cylindrically shaped fullerenes that may be open or
closed at either end.

No crystal is flawless and several kinds of imperfections deform the ideal diamond
lattice. Aside from the fact that most diamond samples are mixtures of type I and Il, inpurities
may contaminate the solid (most notably nitrogen and boron)®. Another imperfection is the point
defect, a distortion localized to a few neighboring lattice sites. The simplest point defect is the
vacancy, which is a displaced atom from a lattice site. Isolated vacancies have an energetic
motive for aggregation (to minimize ‘dangling bonds’) and this thesis deals with contiguous
vacancy clusters V,, n vacancies that would be connected in the diamond lattice had they not
been absent. VVacated atoms may be displaced into non-ideal locations forcing abnormal bonding
schemes between itself and its newest neighbors; such a defect is known as an interstitial. When
a vacancy and interstitial occur in nearby space they are referred to as a Frenkel pair®.

The absorption spectrum of natural diamond has been well studied. Like most insulators,
the spectra for diamond is “transparent at long wavelengths and absorb strongly for wavelengths
shorter than a certain value’.” The change in absorbance is abrupt and is attributed to the
transition from the valence band to the conduction band, and is thus a measure of the band gap.

In type Ila diamond the absorbance lacks any sharp peaks until a rapid rise at ca. 5.5 eV. When



diamond is irradiated with high energy electrons, neutrons, or gamma rays®, sharp peaks are
observed within the forbidden gap.

Many of these peaks have been assigned to specific point defects in the literature. The
GR1 band (for general radiation, Clark’s nomenclature®) with a zero-phonon line at 1.674 eV has
been attributed® to the transition from the ground 'E state to an excited T, state in the diamond
monovacancy. The negatively charged monovacancy has been identified*® with the ND1 band
(natural diamond®) at 3.149 eV, as well as from the S1 electron paramagnetic resonance (EPR)
center'! with S = 3/2 . Though the ground state of the neutral vacancy is closed shell (see below)
the °A, excited state of the neutral vacancy has been identified'? via EPR. Other successes of
EPR spectroscopy in diamond have been cited®® in identifying higher vacancy chains, along the

‘zigzag’ <110> direction, V, , where n = 3, 4, 5, 6, 7, 8. Higher vacancy clusters withn =9, 11,

13 have been tentatively assigned** as well from their S = 1 centers. The proposed structures of
Vi1 and Vi3 do not match the low energy clusters predicted by Laszlo, et al.'®> by symmetry and
we discuss the plausibility of these structures.

The first theoretical treatment of the monovacancy in diamond was given by Coulson and
Kearsley™®. They begin with a model in which an atom is removed from the lattice revealing four
“dangling bonds,” or sp® hybrid orbitals directed towards the vacated atom. The dangling bonds
are each occupied by a single electron, for a total of four, arranged in a tetrahedral of Ty
symmetry. The linear combination of atomic orbitals (LCAO) of the dangling bonds is used to
find the suitable symmetry-allowed wave functions. The result is a configuration that lies within
the band gap including one singly degenerate orbital of A; symmetry lying below a triply
degenerate set of symmetry T,. Coulson then considers all possible electron configurations and

their resultant states, which are linear combinations of Slater determinants. The energies of



configurations are calculated by solving the Schrodinger equation with a Hamiltonian that
includes approximate potential energy terms expressed as Coulomb repulsions in the field of

electron charge clouds,
1 1
H= E Ti+Vit ;) —

Vi=Va+ Vi + Vi + Vi,

where i, j index the vacancy electrons (four when neutral) and V,; accounts for the attraction
between vacancy atom A and vacancy electron i as well as the repulsion due to two core shell
electrons on atom A and the repulsion from the remaining three hybrids. The energies may then
be calculated via method of variations. Coulson found the neutral vacancy to be in a ground state
'E, lying about 2 eV below a °T; state, verified by magnetic circular dichroism in 1977%. Jahn-
Teller relaxations™® occur when a degenerate orbital is partially filled (Figure 1). In such a case,
the symmetry will be lowered by splitting the degeneracy of the partially filled orbital into two
new orbitals, one of higher energy and one of lower energy with the lower energy orbital now
filled to yield a closed shell configuration. Though a one-electron model of the monovacancy in
diamond is subject to Jahn-Teller relaxation, the ground electronic state precludes this
deformation. The relaxation may be dynamical with a low activation barrier. In any case, a
simple one electron theory is not sufficient in describing the electronic states of the
monovacancy. The ground state is closed shell and the geometry distorts symmetrically,
retaining T4 symmetry, and the center is has not been identified with an EPR spectrum. Whether
the distortion is inward or outward has yet to be verified. While the monovacancy in diamond
has been well studied the true nature of the geometry is not understood and information about
higher vacancies in the literature is sparse. The few experiments that been performed on multi-

vacancy clusters is tenuous. Accurate calculations are needed to understand and identify peaks
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found in the absorption spectra of irradiated diamonds. Knowledge of the stabilities of high

vacancy clusters will give insight into the mechanisms at work inside porous carbon materials.
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Figure 1. A one electron theory predicts the symmetry of the monovacancy’s
nearest neighbors in diamond to be reduced from T4 to Dyg. TBDFT predicts Cypy,
symmetry (see Table 2).

The stability and formation preference of extended contiguous vacancy clusters in
diamond give atomistic insight into the electrical mechanisms of carbon porous materials, such
as the carbide derived carbon supercapacitors of Gogotsi’s group™. Initially, it appears that
adamantane-like (Figure 2) vacancy structures are favored—because closed clusters minimize
dangling bonds—Dbut eventually graphitization of the atoms becomes energetically competitive
and then favorable. In addition to interesting electrical properties, nanoporous carbon materials
potentially offer new opportunities for gas sorption and transport*®. Small vacancies have been
studied using the supercell periodic boundary condition and finite cluster method. Simple force
field simulations based on a Brenner® or Dreiding®* potential allow theoreticians to get a first-
approximation to how simple gases such as hydrogen and oxygen react or remain unreacted
inside the studied cavities. It is the purpose of this thesis to develop insight into the stabilities of
higher vacancy clusters in diamond to learn the nature of the reconstruction around the voids as a
model for porous carbon materials. Quantum effects are necessary to model large vacancy

clusters because of the inevitable competition between sp? and sp® hybridization. The



Figure 2. Closed loop “adamantine” structures that may be excised from the diamond lattice by
removing the carbon atoms sequentially as numbered.

large number of structures that we deal with necessitate an economical method and we choose a
tight-binding density functional approach® to deal with most clusters with higher levels that

include electron correlation for special cases.
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CHAPTER 2

SIMULATIONS OF LARGE MULTI-ATOM VACANCIES IN DIAMOND"

Abstract

We generated and evaluated energetically a very large number of vacancy V, clusters
representing nanosize voids or cavities in diamond for n up to 14 using a new generational
algorithm. We evaluated the relaxed geometries and energies of these contiguous vacancy
clusters using a tight binding density functional theory (TBDFT). For up to n=7 we generated all
possible structures and evaluated their relaxed geometries. For n=8 through n=14 we selectively
generated a large number of vacancy clusters and obtained highly stable structures and their
energies. By analyzing the energy levels and the corresponding orbitals, we identified the surface
states of the voids and their symmetries. Significant differences with respect to vacancy clusters
in silicon were found. The results were interpreted by finding that certain structures become
relatively more stable due to a process we call local graphitization, which can be identified by a
tetrahedron of graphitization (TOG), and it can be characterized by elongation of certain carbon-
carbon contacts and by the concomitant appearance of new states in the gap. The beginning of
graphitization, as indicated by geometrical and energetic descriptors in small stable vacancy
clusters, may have a role in the formation mechanisms of various sp? hybridized structures in

carbons.

“ Reproduced with permission from [Laszlo, I.; Kertesz, M.; Slepetz, B.; Gogotsi, Y. Diam Relat. Mater. 2010, 19,
1153-1162] Copyright [2010] Elsevier.



1. Introduction

With the recent development in the production of porous carbons with controllable pore
size® the basic question arises: what are the stable pore sizes and shapes in porous carbons on the
nanoscale? The size and shape of pores have a profound effect on the energetics of adsorptive
storage, which is of great potential technological importance. The problem of modeling a

missing group of n atoms—a V,, vacancy cluster—has received considerable attention in silicon,

2- -1
I 5 |6 0

providing a basis of comparison for similar experimental™ and theoretical®~ work on diamond
vacancy clusters. Due to the rich chemistry of carbon with its unique energetics of the close
lying sp, sp?, and sp® states (as opposed to the typically sp® hybridized silicon) suggests that
stable carbon vacancy clusters might display a dazzling variety of shapes and sizes. These
clusters will also greatly affect the optical properties of diamond. The literature on the modeling
of vacancy clusters in diamond has been limited to either small clusters or to selecting

representative samples from the astronomical number of combinatorially possible structures. Our

goal is to:

a. Enumerate all distinct structures of V,, vacancy clusters with increasing n.

b. Evaluate a large number of V,, vacancy clusters (evaluation of all for large n is not
possible) at a realistic level of quantum mechanical theory. Then, describe the
optimized structures, their electronic states and total energies and any emerging

trends in these descriptors.



c. Interpret the driving forces of the distortions originating in the ability of the
dangling orbital electrons to form multicenter combinations that lower the energy of
the vacancy clusters.

A simple model of electronic structure of these systems can be obtained by imagining the
vacancy cluster as being generated by severing the bonds and removing n atoms following the
model developed for V; by Coulson and Kearsley.?® The number of such severed bonds, sb,
depends on n and the topology of the given vacancy cluster. E.g. sb=4 for V3, sb=6 for V, Each
severed bond leaves behind an sp*-like dangling bond orbital with a single electron. These
dangling bond orbitals form various multicenter combinations, the lowest one being always the
most bonding. In all cases we encountered in this work we found the lowest orbital is sufficiently
stabilized to make it appear below the highest occupied band energy level, similar to the a;
orbital for V; found by Coulson and Kearsley. Therefore, the number of dangling bond orbitals
within the gap is less than sb. We will refer to these dangling bond orbitals within the gap as s
before relaxation and s’ after relaxation. These levels in the gap are mostly dangling bond levels
and the geometrical relaxation of the vacancy cluster tends to increase s' relative to s. Due to the
multicenter bonding specific to each vacancy cluster, it is also expected that the simulation will
produce carbon-carbon contacts that are unusual in terms of coordination numbers and geometry.

Given the large number of possible structures for larger n (for details see later) it was
necessary to develop an algorithm that generates low energy structures. The diversity of stable
structures without structural bias needs to be known before any atomistic interpretation of
medium and large vacancy clusters can begin. If in fact these structures do not show structural

diversity that needs to be known as well. Alas, due to the extremely large number of possible

10



structures highly accurate ab initio methods'? can be used only for a very limited number of
vacancy clusters. TBDFT* level of theory offers qualitative and even sometimes quantitative
results. Even the more sophisticated conventional ab initio methods’™ have to be improved to
obtain the level of accuracy offered e.g. by Quantum Monte Carlo methods in the relatively
simple case of a monoatomic vacancy (V1) in diamond.*?

The paper is structured as follows. First, we briefly review previous work on Si and
diamond vacancy clusters. We discuss “adamantane-like” structures which ought to be
particularly stable by simply counting the number of bonds cut. Then, we develop an algorithm
to generate connected vacancy clusters, V,, of increasing number of n missing atoms starting
from a monoatomic vacancy, V1. This is followed by a description of our results obtained for the

most stable V,, vacancy clusters for n=1,2,...14.

2. Vacancy clusters in diamond

In diamond, more than 500 electronic and more than 150 vibrational optical centers have
been documented.*”*® The purpose of this section is to review key information relevant to the
discussion. About half of these defects are believed to be related to impurity atoms which are
outside of our scope. In our paper we shall study the defects related to connected V, vacancy
clusters. Single vacancies and interstitials can be produced by irradiation of diamond and the
interstitials can be removed by annealing at about T = 400 °C.?® It was found® that by annealing
at T =600 °C, single vacancies V; migrate and form divacancies V. Divacancies anneal out at T

= 800 °C producing a series of EPR active S = 1 centers labeled R5, O1, R6, R10, R11, and
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KUL11.% % 2* These centers are respectively associated with (110) -oriented vacancy chains with

n = 3 to 8 by lakoubovskii and Stesmans?, although the concentration of the n-vacancy chains
rapidly decreases with n. At T = 1150 °C all of these vacancy chains anneal out producing more
stable vacancy clusters.” .

Baker’s model for vacancy cluster formation® assumes that the clusters of vacancies must
have been created by accumulation of migrating vacancies such that a “family tree of ancestors”
with sufficient stabilities and life times can be identified. From this genealogical approach it
follows that the steps to accumulate any particular cluster must involve precursors with the same
configuration of vacancies, less one or two adjacent vacancies. These precursors must have been
relatively stable and they should be observable as independent defects.® Baker’s approach
revealed some shortcomings of earlier models and provides useful guidelines for vacancy cluster
growth. The consideration of genealogy of vacancy construction® is built into our algorithm
described in Sec. 4.

Hounsome et al.?® studied <110> vacancy chains, multi-vacancy clusters and vacancy
discs in diamond using DFT with the AIMPRO and DFTB codes®®#’. The multi-vacancy clusters
under study were the clusters a-V, (from n = 1 to n = 14) of Fig. 1 and their formation energies
were calculated inthe S =0 and S = 1 spin states with the AIMPRO method. These clusters were
obtained by minimizing the number of dangling bonds in analogy to Si vacancy clusters. In all

cases, the more compact adamantane-like clusters were more energetically favourable than the

<110> chains. Exceptionally stable clusters were found with the Vs, V10 and V14 adamantane-like

12



FIG. 1. Labeling of vacancy clusters. If it is not stated otherwise the vacancy cluster V, is
labelled in the order of removal of vacancy atoms. E.g. a-Vs and a-V;, correspond to the

removal of the first six and ten atoms in this figure, respectively. Clusters generated in this
manner are all “adamantane-like” and are denoted as a-V,.

vacancy clusters just as in the case of silicon, but for the diamond Vs, they did not obtain the
healing phenomenon described by Hastings et al.'® Further, they observed that the {111}
vacancy disc, consisting of a {111} double plane of vacancies, had a much lower formation
energy per vacancy at 1.20 eV than any of the multi-vacancy point defects. However, as stated in

the introduction, no systematic large scale generation of clusters and their geometry optimization

has been performed so far.

3. Energy calculations and structural descriptors

In our total energy calculations we used TBDFT*! in the framework of periodic boundary
conditions for the conventional cubic supercell of (N - n) atoms. n varied from 1 to 14, and N
was 216. This parametrized non-SCF method uses only one s and three p orbitals on each carbon
atom and has well known limitations but it is very fast computationally. The equilibrium
positions of the atoms were determined by the conjugate gradient method and due to the large
number of possible cases we restricted ourselves to the TI'-point approximation. In each V,
cluster calculation, we first doubly occupied the lowest 2(N-n) energy levels of the available

4(N-n) levels. For determining the most stable structures we developed an algorithm to generate
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V, vacancy clusters from those of the previous generation V.1 by adding a V. The most stable
vacancy cluster generated is V, 1 and V,, i is the k-th in the order of stability.

After generating a list of V,, ¢ vacancy clusters having decreasing stability with increasing
k, we recalculated the geometry of the most stable ones for testing our results obtained by only
50 conjugate gradient steps using partial occupation numbers when the highest orbitals were
degenerate. The surface atoms are defined as those with one or more cut bonds. A bond is
considered cut if either it has a neighbour in the V, or if its original first neighbour distance
increased due to relaxation to a distance greater than 1.9A. A vacancy atom with three cut bonds
defines three adjacent surface atoms. The distances among these are denoted by ry, ro and rs. A
vacancy atom with two cut bonds defines two surface atoms; their distance is marked by r..

Distances between a four coordinated atom and its neighbors are referred to as r,, r,, roand ry.

The deformation of the surrounding of such a motif adjacent to vacancies leads to the shortening
of three bonds, and the lengthening of a bond perpendicular to the plane of these three bonds
defined by the corresponding three neighboring atoms. We used tetrahedra to describe these
locally distorted “graphitized” structures helping to identify these situations effectively. We use
the term tetrahedron of graphitization, TOG, to identify these structural motifs that play a key
role in this work.

For comparison we provide the corresponding distances of the ideal diamond structure in
parentheses when needed. For reference, our optimized diamond structure corresponds to rec =
1.5487A. The symmetry of a V, is defined by the symmetry of its surface atoms. We have
calculated the symmetries of the orbitals using only its coefficients on the surface atoms. Thus,

nA is the n-th molecular orbital that belongs to the irreducible representationA . Thus e.g. 429a,,

14



refers to the 429-th orbital A; irreducible representation. For the N=216 supercell without
vacancies (n=0), we obtained for the Highest Occupied Molecular Orbital and Lowest
Unoccupied Molecular Orbital: HOMO = -5.17eV and LUMO = 2.27eV which were used as the
gap of diamond. We also refer to the total weight on the dangling orbitals of various orbitals that
play an active role in the properties of a given V. These are normalized sums or atomic orbital

coefficients on the surface atoms of a vacancy cluster and help identify bulk vs. surface states.

4. Algorithm for generating connected vacancy clusters”

In the previous sections, we have seen two procedures for generating vacancy clusters.
They are the hexagonal ring clusters (HRC) and the spherically shaped clusters (SPC) method.
The HRC method can be seen as a procedure for minimizing the number of dangling bonds, N, .

Both procedures remove atoms one after the other from an ideal diamond structure. If a vacancy
cluster V, has already been generated, the next Vy+1 cluster can be generated in several ways by
removing one atom that is directly connected to another in V,. The number of such sites grows
fast as n increases. A particular V.1 cluster so generated can be identical to another if they can
be transformed into each other by translation, rotation, reflection or any combination of these
transformations.

The following algorithm generates our vacancy clusters of n missing adjacent atoms from

the lattice for each n, starting with V;. The algorithm uses a diamond lattice (the Ur lattice) on

“ Algorithm developed by Istvan Laszlo
15



which some of the steps of the algorithm are executed. All calculations refer to periodic

boundary conditions using a supercell with N - n atoms (N sites, n vacancies).

1.

2.

7.

We start with the monoatomic V; vacancy, and increase n one by one.

Generate all possible V,, vacancy clusters on the lattice by adding one neighboring atom
in all possible positions for each of the V.1 vacancy clusters that were generated in the
previous step with sufficiently low energies to be kept on the list.

Eliminate the inequivalent vacancy clusters on the Ur-lattice based on the eigenvalues of
the modified adjacency matrix and only one of each equivalent set is kept. The number of
the inequivalent structures in step n is I,.

Optimize the geometries of all I, structures.

Calculate the formation energies for all V, vacancy structures obtained.

Keep only the M, lowest energy vacancy clusters. M, should be as large as permitted by
the computational facilities.

n-> n+l, and GO TO 2. The process terminates at a predetermined n value.

Steps 2 and 3 are executed on the ideal Ur-lattice, not on the optimized structures (even if

those are available), turning the process into a discrete problem. In Step 2, the algorithm checks

all atoms on the inner surface of each of the M,.; vacancy clusters adding one more missing atom

from that surface. The surface is defined as atoms that have less than four adjacent (connected)

atoms. A practical element of this modeling is that the connectivities of each structure can be

easily reconstructed. Selection of equivalent structures in Step 3 was done by diagonalizing the

modified adjacency matrix, D which is defined as the transformed interatomic distances, ri;:

D, = eXp(_ari,j) (3)
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Two structures are considered equivalent if their eigenvalues are the same. In our calculations we
used a=1.0A™. The conventional adjacency matrix, A, is obtained from D when only first
neighbor distances are considered which are all taken to be the same. The advantage of
diagonalizing D instead of A is that certain structures that are degenerate for A are not
degenerate for D allowing a finer discrimination of structures. This is important, since in the
selection process degenerate structures, if kept, would create a computational overload and may
significantly reduce the diversity of the final structures. Using the abovementioned algorithm, we
have calculated the number of all possible vacancy clusters in the range from V; to V4. The
notation n(p/q) means that the number of all possible V, vacancy clusters is p which was reduced
to q inequivalent ones. We obtained the following results: 1(1/1), 2(4/1), 3(6/1), 4(8,3), 5(30/7),
6(83/24), 7(328/88), 8(1357/385), 9(6617/1713), 10(32417/8112), 11(167511/38865),
12(869139/190081), 13(4574468/937194), 14(24139560/4660000). (The last q value for n=14
was extrapolated.) Thus the algorithm generated, for example, 167511 V;; vacancy clusters with
only 38865 inequivalent ones.

In Step 4, the geometry optimization was done with a conjugated gradient method for
each of the I, structures. The geometry relaxation process typically required at least 50 steps.
The most stable structures were determined by filling up the lowest one electron energy levels. In
the case of degeneracy, we used the accidental order of the eigenvalues generated by the
computer. We choose N = 216 for the diamond supercell with n up to 14. In Tables Sl through
Sl we present the genealogy of all V,’s with their respective formation energies. For 8<n<14

the same information is given only for the ten lowest energy structures in Table SIV.

17



In Step 5, the relative stability of the n-vacancy clusters was expressed by the formation
energy E; :

n n N-=n
Ef = Evac _T Echyst (4)

The formation energy per vacancy isEjy, = E7 /n. HereEl,. is the total energy of a supercell

with (N - n) atoms and E} . = E?

oryst = Evac:

Step 6 refers to the choice of M,. For small n the maximum value of M, is (max(My).
This number is limited (e.g. max(Mz)= max(Ms3)=1) but max(M,) rapidly raises with n to
astronomical numbers. Up to n = 7, we included all possible vacancy clusters, for n > 7 we used
the following parameters M7 = Mg = Mg = M3y = M1; = 5 and My, = M3 = 7. Table SV contains

genealogical information on how the different structures can be generated from their “parents”.

5. Results

We present the outcomes for each of the V,, vacancy clusters. Fig. 1 contains the atomic
numbering, Fig. 2 and 3 show the most stable vacancy clusters, and Fig. 4 and 5 contain specific
vacancy clusters used in the analysis or because of earlier discussions of these structures in the
literature. Figs 2 -5 contain relaxed (columns 5 and 6) and unrelaxed (columns 2 and 3)
geometries of the respective V,’s. Column 4 shows the removed atoms which are also indicated
in columns 2 and 6 in addition to the surface atoms of each V,. Notation used in the earlier
literature is adjacent to the symmetry labels of the relaxed structures in column 7. Column 1
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contains the symmetry of the ideal unrelaxed structures. Figs 6-9 illustrate specific cases and
their geometrical descriptors. Figures S1-S3 (see the Supporting Data Section) show the energy
levels and symmetries of the dangling bond orbitals. In Table I, we collected characteristic
distances obtained for the relaxed geometries. These are analyzed after the discussion of the
specific diamond vacancy clusters with n=1 through 14. Further detailed analysis of the specific
vacancy cluster energy levels and geometrical characteristics are given in the Supporting Data
Section. For several vacancy clusters we confirm earlier assignments, while for some vacancy
clusters a novel interpretation is offered based on the presented modeling.

V; vacancy

According to experimental and theoretical results®®%% 2% %

the neutral monovacancy in
diamond has T4 symmetry (Figs 2 and 6). Vi in Si undergoes a T4 to Dy distortion.'® Coulson
and Kearsley?® and later Yamaguchi®! assumed that the electrons in the dangling orbitals
surrounding the vacancy primarily determine the electronic properties. In our TB calculations,

the HOMO was a triply degenerate non-bonding t, orbital containing two electrons, that is sb=4

and s=s’=3. In order to obtain a Ty symmetry relaxed structure in the conjugate gradient
procedure we used a fractional occupation number of 2/3 in the HOMO (Fig. S1). In the relaxed
structure, the four three-coordinated carbon atoms define the size of the tetrahedron-like void
with a side of 2.61 (2.52) A. The first neighbors of the vacancy atom experience an outward
displacement of 0.044 A while the second neighbors undergo a 0.024A inward displacement.
These values are similar but smaller than in previous work.”* We obtained a formation energy of

7.538 eV for V;. Local density calculations gave 7.2 eV formation energy on a supercell of 64
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atoms.* Without any constraint to the symmetry, we obtained 7.272 eV for the formation energy

with a geometrical distortion to C,, symmetry (Table SI).

V; vacancy

The removal of two neighboring atoms from the diamond structure yields a defect with
D,, symmetry?® 3% (Figures 2, S1) that contains six dangling bonds (sb=6) and six electrons.
Upon geometry relaxation, a Jahn-Teller distortion drives the structure to C,, (Fig. S1). The two
equilateral triangles formed by the dangling bond atoms around the three-fold axis changed to
two isosceles triangles with the following distances: r, =2.50(2.52) A, r, =2.63 (2.52) A,
r, =2.63 (2.52) A (Fig. 7). Besides the changing of the symmetry we observe on average a
small increase of the interatomic distances of the two triangles. The R4/W6 EPR center observed
in irradiated diamond is attributed to the neutral charge state of the divacancy®® **. EPR
measurements at 80 K showed that it has S = 1 and C,, symmetry.”® There has been no
explanation for the driving force for the distortion to C,, . In our calculation we obtained the C,,
symmetry, but we assume the spin state of S = 0. In tight-binding calculations, assumingan S =1

state and using partial occupation numbers for the HOMO of e, symmetry, the final relaxed

structure will have D,, symmetry.

V3 vacancy
The void of the V,vacancy has C,, symmetry and sb=8 (the two terminal atoms have 3
dangling bonds and the center atom has 2) which are on the eight neighboring (or surface) atoms

21



of the void (Fig. 8, S1). During the relaxation, the relative position of these orbitals remain
unchanged (s=s '=5).

The equilateral triangles composed by the surface atoms at the two terminal vacancy
atoms changed to isosceles triangles as with the V; vacancy. The relaxed interatomic distances

are the following: r, =2.49A, (2.52) r, =2.61 (2.52) A, r, =2.61. (2.52) The distance r, is

perpendicular to the mirror plane containing the vacancy atoms (Fig. 2). The distance r, = 2.49
(2.52) is also perpendicular to this plane and the corresponding surface atoms have cut bonds
with the middle atom of the vacancy cluster as illustrated in Fig. 8. In our most stable structure
with S = 0 spin, the HOMO(426b,) — LUMO(427a,) energy difference is 0.24 (0.11) eV.
Inclusion of electron correlation may show a triplet ground state when the gap is this small. EPR
measurements on irradiated diamond attributed the R5 center to the neutral V3 vacancy with S =

1 spin state.?®

V3 js vacancy
Here we describe a set of three isolated V; vacancies forming a special kind of three-atom

vacancy with C,, symmetry, the Vs js (Fig. 4, S1), where the three vacancy atoms are in second

neighbor position in the (111) plane. Their interatomic distance is 2.52 A and they form an
equilateral triangle. Relaxation in V3 js produces what we call a “tetrahedron of graphitization”,
TOG. If we translate by rcc the three vacancy atoms of Vs s in the (111) direction we find three
carbon atoms at these positions. These three carbons have a joint neighbor. During the relaxation
process, this neighboring atom will move toward the plane of the vacancy atoms developing sp?

hybridization. We use the notation r, for the increased interatomic bond andr,, r, and r, for the
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other interatomic bonds of the moving atom in the tetrahedron. This displaced atom with its
original four neighbors form the TOG with the elongation of the r, bond and the simultaneous
shortening of the adjacent bonds. The number of dangling bond states is increased by one due to
the formation of the TOG. The corresponding new gap state is antibonding (n*). TOG displays
the smallest unit with traces of n-bonding and helps analyze more complex cases and it can be
easily identified for in col. 5 and 6 in Fig. 4. This protrusion is a characteristic of the TOG that is
apparent when comparing the diagrams in col. 5 and 6 with the unrelaxed structures in col. 2 and

3 in Figures 2 through 4. V3 js is the smallest vacancy cluster for which such a protrusion occurs.

V, vacancy

V4 1 is chain-like and has C, symmetry (Fig. 2 and Table SI) and the ten hybridized

dangling bonds are listed in Fig. S1. The corresponding energy level of the doubly occupied
HOMO orbital 424a and the energy levels around it are defect states that are in the gap. The two
equilateral surface triangles at the two ends of V, relaxed to r, =2.34(2.52) A, r, =2.66(2.52)
A and r,=2.58(2.52) A. The distance between the surface atoms near the two interior vacancy
atoms is r, = 2.30(2.52) A.

EPR on irradiated diamond indicated a V4 vacancy with C,, and in the S = 1 state®®®,
labeled the O1 center. It has been associated with a (110) chain®*® with C,, symmetry ( V4 3 in
Table Sl and Fig. 4, S1 ) contradictory to the EPR finding® that indicated C,,. In our

calculation for the C,, symmetry structure the HOMO orbital 424bis in the gap with other five

surface orbitals (Fig. S1). The situation is the same before and after the relaxation. The
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parameters for the two equilateral surface triangles at the two ends of the V4 3 vacancy are the

following: r, =2.54(2.52) A, r, =257(2.52) A and ry =2.57(2.52) A. The distance between

the surface atoms near to the two interior vacancy atoms is r, = 2.37(2.52) A as defined in Fig.

8. In a connected chain of vacancies each has two dangling bonds, except for the ends which
have three each. These trends are different from those found in earlier calculations where the
dangling bonds reconstruct in pairs leaving two dangling bonds, one at each end of the chain.®*

Note that both V4 zand V4  are significantly less stable than V4 ;.

Vs vacancy

The most stable Vs void, the Vs 1, has C, symmetry (Figs 2 and S1). The energy level of

the doubly occupied HOMO orbital 422a’ is in the valence band and the energy levels above it
are in the gap. After the relaxation, the void determined by the atoms having at least one
dangling bond can be seen in Fig. 2. The most interesting phenomenon of this void is the
appearance of a tetrahedron of graphitization (TOG), which appears as a protrusion in col. 5 and
6 in Fig. 2. The parameters of the TOG arer, =1.99(1.54), r, =1.55(1.54), r, =r, =1.47(1.54)
A. Vs 1 has similar to V3 ;s three atoms which produced the simplest TOG. Baker attributed this
Vs 5 structure to the EPR detected R8 center® although its measured symmetry isC,,. The R6
EPR center has been attributed to the Vs ¢ chain lying in the (110) plane (Table SI and Fig. 4,
S1).%® According to our calculation, this structure is the penultimate in the stability order of Vs

voids with C,, symmetry as in the EPR experiment.
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Vs vacancy

The most stableV, vacancy cluster has the cyclohexane-like structure with Dsq

symmetry. As each vacancy atom has two cut bonds, the number of dangling bonds and surface
atoms is twelve ( sb=12 ) (Vs 1 in Fig. 2). After the relaxation, we obtained two TOGs as the
cyclohexane-like structure of vacancy atoms can be imagined as a pair of connected Vs s
vacancies as can be seen in Fig. 2. Col. 5 and 6 for Vs 1 in. These two protrusions indicate of two

TOGs. The parameters of the TOGs are r, =1.99(1.54), r, =r_=r, =1.59(1.54) A. At the same

time the interatomic distance is lengthened significantly: r, =2.15(2.52) A (Fig. 9). The extra
stability of the carbon Vs cyclohexane-like vacancy is due to the formation of two TOGs not
seen in the Si case.

The number of inequivalent Vg vacancy clusters is 24 and the least stable, Vg 24 |
corresponds to the chain lying in the (110) plane. This structure is usually attributed to the R10
EPR center®® but it has C,, Symmetry contrary to the C,, symmetry obtained in EPR
experiment. (Table SII and Fig. 4). The dangling bond states in the gap are shown in Fig. S2.
The parameters for the two equilateral surface triangles at the two ends of the V¢ 24 vacancy are

the following: r, =2.38(2.52) A, r, =r;=258(2.52) A. The distance between the surface

atoms of the other two middle point vacancy atoms from the side of the void are

r, =2.15(2.52) A, r, =2.12(2.52) A.
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V7 vacancy

The most stable V7 void has Cs symmetry (V7 1 in Table SIII and Figs 2 and S2). The
vacancy cluster contains the previous Vs cyclohexane-like structure plus an atom in equatorial
position. After the relaxation we obtained the two TOGs, just as for Vg 1 (Fig. 2.).

In the stability order the next V7 void is the V7 , constructed from the Vg cyclohexane-
like structure plus an atom in axial position (Table SIlI and Fig. 5, S2). This was assumed to be

the most stable /7 vacancy cluster in previous calculations.?® This defect also has C, symmetry.
Baker attributed the V7 ¢ structure (C,) to the EPR active R7a center® although its measured
symmetry is C,, (Table SllI, Fig. 5, S2). The number of inequivalent V7 vacancy clusters is 88

and the V7 77 , corresponds to the chain lying in the (110) plane. This structure has been
attributed to the R11 EPR center®® . It has C,, symmetry as it is expected from EPR experiment

(Table Sl and Fig. 4, S2).

Vg vacancy
The most stable Vg void, the Vs 1, has C,symmetry (Table SIII and Fig. 2, S2 ). After
relaxation, the orbital 426a' has a small weight in the vicinity of the vacancy cluster and came

from the conduction band. The doubly occupied HOMO orbital 416a" is in the valence band.
Here we obtained one TOG (Fig. 2.). Baker® suggested the Vs = structure of Fig. 5 as a relatively

stable structure as it is a closed ring. (* indicates that our algorithm did not generate this

structure). We obtained ES, = 3.2476 eV for this structure, slightly less stable than the 6™ most

stable we generated. Its relaxed structure does not have TOG. Although V7 ¢ is a parent structure
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Table 1. Special distances (in A) between surface atoms of selected vacancy clusters discussed
in the paper. For the notation see Figures 6, 7, 8, and 9 and the text.

r ) I3 4 I3 Iy Ic Iq

Vo1 250 2.63 2.63
Va: 249 2.61 261  2.49

Vs is 1.93 1.46 1.46 1.46
Vi1 234266258 230
Vs 248 252 254 225 2.23 1.99 1.55 1.47 1.47
Ve 1 2.15 1.99 1.59 1.59 1.59
Vo1 264 246 246  2.13 2.18 2.15 1.86 1.53 1.59 1.59
1.99 1.59 1.58 1.58
Vg1 281315315 219 2.12 201 1.98 1.60 1.58 1.58
2.16
Vo 1 2.09 2.13 2.44 1.97 1.58 1.58 1.58
Vig 2.10 1.97 1.58 1.58 1.58
Vi 1 2.09 2.10 1.97 1.58 1.58 1.58
1.97 1.57 1.57 1.58
Vi 1 2.07 2.08 2.09 1.97 1.58 1.57 1.57
1.96 1.58 1.58 1.57
Vi 1 2.83 2.02 2.16 2.13 2.12 1.57 1.57 1.43
2.15 1.96 1.59 1.59 1.60
1.90 1.60 1.59 1.54
Vig 1 2.12 2.08 1.45 1.57 1.57

Vs, 231 252 2.52

V43 254 257 2.57 2.37

Vse 2.49 255 2.55 2.34 2.17

Ve 24 2.38 2.58 2.58 2.15 2.12

V7 77 2.53 2.58 2.58 217 2.14 2.11

Vg cn 2.39 2.66 2.66 217 2.12 2.11

V7, 229 270 2.70 2.13 2.38 2.17 1.98 1.59 1.58 1.58
V76 2.09 240 2.51 2.26 3.07 2.18

V710 2.44 2.69 2.53 2.59 2.24 2.66

Ve » 261 2.22

Vi » 2.02 2.83 2.21 2.17 1.96 1.59 1.59 1.60
2.59 2.56

Vig = 3.07 2.27 2.51 1.94

Vg cn stands for Vg chain.
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for Vg +, our algorithm did not produce it as we used the M7 = 5 parameter.
In Fig. 4 and S3 we can see the Vg cain Structure of the chain lying in the (110) plane.
This structure has been attributed to the KUL11 EPR center®® although it has Czn symmetry

contrary to the EPR evidence that supports C,,. This structure can not be found in the list of

Table SIV for Vg as it has relatively high E, =3.75eV. During the relaxation process, we

obtained an extra energy level in the gap.

Vy vacancy

The most stable Vg void has C,, symmetry (Vg 1 in Table SIII and Figs. 2, S3) and its
relaxed structure has two TOGs. During the relaxation the number of dangling bond states

increased by two. The parameters of the TOG are r, =1.97(1.54), r, =1.58(1.54),
r.=r, =1.58(1.54) A. The distances between the surface atoms close to the three different kinds
of interior atoms (starting from the symmetry axis) are: r, =2.09(2.52), r, =2.13(2.52),

r, = 2.44(2.52) A. This Vg _; void was attributed to the R7a EPR center.

V1o vacancy

V1o 1 (Ty) is particularly stable. It has four TOGs in the relaxed structure (Table SII1 and

Figs 2, S3).
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V11 vacancy

The most stable V1, 1 void (C,,) has four TOGs in the relaxed structure. (Table SIV and
Figs 2, S3). One TOG has the same axis of rotation as the void and the other three TOGs can be
transformed by the three-fold axis. lakoubovskii and A. Stesmans® attributed the Vi, » void of
Fig. 5 to the R7 EPR center. Although this structure has one TOG, its formation energy per

vacancy is 2.9021 eV being less stable than our 10 most stable V1, structures.

V13 vacancy

The most stable Vi3 void hasC,symmetry and 1 + 1 + 2 = 4 TOGs in the relaxed

structure (V13 1 in Table SIV and Fig. 2, S2). However, lakoubovskii and A. Stesmans® and

Baker® attributed the V13 « void of Fig. 5 to the R8 EPR center. It has C,, symmetry and its

formation energy per vacancy (2.93eV) is higher than the formation energies of the Vi3

structures listed in Table SIV.

V14 Vacancy

Especially stable is the lowest energy Vis 1 (D) with six equivalent TOGs in the

relaxed structure (Table SIV and Fig. 2, S3).
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FIG. 3. Most stable V,, vacancy clusters in diamond for n=11 through n=14 as obtained by the
presented algorithm and TBDFT energy calculations. The seven columns are the same as in
Fig. 2.
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FIG. 5 Selected V, vacancy clusters in diamond for n=7 through n=13. The seven columns are
the same as in Fig. 2.
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Trends in vacancy cluster geometries

We have noticed trends among the distances marked by the identical notation (Table 1).
These regularities point to the possibility of rich chemistry and physics of vacancy clusters given
their unusual CC contacts. Most remarkable are the CC contacts that appear to represent a new

kind of bonding in the tetrahedra of graphitization.

FIG. 6. The nearest neighbors to the vacancy cluster Vi (removed atom in red) site maintain Ty
symmetry with r = 2.61 when the HOMO t; orbitals all equally occupied by 2/3 electrons.

The parameters of the TOG are in the ranges r.=2.01+0.11A, rn=1.525+0.075A, rc
—1525+0.075A and ry=1525+0.075A. Clearly, the first neighbor contact distances of
2.01+0.11A found in the TOGs is highly unusual and not found as an equilibrium carbon-
carbon bond distance in any of the over 400,000 organic molecular structures in the CSD.*® As
pointed out above many of the contact distances are stabilized only by the surrounding dangling
orbitals of the carbon network and the multicenter bonding that they provide.

Some second neighbor distances also show trends that are summarized below. In the most

stable vacancy clusters for example only the vacancies V1, V2 1, V3 1, V4 1, V5 1, V71 and
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FIG. 7. The relaxed geometry surrounding V; 1 (removed atoms in red). Labeled distances refer
to the separations between the three neighbors to the vacancy terminus.

=13

FIG. 8. The relaxed geometry surrounding Vs 1 (removed atoms in red). As with the V5, 3, 11, 1,
and r3 denote the separations between the three neighbors surrounding the termini. ry is the

separation between the two neighbors of the middle vacant atom.
Vs 1 have vacancy atoms with at least three cut bonds. The chain-like structures V; i,

V31, Va3, Vs V777 belong to the family defined by the following characteristics: r:
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— 2515+ 0.025A, r2=r3=2.59+0.04 A. For Vs 24 We obtained a slightly smaller ry, but the rp=rs
value is in the same range. The exception of Vg cnain Can be explained by the limited size of the
supercell. In other structures there are special relative positions between the surface atoms of the
voids leading to r1, r, and rs distances outside of the abovementioned ranges. Similar remarks
can be made for the r4 distances as well. There are some exceptions due to insufficient supercell
size, e.g. for Vi3 «. Most of them are in the range r.=2.1+0.09 A, which makes these contacts

approach values where multicenter bonding contributes to the stability of the structure.

lq

FIG. 9. The relaxed structure surrounding the Ve_1 (removed atoms in red). There are six
equivalent r, distances (two are shown) corresponding to the interatomic separation between the
axial and equatorial neighbors to the vacancy. ra ry, I rg are the four distances stemming from
the central atom in the tetrahedron of graphitization (TOG); only one of two equivalent sets are

shown.
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6. Concluding remarks

We have obtained the structures and properties of V, multi-vacancy voids in diamond in
the range of n=1 through 14. Most of these structures are novel and are described for the first
time. Several of these voids are different from the corresponding multi-vacancy voids in silicon.
We have traced these differences to the tendency of carbon to form m-bonds in the “tetrahedron
of graphitization” (TOG) allowing the adjacent dangling bonds to turn towards each other and
“heal.”

The tendency to form n-bonds is a sign of a certain degree of graphitization around some
of these voids, which in turn removes the non-bonding dangling orbitals from the middle of the
gap lending both stability and, perhaps, reduced reactivity to these voids. This was a surprising
result and we speculate that if this tendency is maintained for larger voids, the characteristics of
such voids and pores for chemical storage may be favorable. The tendency of local
"graphitization” around parts of the vacancy cluster appears already at an unexpectedly small
size. We have identified a noncontiguous vacancy cluster of three monovacancies, Vs.iso. We
found that this motif goes hand in hand with similar local graphitization tendencies in all
vacancy clusters studied. Each tetrahedron of graphitization (TOG) produced an extra energy
level in the gap. It is possible, even likely, that in large vacancy clusters such tendencies for
graphitization on the atomic scale may lead to the formation of larger graphitic regions
significantly affecting their properties as gas storage or electrode materials. The multi-vacancy
voids studied in this paper were generated by a novel generational algorithm that proceeds to
spawn generation n+1 from the list of the most stable structures in generation n. A key point in

the algorithm is to determine and eliminate equivalent structures, which is done by comparing
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the eigenvalues of a modified adjacency matrix of the contiguous atoms of the vacancy. This
novel method permits a significant reduction of the number of inequivalent vacancy clusters to
consider for any given n. This allowed us to describe all possible vacancy clusters up to V7 for
the first time. We also obtained the optimized geometries by tight binding DFT for all possible
vacancy clusters up to V.

An advantageous feature of the generational algorithm is that it is fully reproducible
because five integers contain all the information necessary to define a member of the new
generation. Using this algorithm combined with tight binding DFT, we determined the most
stable contiguous vacancy clusters for Vg through Vi4. For the most stable structures we
identified the surface states and their symmetries. These can be used in devising more
sophisticated calculations for determining the measured electronic transitions.

We also investigated structures suggested by other groups*®* based on EPR experiments
for vacancy clusters with n=2, 3, 4, 5, 7, 9, and 11. Most of these structures were found to be
higher in energy than the most stable vacancy clusters generated by our algorithm, in some cases
significantly higher. Note that our calculations, being of the TB kind, is limited to spin=0 states.
There is controversy in the literature concerning the identities of these structures (see Figures 2-
5). It seems that if the identification of these structures with EPR signals is correct in the
literature, then the more stable structures obtained in this work should also exist in the S=0 state.
For possible existing structures see, for example, those highly stable structures in Figures 2 and 3
which are not are visible by EPR.

One of the interesting features of this study is the high frequency of neighboring C-C

distances in the unusual range of 1.8 to 2.6 A. There are no molecular examples of such distances
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either as intramolecular bond distances or intermolecular contact distances in the Cambridge
Structural Database (CSD), as most C-C contacts are found below 1.6 A and above 3.2 A. It is
clear that the environment surrounding vacancies in diamond is entirely unique and different
from other carbon systems owing to the presence of dangling radicals whose relaxation is
hindered due to the scaffold of the surrounding covalent network. Whether these unusual
contacts have all the features of ordinary chemical bonds remains to be seen. They appear to be
more variable than ordinary electron pair bonds, but variability is not unusual for multielectron

multicenter delocalized bonding.
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Supporting data
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FIG. S1a. Electronic structure of vacancy clusters. Under the name of vacancy cluster V,, i the
notation (sb, s, s”) contains the number of severed bonds sb, and the s, s’ numbers of dangling
bond orbitals before and after the relaxation. On the left are the dangling bond energy levels
before relaxation, on the right after the relaxation. Symmetries and occupation numbers are also
indicated. The symbols for the gap states and the valence states are separated a line break. The
dashed lines correspond to the upper (LUMO=2.27eV) and lower (HOMO=-5.17eV) edges of
the gap in the bulk material.
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FIG. S1b. Electronic structure of vacancy clusters. Under the name of vacancy cluster V,,  the
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bond orbitals before and after the relaxation. On the left are the dangling bond energy levels
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the gap in the bulk material.
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FIG. S2. Electronic structure of vacancy clusters. See the notation at Fig S1.
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CHAPTER 3
CHARACTERIZATION OF LARGE VACANCY CLUSTERS IN DIAMOND FROM A

GENERATIONAL ALGORITHM USING TIGHT-BINDING DENSITY FUNCTIONAL
THEORY"

Abstract

Point defects and pores in diamond affect its optical and electrical properties. We
generated and evaluated a large number of vacancy V, clusters representing nanosized voids in
diamonds for n up to 65. Our generational algorithm spawns the new generation n + 1 from the
list of the most stable structures in the previous generation n. With energy the only criterion, we
generate a large structural diversity that allows their unbiased analysis. Since m—electron
delocalization is important for carbon, we used quantum mechanical tight-binding density
functional theory (TBDFT). Adamantane-like globular shapes are preferred for n up to ~22.
Beginning around n~35, the most stable structures show overall oblate shapes with some
irregularities. These novel structures have not been seen before because hitherto only highly
regular structures were considered. We see local graphitization in these relaxed structures
providing an atomistic justification for the widely used “slit pore” model. The preference for
structures with minimum number of cut bonds diminishes as n increases. There are no
particularly stable “magic” sizes for vacancy clusters larger than n = 22 indicating that these
larger voids can easily incorporate small vacancies and vacancy clusters. Radial distribution

analysis shows that unusual contact or bond distances in the 1.6 to 2.8 A range appear in the

“ Reproduced with permission from [Slepetz, B.; Laszlo, I.; Gogotsi, Y.; Hyde-Volpe, D.; Kertesz, M. Phys. Chem.
Chem. Phys. 2010, 12, 14017-14022] Copyright [2010] RSC Publishing.
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vicinity of the internal surfaces of the vacancy clusters. Extremely long C-C bonds emerge as a
result of structural relaxation of the dangling bonds in the vicinity of the vacancy clusters that

cannot be simply described by ordinary sp?/sp® hybridization.

Introduction

Diamond-structured materials, including nanodiamonds®, diamond-like carbon and
irradiated diamond crystals, contain a large variety of vacancy cluster defects, some of which are
well characterized, while others are difficult to identify at the atomic level.?*?* We arrived at the
problem of modeling large vacancy clusters from a different direction. Carbide derived carbons
(CDC) display a dazzling variety of structures, including those with sp* bonding and controllable
nanosized pores®® with important practical implications as supercapacitors in the energy sector.?’
The problem poses interesting basic structural questions as well, because these carbon networks
display unusual carbon-carbon bonding situations due to the various dangling bonds and their
relaxations within a rigid carbon network. Compared to Si, much less effort has been devoted to
vacancy clusters in diamond. Previous density functional theory (DFT) work included the
discussion of small relaxed vacancy clusters?® and the systematic modeling of V; to V14 multi-
vacancy clusters (chains, clusters and discs) in diamond?® with the AIMPRO and DFTB codes.*
The same group also investigated a large globular vacancy cluster (V71) that may explain the
brown coloration of diamond.®* In our own preceding work, we have applied tight-binding
density functional theory (TBDFT)*® in combination with our genearational algorithm to study
vacancy clusters—V, with n up to 14-without imposing any shape constraint.>* The present work

extends these investigations to n = 65. Given the large number of essentially amorphous
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structures obtained in this modelling, we focus on trends and general structural information.
Given the structural diversity maintained in our algorithm together with the large sizes of the
vacancy clusters, novel trends emerge, which we describe and interpret in this paper. We need to
emphasize that given the lack of information on structures of large vacancy clusters, it is
imperative that any realistic modelling include a large diversity of structures not limiting them to
symmetrical, disk-like, adamantane-like or other special structures.

The choice of the methodology for obtaining optimized structures needs to be based on
energetics that includes the important electronic effects, such as m-conjugation, delocalization,
and aromaticity, which are essential for understanding the relative stabilities of carbon
networks™ especially in a case like the present problem where the comparison of different

l.,3 these effects are absent in the

hybridizations is essential. Also, as pointed out by Irle et a
popular many-body bond-order potentials.*>*® While full ab initio DFT calculations would be
preferred,?#233137 given the large number of energetically competitive structures, the
simplified TBDFT is used here. Similar TBDFT has been used recently in combination of
molecular dynamics to model the nucleation of diamond under high pressure.® For structures in
which delocalization of n-electrons over several sp? —like centers is important, one must use
guantum mechanical methods that automatically include these effects. Given the large numbers

of structures emanating in the modelling of large vacancy clusters without structural

assumptions, the obvious choice of a currently viable and economical methodology is TBDFT.
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Methods

As described in ref. 33, our generational algorithm spawns the new generation n + 1 from
the list of the most stable structures in the previous generation n, starting from a monovacancy
V1. Energy is evaluated by full geometry optimization using the tight-binding density functional
theory (TBDFT) energy on a 216 carbon site supercell (N = 216) with n vacant atoms using the
Porezag et al. parametrization.®” Note that this level of theory is appropriate for modeling
diamond, graphite, amorphous carbon and the transitions among them.*** We use periodic
boundary conditions (PBC), with only the I'-point representing k-space integrals. The
dimensions of the supercell are kept constant.

Equivalent starting structures are eliminated by evaluating the eigenvalues of a modified
adjacency matrix.*® Only the M, lowest energy structures in the n-th generation are used to
spawn the members of the n+1°* generation, which is done by adding one more vacant atom to all
possible surface sites of the previously generated stable vacancy clusters. To avoid dealing with
an astronomical number of structures, we kept M, = 7 for n > 14 starting from the results of ref.
33 for n up to 14. Typically 300-500 structures were thus generated for each n, which were then
minimized by energy. M, of these were kept and used to spawn the new generation up to n = 65
resulting in the full geometry optimization of approximately 20,000 structures.

An important consequence of keeping several members of each generation is that the
“winner” in each generation may not be the parent of the “winner” in the next. This aspect is the
strength of the presented algorithm that maintains structural diversity from n to n+1. Due to the
limitation on the supercell size, n values above ~50 correspond to vacancy clusters that interact

with those in the neighboring supercell. Therefore, our results become more qualitative
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approaching n ~ 50. But even these large n cases representing interacting vacancy clusters can
give insights into the structures obtained by high-temperature chlorination of carbides.?” Namely,
in these structures, metals and metalloids are removed as chlorides, leaving behind a newly
formed carbon with up to 80% open pore volume.? In what follows, we analyze the most stable
of these for each n. It appears that keeping M, = 7 of the most stable non-degenerate structures in
each generation ensures a wide structural diversity that includes, at least for smaller n, highly
symmetrical adamantane-like structures as well as many other structural motifs not seen before.
As it turns out, some of these unusual novel structures are more stable than the intuitively

appealing adamantane-like structures for larger values of n.

The relative stability of the n-vacancy clusters was expressed by the formation energy E¢{

n n  N-n
Ef = Evac - T E(:Nryst (1)

and the formation energy per vacancy E3, = Ef /n. Here, EJ,. is the total energy of a defect

supercell with (N - n) atoms and E\. . = E°

oryst = Evac:

We have devoted some effort to find structures for a given n with minimum cut bonds.
This is equivalent to finding adamantanes (generally diamondoids®®) with a given number of
carbon atoms but with the minimum number of hydrogen atoms. Assuming that the classical
adamantane (tetrahedral C1oH16) belongs to the class of such molecules, we proceeded generating
other tetrahedral diamondoid clusters with apparently minimum number of H-atoms. These also
contain the maximum number of closed 6-membered rings. Starting from these structures, we
obtained smaller clusters by removing those atoms that created the minimum number of
hydrogens for the given cluster. The results of this construction are part of Fig. 1 and their
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significance is discussed there in that context. Note that these adamantane-like structures with
the minimum hydrogens (or cut bonds for the vacancy clusters) are referred to here as “globular”
due to their relatively compact shapes.

The optimized structures are analyzed with the Materials Studio (MS)* molecular
visualizer by evaluating the radial distribution function (pair correlation function) g(r) for 1.3 <r
<24 A Angular distribution functions are also calculated for bonded contacts defined as
r(CC)<1.65 1&, although MS does not take into account the PBC, leading to an undercount of the
angles at the boundary of the supercell. The r(CC)<1.65 A criterion has also been imposed for
determining the coordination number, CN in the carbon networks, in this case including the
PBC. In the following, V, refers to the most stable structure obtained for n, unless noted

otherwise.

Results and Discussion

One of the original ideas about relative stabilities of vacancy clusters and pores comes
from counting cut bonds.** For a given n, so long as n is small, the structures that correspond to
the minimum number of cut bonds maximize cyclohexane-like six membered rings and are
presumed to correspond to stable structures. The network of these structures corresponds to the
carbon framework of adamantane-like structures (diamondoids). Of these, particularly stable
should be those that are most “compact”, closest to a spherical (globular) shape.

This is true for silicon (with the notable exception*? of n = 17) and diamond, provided
that n is small. Note that the most stable structure for V17 has been identified in silicon as being

different from an adamantane-like structure due to relaxation.”> Our generational algorithm
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automatically included this structure, which cannot be generated from the adamantene structures
directly, but our generational algorithm does generate it and found it to be Vi7 3 (in our
nomenclature, this is the 3" most stable of the V17 structures). This fact alone suggests that our
algorithm is capable of finding structures that are more stable than those obtained by more ad
hoc procedures.

Figure 1 shows the number of cut bonds calculated for the most stable Vs as a function
of n compared with the minimum number of cut bonds for a continuous cluster of n atoms that
may be excised from a diamond lattice. Note that for some n values it may be possible that a
smaller number of cut bonds can be found; our curve represents an upper bound. The numbers
plotted correspond to structures that we have constructed. The true minimum may be lower, but
the data in Fig. 1 clearly show that for n > 25, and even more so for n > 40, the structures with
the smallest energy have more cut bonds than the minimum number. This is a key result that has
important consequences for discussing low density carbon structures. Relaxation seems to
stabilize structures that have a higher number of cut bonds than the minimum number. Clearly,
factors other than the number of cut bonds contribute significantly to the energy, confirming that
guantum mechanical treatment that includes non-local effects must be used for these systems in

order to obtain the correct overall behavior.
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Figure 1. Number of cut bonds in the most stable V,s as a function of n, obtained by the
algorithm of this paper and TBDFT (squares), compared to the minimum number of cut bonds
that is possible within a diamond-like connectivity (diamonds) as a function of n. Where
diamonds are invisible, the TBDFT results correspond to the minimum number of cut bonds.
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The number of cut bonds is constant in certain regions for a few n values before
jumping by two. The n values before the jump are “magic” numbers in the sense of counting cut
bonds, because they correspond to a local maximum of the ratio n/CB. However, these “magic”
numbers are not defined on the grounds of energetics. Therefore, it is clear that these “magic”
numbers, MN, (6, 10, 14, 18, 22, 26, 30, 35, 39, 44, 48, 53, etc.) are not always the most stable,
as already discovered earlier for specific cases. 2>*? This observation is a key motivation for
keeping several members of each generation. As mentioned above, the presented algorithm
satisfies this requirement by maintaining structural diversity and deviating from any

preconceived notion about the ideal stable shapes for vacancies and pores, such as adamantane-
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like or graphitic. Note that the assumption of graphitic shapes has been adopted in various

analyses of pore properties.** Do we find graphitic shapes are particularly stable?

The formation energies are shown in Fig. 2 as a function of n for the most stable

structures. The following trends are observed. We concur with other work on silicon and carbon

that for smaller values of n, “magic n values” appear as particularly stable: for n = 6, 10, 14 and

22. Beyond these values the curve becomes less structured, partially owing to the fact that the

“parentages” are switching in the algorithm as n increases.
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Figure 2. Formation energy, E{, of the most stable V,s as a function of n. The continuous line is
Eq. (2) with f = 0.6233, see text.

Simple dimensional analysis yields the following result. Assuming simple additivity (no

energy bands or delocalization) and a globular (essentially spherical) pore with radius R, one
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concludes that if CB is the number of bonds cut in cluster, thenE{ ~CB . Since CB ~ Surface
Area ~ R?, and n ~ volume ~ R®,
E"(dim.)=kn". (2)
Here k is a fitting constant and f = 2/3. We have obtained a linear regression of the

TBDFT calculated log E{ values vs. log n. This fit gave an exponent of f = 0.6233 for n < 43,

and k = 6.708 (R?= 0.996) . The respective plot is included in Fig. 2. Deviations from this simple
relationship of Eq. (2) clearly indicate the special stabilities of clusters with the ‘magic’ values of
n =6, 10, 14, 22. (The fact that n=18 is not particularly stable is an early indication that counting

CBs can go only so far.) Larger stable n values are less pronounced, and beyond n > 50 a new

trend seems to take over with smaller differences between neighboring E{ values. For these

larger n values the periodic cells start to allow the interactions of the vacancy clusters in adjacent
cells, and eventually they become interconnected pore structures.

The n = 6, 10, 14 and 22 values correspond to adamantane-like structures with “magic”
numbers. An additional minimum occurs on the curve around n = 25-26 (the actual structure is
still adamantane-like, but does not correspond to the structure with minimum cut bonds). There
is a small blip but not a minimum at n = 37-38. Note that the next adamantane-like structure at n
= 33 (not a magic number) is stable, but it does not appear to be particularly more stable than the
adjacent Vs, or V3. The lack of well-defined minima for larger n is another indication that
stabilization of these structures becomes less local, and the number of cut bonds criteria is being
replaced by a more global transition to graphitization. This is illustrated by Fig. 3 which shows

the relaxed structures for n=45. (Several other cases are shown in the Supporting Information.)
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Regions of planarization and graphitization can be clearly recognized and emerge without
picking any structural motifs before the optimization based on some preconceived notion of how
the structures should look. These are the optimized structures that appear as most stable from the

diversity of initial atomic arrangements via the presented generational algorithm.

Figure 3. Structure of the most stable V45 obtained in the modeling. Large spherical atoms
indicate carbons that are nearly sp® hybridized indicating local graphitization. These atoms are
near the void created by the vacancy cluster and have coordination numbers below 4. Two views
are provided to aid the visualization. The regions of local graphitization are apparent and are
represented by several condensed aromatic-like rings.

Since there appears little preference for vacancy clusters with “magic” number of cut
bonds beyond n = 22, one might like to see if there is any preference for incorporating smaller
vacancy clusters, such as Vi or V; as they diffuse through the material. In particular, we have
asked the question: What is the energy gain, E(n-1,1) in the following “reaction”:

Vi1 + Vi V,? 3)
The respective energy difference is plotted in Fig. 4. The data clearly show the particular

stability of the “magic” n values of n = 6, 10, 14 and 22. For larger vacancy clusters, n = 25 and

45 appear significantly more stable than their neighbors indicating regions of higher and lower
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stability as a function of n. Given the generic shapes of these larger vacancy clusters, simple

interpretations based on adamantane or other preferred structures do not seem possible.

]

3 \ SR S

SR .
NN \y/\f WWW\M/\

Figure 4. Formation energy difference for the V.1 + V1 = V,, process, Eq (3). The energy of this
reaction is calculated by E(n-1,1)= E] —E[™" - E}.

However, a new trend has emerged. With increasing n, the excised vacancies develop in
an oblate, rather than globular, fashion. By n = 20, cut bond minimization is no longer as
important as local structural graphitization. Fig. 5 shows the low energy vacancy clusters for
n=35 and 45 that were cut from the diamond lattice. It is clear that by n=35 the oblate structures
win out against the alternatives and remain the most stable structures as n increases further. (The

Electronic Supplementary Information section contains figures of further selected structures.)
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Figure 5. Selected unrelaxed structures: the V35 (top) and Vs (bottom) vacancy clusters
represented as diamondoids. These structures turned out to be the most stable for the given n
after geometry relaxation
Inspection of the stable structures for n>20, indicates that structural elements appear showing
three-connected atoms and near planar six-member rings, indicating approximately sp
hybridization. The spontaneous emergence of oblate pores and nearly sp? hybridization are a key
result of the presented modeling: pores that show graphitic tendencies emerge if there is no
structural bias in the structures available for the energy minimization. This is an atomistic level
proof for the applicability of the slit pore model,*® which was developed for porous graphitic
carbons, to diamond.

Pore structures with larger n appear more amorphous, and therefore a statistical analysis
is useful. We have calculated the pair correlation function for the optimized structures.

Significant values of this function indicate unique bonding schemes in addition to the typical
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distances for single bonds at ~1.54 A, and ~1.40 A for graphitic/aromatic bonds. For instance,
we observe some shorter double bond-like distances at ~1.35 A. Significant contributions for r
values below 1.5 A and above 1.6 A indicate special bonding circumstances that form an
important component of the analysis of the resulting optimized structures. Fig. 6 shows the result
for n = 45 which is representative for the larger Vs. (Further examples for similar g(r) functions

are given in the ESI section.)

14 -

g(r)

1.8 1.9 2 21 22 23 24
riA

Figure 6. Calculated pair correlation function, g(r) for Vgs in the 1.3 A<r<24A range. Note

the appearance of contacts in the usually absent regions, as discussed in the text.

While each case is different, the following trends can be observed. The dominant peak is

at 1.54 A corresponding to the ordinary o-bonds prevalent in diamond even when vacancy
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clusters are present. The side peak and a shoulder at smaller values of r correspond to
aromatic/graphitic CC bonds that are close to sp® hybridization and appear at 1.45 A and 1.50 A.
The minor peak at 1.35 A indicates particularly short CC bonds. Given the absence of chains**
(coordination number CN=2 along consecutive neighbors) these data do not indicate the presence
of CC triple bonds or cumulene-like bonds (Eqg. (3)) or acetylene like bonds (Eg.(4)) which

require CN=2. We see no evidence of the emergence of these bond types, as

..C3)=C(2)=C@3)...  or (3)

...C(any)-C(2) = C(2) - C(any)... 4)

within the network of the simulated vacancy cluster. Here C(j) indicates a carbon with j
neighbors.

Low coordination numbers emerge in various computational models of carbons phases.*
However, we do not see linear chains or chain segments in the presented low energy relaxed
structures. This aspect needs further theoretical modeling and experimental research. For r > 1.54
A, a clear shoulder appears at 1.59 — 1.63 A. Such bonds are known in the chemistry literature
and can be attributed to lengthened single bonds that appear in strained rings.*°

Most unusual, however, are the small peaks between 1.7 and 2.4 A. These contacts—can
we call them bonds, or even stretched bonds?—appear as the structure attempts to accommodate
the strains caused by the presence of the vacancy cluster and the delocalization of the electrons in
the dangling bonds. These appear for smaller Vs, even for Vg, and are discussed in ref. 33 as

being the consequence of the relaxation around the dangling bonds and can be described with a
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tetrahedron of local graphitization, TOLG. Clearly, the first neighbor contact distances of
2.01+0.11 A, found in the TOGs for n < 14, are highly unusual. Equilibrium carbon-carbon
bond distance in any of the over 400,000 organic molecular structures in the Cambridge
Structural Database (CSD) do not show any CC contacts in the 1.75 to 2.8 A range.*” For n > 14
discussed in this paper, a variety of these CC contacts appear. Due to the presence of second
neighbor distances in the 2.4 to 2.8 A range, we focus on the statistics below r = 2.4 A. The
specific locations of these peaks in g(r) vary, but they are present in all stable structures obtained
in the paper. With increasing n, the different regions of r values appear first sporadically and
then more frequently and more evenly distributed. These contact distances between 1.7 and 2.4
A indicate that larger vacancy clusters display a significant number of unusual CC contacts
(bonds) that cannot relax into the usual CC bond distances and graphitic van der Waals contacts.
Note that a CC distance similar to these at 2.1 A appears in the monovacancy (5-9 defect) of
graphene.*®

The absence of carbons with a low coordination number, CN=2, in our modeling needs
further comment. Such structural elements are highly characteristic and would have important
consequences for reactivity, vibrational and other properties. However, what we find is that the
low coordination number typically implies in these vacancy clusters that any two-connected
carbon has another additional neighbor to which it is weakly coupled and is less tightly bonded
because this additional (3" neighbor lies a bit further away. For instance, in the Vs case we
found two carbons with coordination number, CN=2, if coordination number is defined as the
number of carbon neighbors with CC contacts < 1.65 A However, the three nearest distances for

one of these carbons is 1.588, 1.604, 1.939, and for the other: 1.572, 1.578, 2.014 A. Thus the
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third neighbor is at ~2 A away, and so the carbon cannot be considered as cumulenic or
acetylenic in the usual sense, due to the presence of this third ligand carbon. Such a third
neighbor is an essential feature of the structures we see, and is similar to the examples found for
smaller vacancy clusters that are part of the unusually elongated CC bonds characteristic of
relaxed vacancy clusters.®® At this point we have only indirect evidence that these CN=2 sites are
highly reactive as indicated by their modified Fukui indices that we have calculated. These
indices will be analyzed and discussed in a forthcoming publication.*® We also note that as
expected, these reactivity indices are low for those carbons that are part of a graphitic-like
network.

Structural information is presented in an alternative manner as the distribution of the
bond angles. A typical case, the V3 is shown in Fig. 7, a few further representative cases are
given in the SI. The dominant peak is near the ideal tetrahedral angle of the diamond network,
109.5°. The additional peak near 120° is a clear sign of graphitization. The small peak below
100° and the side peaks near the tetrahedral angle peak represent strained bonding environments.
There is a complete lack of angles beyond 125° is in contrast to the amorphous modeling based
on Brenner-type potentials.**® The bond angle distribution is a sensitive tool to capture graphitic,
tetrahedral and linear hybridizations (or the lack thereof as in this case), it also supplements the
information obtained from the distance distribution that provided a more detailed description of
the relaxation mechanism that are at work in allowing the surfaces of the vacancy clusters to

move toward more graphitic regions.
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Figure 7. Calculated bond angle distribution function for V3.

Concluding Remarks

Through extensive modeling of a large number of vacancy clusters obtained by a
generational algorithm with up to 65 missing carbon atoms we have demonstrated that the shapes
of stable large vacancy clusters in diamond are determined not by minimizing cut bonds, but
from the creation of pores with internal surface relaxation leading to graphitic-like local
structures. This is clearly visible in the angle distributions, and its consequences are seen in the
radial distributions as well. These large vacancy clusters show structural elements not seen in
other areas of the chemistry of carbon due to the rigid covalently connected carbon framework

surrounding the vacancy cluster. The trend towards oblate clusters and the beginning of
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graphitization in larger vacancy clusters provides an atomistic basis for the use of slit pore

model*® to diamond-structured materials.
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Supplementary Information

Figure S1. Unrelaxed structures of selected vacancy clusters V, (n=6, 10, 14, 19, 26, 30, 35, 39,
45, 50, 54). Not that these structures turned out to be the most stable for the given n after
geometry relaxation
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V4

Figure S2. Relaxed structures of selected vacancy clusters V, (n=6, 14, 19, 26, 30, 39, 45, 50,
54). These structures are the most stable for the given n values. Larger blue atoms indicate those
that are adjacent to the pore left by the vacancy cluser and undergo the largest rearrangement

upon relaxation. As n increases, regions of local graphitization become energetically favorable.
For each V, different views are provided to aid the visualization.
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Figure S3. Calculated pair correlation function, g(r) for V,, in the 1.3 A<r<24A range. (n=6,
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Figure S4. Calculated bond angle distribution function, P, for V,, in the 90 < ®< 130 range. No
angles are observed outside the presented range. (n=6, 14, 19, 26, 30, 39, 45, 50, 54).
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CHAPTER 4
THE [V-C=C-V] DIVACANCY AND THE INTERSTITIAI: DEFECT IN DIAMOND:
VIBRATIONAL PROPERTIES

Abstract

We describe a particularly stable isolated divacancy [V-C=C-V] in diamond, in which the
two vacant sites are separated by two bonded carbons. Its structure, vibrational properties and
stability are described by using Density Functional Theory (DFT). We validated the calculated
C=C stretching frequencies for eleven molecules. The isolated divacancy [V-C=C-V] is found to
be very stable and is separated by a high barrier of 5 eV from the divacancy of two missing
adjacent carbons, V,. The predicted characteristic C=C stretching frequency of the isolated
divacancy [V-C=C-V] is 1607 cm™, close to Raman bands at 1620-1630 cm™ observed in
various nanodiamonds, offering an alternative interpretation for the assignment of this
vibrational band. We conclude that the alternative interpretation based on the CC stretching
mode of an interstitial defect can be ruled out. Our accurate and validated vibrational
calculations offer further evidence that the vibrational structure of the 3H optical center in
diamonds should be assigned to the interstitial defect because it provides excellent agreement

with the observed vibrational frequencies of three isotopologues.

“ Reproduced with permission from [Hyde-Volpe, D.H.; Slepetz, B.; Kertesz, M. J. Phys. Chem C 2010, 114, 9563-
9567] Copyright [2010] American Chemical Society.
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Introduction

Diamond-like materials including nanodiamonds contain a large variety of defects that
are difficult to identify at the atomic level.! A particularly important question is the ratio of the
sp®/sp® carbons.? Raman spectroscopy has been particularly useful in identifying sp? carbons due
to the signature bands of the C=C vibrations observed around 1620-1630 cm™ under a variety of
synthetic and preparative conditions in nanocrystalline diamonds.®> A Raman band around 1600
cm™ has been associated with the reorganization of amorphous carbon into a graphitized phase.”
Mochalin et al. assigned the broad asymmetric bands between 1500 and 1800 cm™ with a
maximum around 1640 cm™ to -OH bending with minor contributions from sp® carbons and C=0
group stretching .> Note that the peak of these bands in various experiments is at a higher
frequency than the G band that is observed in graphite, carbon nanotubes and graphitic carbons
around 1580 cm™.° Earlier studies on amorphous carbons indicated that localized modes above
1300 cm™ occur that are attributable to sp? hybridization.” Note that localized CC stretching
modes under ~1380 cm™ are difficult to observe due to the bulk vibrational modes of diamond
itself.®

The modeling of defects and vacancies in diamond began with Coulson and Kearsley
who used qualitative molecular orbitals for the dangling bonds around a diamond monovacancy,
V1.2 A recent Molecular Dynamics (MD) investigation, using a Brenner potential, of the 1630
cm™ peak assigns the frequency to the much-discussed [100] split interstitial.>* Jones et al.
investigated by DFT various interstitial defects in diamond offering the interpretation of a board

range of experimental data relating to their vibrational bands.?
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The key challenges for modelling vibrational modes of defects in diamond are: (a)
Assumptions about the nature and geometry of the defect and its environment can profoundly
affect the vibrational modes. (b) The level of theory at which reasonably reliable vibrational
frequencies can be obtained is rather high, and often frequency scaling is necessary in order to
obtain frequencies that are within 10-15 cm™ of the observed modes.’® (c) Intensities of
vibrational modes require even higher levels of theory; resonance Raman intensities are
particularly challenging to calculate and therefore vibrational band intensities will not be
addressed here.'! In this paper we propose a possible interpretation of the 1620-1630 cm™
Raman band as arising from a particularly stable divacancy structure, the [V-C=C-V], which is
described below.

Twitchen, et al. identified the so called R4/W6 EPR active center in diamond as
belonging to the [111] divacancy cluster, V,, ruling out a possible divacancy arrangement
involving a “[V-C-C-V]” defect, possibly containing a double bond, with Cyz, symmetry. 1213 n
this notation, only carbons are indicated through which the two vacant atoms can be connected
via a shortest path. In the presented calculations for this connected divacancy we determined the
C-C interaction to be essentially a normal double bond. The direction of the C=C bond before
relaxation is parallel to [111], but relaxation changes this direction. We will refer to this defect as
the isolated divacancy [V-C=C-V]. As two isolated monovacancies in a cubic diamond lattice

migrate towards each along the [110] chain, the two monovacancies must, before they can merge

to form the more stable V;, adopt the configuration [V-C=C-V] (Figure 1).
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Figure 1 Migration of the monovacancies along the [110] chain. Vacancies are shown as large
black spheres. (a) two V; vacancies separated by three atoms [V-C-C-C-V] (b) [V-C=C-V]
defect that is described in this paper (c) divacancy, V,.

If such a [V-C=C-V] structure would be stable, an issue to be investigated, then it would
represent a trap for two migrating monovacancies as two of the eight dangling bonds of the two
approaching V; vacancies begin to overlap to form an essentially normal, though somewhat
pyramidalized, m-bond. (Note that in Fig. 1. the hypothetical [V-C-V] vacancy cluster is
missing, that is an unstable species.) This decrease in the number of dangling bonds is expected
to lower the formation energy of the [V-C=C-V] defect relative to two isolated V; vacancies.
The [V-C=C-V] defect could be observable at mid-range annealing temperatures (700-950 K) **,
where the monovacancy is mobile, but not enough thermal energy is available to form a
divacancy, V,. The presented DFT calculations describe the stability and diffusion barriers
leading to [V-C=C-V] and preventing it from collapsing into V5.

Frequency trends based on pyramidalized double bonds from the literature® foretell that
there might be a strong Raman peak around 1600 cm™ for the [V-C=C-V/] defect structure. This
is confirmed by the presented calculations and is discussed below. This peak should be
observable if the defect is the dominant defect due to the fact that no other vibrational mode is

present in the 1600 cm™ region of diamond.**
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Methods

Computations were performed using DMol*®

in the Materials Studio (Accelrys Inc.)
package of programs. The Becke,'” Lee, Yang, and Parr'® (BLYP) non-local density functional
was utilized with a double numerical (DN) basis set. Direct inversion of the iterative subspace
(DIIS) and smearing of 5 mHa was employed to improve self consistent field convergency. A

hydrogen terminated cluster (HTC), containing the defect, was used in the presented

calculations. Formation energies for defects in the HTC were calculated as follows
E; =E\ —Ey +VA, 1)
where E; is the formation energy, N is the number of atoms of the defect-free cluster, v is the

number of vacancies, E|, is the calculated energy of a cluster containing N-v atoms, E_ is the
energy of a defect-free cluster, and ., is the energy per C atom of diamond, calculated with a

supercell containing 64 atoms and at the same BLYP/DN level.

The neutral [V-C=C-V] and other defects were created in the hydrogen terminated cluster
(HTC) Cig0-vH110, Where v is the number of vacancies. (Here only v=1 and v=2 cases were
considered.) The CC interstitial was modeled in a cluster C;1+1Hgo While the Humble defect was
calculated with Cz15+2H120. The HTC was chosen over the supercell method because it provides a
good compromise between accuracy and the computational cost for the more expensive
vibrational calculations. We selected the Raman active modes that involved the CC stretch and
were in the 1400 to 1750 cm™ region as characteristic frequencies. Our choice for the HTC was a

diamondoid whose edge carbon atoms are capped by hydrogen atoms as illustrated in Figure 2).
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Figure 2 Two views of the Ci99 H110 hydrogen terminated cluster used in the calculations.

Periodic supercell calculations were also employed and are referred to in the text as “Supercell”
calculations. These correspond to a 64-v atom cubic cell with v missing atoms. The level of

theory for supercell calculations was PBE**/DN within the DMol package by Accelrys.

Validation

The HTC method was evaluated by three different approaches to ensure that the results
matched that of the bulk diamond. The vibrational densities of states, and the electronic density
of states (see Supporting Information) were in reasonable agreement with literature results.

The accuracy of the level of theory used was primarily validated by comparing our
calculated frequencies to experimentally determined frequencies for a broad range of
pyramidalized double bonds in small hydrocarbon molecules (Figure 3 and Table S2). Given the
excellent correlation between the computed and observed frequencies, we concluded that the
applied level of theory is sufficient to capture the essential parameters of the CC stretching

vibration in the environments relevant for the various defects in diamond discussed here.
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Figure 3 Correlation between computed (unscaled BLYP/DN) and experimentally determined
frequencies for various pyramidalized C=C double bonds. (For the data see Table S2.)

Figure 4 contains the correlation between the calculated pyramidalization angles and the
C=C stretching frequencies for the same set of molecules listed in Table S2 and compared with
the respective calculated data of the [V-C=C-V] defect. This correlation helps to identify the

nature of the vibrational mode discussed in the next section.
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Figure 4 Computed carbon-carbon double bond stretching frequencies are shown for various
pyramidalized hydrocarbon molecules as a function of computed pyramidalization angles for
molecules listed in Table S2. The triangle corresponds to the [V-C=C-V] defect which is
discussed in more detail below. The linear fit is shown to guide the eye.
Results

The [V-C=C-V] defect is illustrated in Figure 5.  Unrestricted formalism exhibited
competition between singlet and triplet ground states, the sensitivity of which is dependent on
nearest neighbor relaxation. In our calculations, we obtain an open-shell singlet ground state
about 8 meV lower than a triplet state (Table 1). According to the RBLYP optimization, the
defect has C,n, symmetry and a rather short C=C double bond length of 1.352 A. Further
interatomic distances for the optimized geometry are given in the Supporting Information
section. The angle of pyramidalization was found to be 21.9°. This bond length and

pyramidalization angle both fall in the range of our validation data, therefore, we expect the

vibrational prediction to be quite accurate for the stretching mode of the defect.
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Table 1: Calculated formation energies for [V-C=C-V] for different methods and spin

states.
HTC Ei/ eV Supercell Et/ eV
RBYLP 12.563 RPBE 9.479
UBLYP,S=0 11.907 UPBE,S=0 8.926
UBLYP,S=1 11.915 UPBE,S=1 8.934

Based on pyramidalization alone, according to the correlation obtained in Fig 4., the [V-C=C-V]

defect would be expected to have a Raman active mode at approximately 1610 cm™,

Figure 5. Hlustration of the [V-C=C-V] defect. Red connected spheres represent the two doubly
bonded central carbons. The carbons with dangling bonds located adjacent to the vacancies are

indicated by blue spheres.

The computationally determined Raman frequency mode for the C=C stretching of the [V-C=C-

V] defect is presented in Table 2, along with the istopically shifted frequencies. For comparison

the CC stretching frequencies of other important defects are also given in Table 2: the C-C

interstitial®® (aka [100] split interstitial, or 1,"°7), the Humble di-interstital and the 3H optical
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center’s sharp local CC stretching mode. The latter has been assigned to the C-C interstitial,2**

although its exact nature is being debated?. These two defects in diamond are illustrated in

Figure 6.

Figure 6. C-C [100] split-interstitial (left) and the Humble di-interstitial (right). Red spheres
denote interstitial atoms (equivalent for C-C interstitial), gray atoms denote nearest neighbors.
Given the maximum deviation in Figure 3 of 20 cm™, the calculated value of 1607 cm™
agrees very well with the experimental® bands at 1620-1630 cm™ mentioned in the Introduction
and can be considered a reasonable basis from which to tentatively assign that peak to the [V-
C=C-V] defect. The close correlation of experimental frequencies with those of the presented
calculations leads us to argue that the C-C interstitial produces frequencies that do not agree with
the experimental data for the 1620-1630 cm™ mode, and should not be assigned to that band. It
is interesting to note that the three calculated frequencies of the C-C interstitial for three different
isotope substituted species in this work correlate well with the local vibrational modes of the 3H
optical center (Table 3). This center had been assigned® * to the neutral C-C interstitial, but
more recently it has been attributed to the positively charged Humble di-interstitial.?®* Based on
the frequency data presented in Table 3 we argue that the assignment of the neutral C-C

interstitial to the 3H optical center is equally if not more justified. The calculated shifts for the
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Table 2
Calculated CC stretching frequencies of isotope substituted local defects in diamond (cm™)
compared with experiment

Type of defect Symmetry | *?C/*C zc/t*c Bc/Be
C=C [V-C=C-V}* Con 1607 (Ay) 1577 1546
C-C interstitial ® Dyg 1744 1711 1677
Humble di-interstitial ® Coy 1440 (Ay) 1399 (Ay)
1519 (B,) 1468 (B,)
1661 (By) 1599 (B,)
1667 (A1) 1607 (Ay)
C-C interstitial™* Not 1620
reported
C-C interstitial™® D, 1915 1842 1840
Humble di-interstitial® Cy 1495 (A,) - -
1594 (B,)
1826 (A1)
1842 (B,)
Positively charged Cy 1820 - -
Humble®
3H optical center” Cy 1757 1726 1693
Experiment
Nanodiamond Raman - 1630 - -
peak®
Experiment

4 This work, HTC, BLYP/DN.
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13C isotope substituted [V-C=C-V] defect should be experimentally testable in **C-enriched

samples of nanodiamonds.

Stability of [V-C=C-V]

In order to assess the viability of such a novel defect, we need to find out whether this is a
stable defect both in terms of it not collapsing into a V;, and it being more stable than two
isolated V; vacancies. Formation energies of the [VV-C=C-V] defect along with the V; and the V;
are shown in Table 3 along with supercell calculations.

TABLE 3: Computed formation energies of various vacancy defects in diamond (eV)

[V-C=C-V], v=2 Vi, v=1 V,, v=2 [V-C-C-C-V], v=2
Cluster® 12.56 7.62 10.37 -
Supercell® 9.48 6.07° 7.81 10.20

®HTC, BLYP/DN, Cigo-vH110.

°PBE/DN, Cgs.v.

° LDA DFT value by ref. ® was 7.2eV.

The above formation energies indicate that the [V-C=C-V] defect is more stable than two
isolated V;’s by about 3 eV, but is less stable than the fully localized V, by about 5 eV.

To be a stable, observed defect, one should expect the [V-C=C-V] to pass through a high
barrier against V, formation since the C=C double bond must be broken as these atoms migrate
towards the flanking C; triangles (Figure 7). We studied the barriers of the transitions between
[V-C-C-C-V] to [V-C=C-V] and [V-C=C-V] to V,, First, geometry optimizations were

performed on all defects, where it was found that the V, is the most stable with the smallest
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formation energy (Table 3). Then, transition structures were found for the reaction paths, in a

way similar to reference 2° but using a quadratic synchronous transit®”. The barrier from [V-C-C-

C-V] to [V-C=C-V] was low at 1.86 eV, as compared with the measured barrier to migration of

isolated vacancies® of 2.3 eV. In contrast, the barrier from [V-C=C-V] to V, was much higher at

5.17 eV. The [V-C=C-V] defect should therefore be a stable trap inhibiting the formation of V5.
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Figure 7. Energy profiles for the conversion of [V-C-C-C-V] to [V-C=C-V] (left) and [V-C=C-
V] to V, (right). Colored spheres represent neighbors to the starting vacancy. Red spheres denote
migrating atom(s). The transitions states are indicated in the middle of both diagrams.

Spin states and orbitals

We plan to discuss briefly the local orbitals that are occupied by the two radical electrons

showing their pictures. A reference to Staroverov, V. N.; Davidson, E. R. J. Mol. Struct.

(THEOCHEM) 2001, 573, 81. will be used to indicate the appropriateness of the UDFT for such

diradicaloids.
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LUMO+3

Concluding Remarks

We have shown by DFT computations that a novel defect [V-C=C-V], containing a C=C
double bond between two vacancy sites in diamond is a stable defect trap. It has a characteristic
Raman active vibrational mode predicted at 1607 cm™, which, together with its two further
isotope shifted modes should be observable. We tentatively assign this mode to the often
observed 1620-1630 cm™ Raman mode in diamonds noting that alternative assignments of this
peak are possible depending on preparative conditions. *° We find the assignment of this band to
the interstitial defect less convincing based on the presented accurate vibrational frequencies.
The presence of the [V-C=C-V] defect in diamond-like materials should be verified by more
direct experimental evidence. | expect something like this: The local double bond-like entity
should have a low lying n>7* transition. Our calculations indicate this to be at 3.79 eV. Given
the direct coupling of this transition to the length of the C=C bond, this transition should
generate a reonant Raman band for the 1607 cm™ C=C stretching mode and should make it more

observable. We also offer an alternative assignment of the 3H optical center to the C-C
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interstitial defect given the excellent correspondence of the calculated frequencies to the

observed vibrational frequencies of three isotopologues.
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CHAPTERS

DIVACANCY IN DIAMOND: A STEPWISE FORMATION MECHANISM"

Abstract

Diffusion of monovacancies in diamond creates various trapped multivacancy clusters.
The simplest diffusion process leads to a divacancy, V. The formation of V; is a critical step in
the formation of larger vacancy clusters. We explored the relaxed potential energy surfaces in the
formation of V, by ab initio density functional theory (DFT) obtaining structures, relative
energies, diffusion barriers and reaction paths. Divacancies separated by one carbon are not
stable. Even though the divacancy is the most stable final product, a novel isolated divacancy
with two vacant sites separated by two bonded carbons [V-C=C-V] can be transformed into a
divacancy only via a very large (>4.3 eV) barrier and therefore it should be a defect observable

in irradiated diamonds.

1. Introduction

Diamond-like materials including nanodiamonds contain a large variety of defects that
are difficult to identify at the atomic level.* Baker has emphasized the importance to consider the
vacancy cluster formation as resulting from precursors that have been created by accumulation of
migrating vacancies such that a “family tree of ancestors” with sufficient stabilities and lifetimes
can be identified. From this genealogical approach it follows that the steps to accumulate any

particular cluster must involve precursors with the same configuration of vacancies, less one or

“ Reproduced with permission from B. Slepetz and M. Kertesz; in submission: Phys. Rev. B
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two adjacent vacancies. The simplest of such genealogies is the formation of a bound pair of two
monovacancies, which is the subject of this work. It is surprising that the literature lacks
discussion of the most elementary of these processes, the

V1 + V1 = bound V; 1)
process, where V; is a monovacancy and V, refers to a divacancy.

Vacancy diffusion is considered as the dominant self-diffusion mechanism in diamond.?
Butorac and Mainwood °® revealed key parameters by first principles DFT methods of the
migration of the complexes of N, H with V3 (V in their notation) in diamond. In this work we
applied a similar methodology to the following problem: what are the immediate preceding steps
represented by Eq. (1)? Are there any traps that are sufficiently stable to prevent the formation of
a divacancy from two diffusing monovacancies?

The nearest neighbour divacancy V, in diamond was confirmed by Twitchen et al. to be
responsible for the “R4/W6” EPR active center. In their analysis they considered, but ruled out a
possible divacancy arrangement involving a “[V-C-C-V]” defect that might contain a double
bond between isolated carbons and possess Co, symmetry.*> This notation indicates that the two
vacant atoms can be connected via a shortest path that includes two singly bonded carbons. Here,
we discuss this and other hypothetical defects that must form before coalescing to the V,. As
two isolated monovacancies in a cubic diamond lattice migrate towards each other, the two
monovacancies must approach each other in one of the three topologically different
configurations separated by at least 3 atoms—shown in the left column of Fig. 1—before they
can merge to form the more stable V,, shown at the right end, passing through or possibly getting

stuck in a series of configurations separated by at least 2 atoms (20 and 2C) and a configuration
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separated by one atom (1I). These are indicated in Fig. 1. Our goal here is to explore these
pathways using geometry optimizations based on density functional theory (DFT).

Due to the structural isomerisms illustrated in Fig. 1, various structures need to be
compared and their mutual transformations explored energetically. For the 3 series (the vacancy
positions are separated by at least 3 atoms in the lattice) the notations of E, A, and C refer to
equatorial, axial and chain configurations, respectively. For the 2 series (the vacancy positions
are separated by at least 2 atoms in the lattice) C and O refer to chain and opposite, respectively.
For the divacancy separated by one atom there is only one isomer, (I for isolated, commonly
referred to as the ‘saddle divacancy’) which in our analysis turns out not to be a local minimum.

Some of the barriers are so high that transformations among them are not viable at any
reasonable temperature. The sequence of arrows illustrates the general direction of the formation
of a V,, which is generally an energetically favorable process due to the reduction of the number
of dangling bonds from 8 (for isolated monovacancies, 2V;) to 6 (for a divacancy, V,). However,
just by simple bond counting one might assume that the structure 2C might become stabilized
due to the possibility of relaxation of the central single o-bond into a double bond as indicated
by 2C (one of the degenerate red-blue arrangements in the top series in Fig. 1) when the dangling
bonds are reoriented. Indeed, the presented calculations point to 2C being a stable trap, although

not as stable as V5.
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Fig. 1. Structural models for the migration of monovacancies in diamond. On the top
series, color coded atoms vacancy atoms separated by 3, 2 and 1 atoms. Same color indicates
degeneracy, which are shown in the diagrams underneath with respective symbols. The first
number in the symbol indicates the number of atoms separating the two monovacancies.

2. Methods

The augmented plane wave electronic structure code PWscf—part of the Quantum
ESPRESSO® package—was used to perform self-consistent field (SCF) total energy calculations
on the seven species shown in Fig. 1 in both spin-polarized and closed shell formalism. All
calculations on vacancy species and potential surfaces were made with the exchange correlation

functional of Perdew et al. (PBE)’. The nudged elastic band (NEB) with climbing image method®

was used to calculate the energies of structures along the pathway that connects relevant species.
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Spin-polarization was not used in NEB calculations; instead single point spin-polarized energies
are calculated on transition structure (TS) and this value is used in reporting barrier heights. For
all calculations, the kinetic energy cutoff of the plane waves was 48.0 Ry with a charge density
cutoff of 348 Ry. Electron SCF convergency was set at 10® within the gamma point, and Fermi-
Dirac electron smearing of 10° Ry was used. A Vanderbilt ultra-soft pseudopotential,
parameterized for carbon systems by Meyer® was used to treat the carbon core electrons. For the
full geometric optimizations, convergency was satisfied when the total energy change between
successive steps was less than 107 Ey and the components of all the forces on the atoms were
reduced below 51 meV/A.
Formation energies for defects were calculated as follows
N-—n

EE = E\;]ac - T Echyst (2)

where E; is the formation energy, N is the number of atoms of the defect-free unit cell, n is the

number of vacancies, E, is the calculated energy of a cluster containing N-n atoms, E; is the

energy of a defect-free cluster. A cubic supercell containing N=216 atoms within the I'-point
approximation was used. These approximations allowed extensive searches on the potential
energy surface (PES). Transition structures (TS) were found by repeated conjugate gradient
minimizations on an initial TS constructed from the well-defined reactant and product structures.
The initial searches were followed by quadratic synchronous transit (QST) maximization.'® The
TS search process found local maxima for all structures with the exception of the 11 structure

(see below).
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3. Validation

We report on three cases as a way to validate our approach. First, for V, we obtain a
ground state triplet** (Dsg) as did Coomer at al.'? both being consistent with experiment.* We
performed a reaction path search along the straight connecting line of the two V; locations along
the [111] direction and obtained a barrier of 3.27 eV for the diffusion of V1. This is in close

agreement with the 3.3 eV barrier of Breuer and Briddon."® along the same path although
higher than the experimental barrier of 2.3 + 0.3 eV.* Note, that their symmetry breaking path
deviates somewhat from their value of 2.8 eV.® For Vi, we use a small smearing in order to
maintain the T4 symmetry. We obtained a relaxed structure with an increase in the nearest
neighbor distance by 0.196 A, to be compared with the earlier LDA value of 0.2 A.*® The
formation energy for Vi was 6.07 eV, to be compared with the LDA results of 7.2 eV from

Bernholc et al.?

4. Results

Equilibrium vacancy structures

What follows are brief descriptions of the eight species studied in this work: the
monovacancy and seven divacancies. Both spin-restricted and spin-polarized calculations were
performed and we find S = 1 states be lowest in energy for all species except for 20 and V4, for
which unrestricted S = 0 states were found to be lower, highlighting the importance of spin-
polarization in describing these equilibrium structures. The geometries of the defects are not
generally dependent on spin state as the rigid framework the diamond lattice prevents large

changes in atomic relaxation but subtle changes are observed which sometimes makes energy
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TABLE I. Formation energies, spin states, and geometries of the presented vacancy clusters.

Species Ef Spin Mag® Sym R1° R2 R3 R4 R5 R6
V, 8.85 0 0.0 Dsq 266 2.66 3.07 3.07
8.60 0 2.1 Con 2.65 2.67 3.07 3.06
8.49 1 2.3 Dsq 265 265 3.07 3.07
2C 10.86 0 0.0 Con 135 269 270
10.49 1 2.4 135 271 2.68
10.37 0 3.9 135 277 2.66
10.34 1 4.0 1.35 277 2.67
20 11.81 0 0.0 Con 139 285 277 270 275
11.76 0 2.0 139 284 277 265 275
11.59 1 2.4 140 280 278 270 272
11.55 0 3.3 140 280 277 268 272
3C 12.07 0 0.0 Co 148 3.08 269 266 3.01 298
11.50 1 3.8 148 3.08 265 274 3.00 3.00
11 12.47 0 0.0 Co 257 270 265 265 251
12.12 1 25 259 269 262 272 252
3E 13.20 0 0.0 C, 150 153 249 273
12.42 1 4.4 149 152 250 277
12.35 2 4.6 150 151 251 272
12.23 1 55 151 151 253 276
3A 13.46 0 0.0 C, 151 151 249 2.69
12.29 1 55 150 149 249 263
A 13.10 0 0.0 Dayq 272 259 272 272 272 259
12.34 1 2.9 Co 276 276 276 268 268 2.68
12.13 0 3.0 T4 273 273 273 273 273 273

*Energies are in eV, "Absolute magnetization; Bohr magnetons/unit cell. “Distances are in A; see
Figures 3-8 for a description of the parameters. %V, formation energies are multiplied by 2 for

comparison.
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convergency difficult. Table | summarizes the formation energies, spin states, and geometries of
the vacancies of Fig. 1 and are listed in the ascending order of their spin-restricted formation
Monovacancy, Vi

V1 in diamond (Fig. 2) has been studied extensively both experimentally and
theoretically. Removal of a single carbon from the ideal diamond lattice leaves four nearest
neighbors separated by 2.52 A with T4 symmetry and outward relaxation maintains this
symmetry. The defect is identified™ with GR1 absorption line at 1.673 eV arising from
electronic transition between the ground 'E state to a nearby T excited state. Correctly modeling
V1 normally requires configuration interaction of competing multiplets, otherwise Jahn-Teller
distortion is observed lowering the symmetry to D,d or C,, symmetry'®, as is the case in our
spin-restricted calculation (Table 1). We obtain a formation energy of 6.55 eV, a value that is

2

between the representative LDA calculations © and a restricted open-shell Hartree-Fock

method®®. With spin- polarization, we find a T4structure with a formation energy of 6.06 eV and

a near-lying triplet state with the C,v point group. Above 1100 K, V; is mobile and appreciably

R4 R1 R2

RS
R3

R6

Fig 2. Nearest neighbors (yellow) to the monovacancy V;. The vacancy removed is shown in red.
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forms divacancies unless the diamond sample is rich in nitrogen which traps migrating
vacancies’. Anderson et al. obtained a stabilization energy of 3.45 eV'’ using their semi-
empirical quantum chemical method for the V1 + V1 = V5 process, which compares well with

our calculated value of 3.55 eV.

Divacancy, V;

R1

R1 R4

R
R2

R1

Fig. 3. The six nearest neighbors (yellow) to the divacancy (red).

The V; divacancy (Fig. 3) is created from removing two adjacent carbons in the diamond
lattice leaving six nearest neighbors with D3d symmetry. This leaves six states in the gap with
the one electron description ais’a;,’e,” leaving the possibility of a Jahn-Teller distortion'?. ESR
experiments confirm the S = 1 ground state but with temperature dependent geometry; C, below
30 K and undistorted Dsq4 above this mark®. We calculate the restricted formation energy to be
8.85 eV which lowers by 0.36 eV when spin-polarization is introduced. Our calculation reveals

Dsgsymmetry and S = 1 spin with a Cy, unrestricted singlet state 0.11 eV higher.
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Divacancy defect, 2C

R3

R1

R2

Fig. 4. Nearest neighbors (yellow) to the 2C divacancy (red).

The 2C defect (Fig. 4) is produced by removing a pair of carbon atoms separated by two
along the [110] chain direction. Relaxation of the isolated pair along [110] produces a
pyramidalized (~24°) sp? bond of 1.35 A length which has a calculated characteristic C=C
stretching frequency close to 1610 cm™.'® This defect was considered by Twitchen et al. as it
was ruled out as a possible explanation for the R4/W6 ESR center in irradiated diamond. We
previously described™® this defect modeling it with a hydrogen-terminated cluster and a 216 atom
supercell with BLYP density functional and a numerical atomic orbital basis set. In contrast to
that study, here we find an S = 1 ground state with a low-lying S = 0 diradical state; the results
were reversed in our previous study. In both spin states, the spin density is located primarily on
the six atoms that make up the two triangles that lie above and below the sp?-bonded carbons.
Migration of 2C to V, is high relative to 20 migration (see below) and thus may a stable trap for

migrating vacancies and observable with ESR.
99



Divacancy defect, 20
R4

R3
R>

~RL

RS

Fig. 5. Nearest neighbors (yellow) to the 20 divacancy (red).

Removing a pair of carbons situated at the opposite ends of a Cg chair in the diamond
lattice produces 20 defect (Fig. 5). Although removal of these atoms leaves behind two pairs of
isolated nearest neighbors, as in 2C, these atoms are not as readily free to sp®-hybridize because
structural motive of these atoms are not situated along [110] and their bonded neighbors are
twisted relative to each other, denying potential overlap. These carbons shrink to a distance of
about 1.40 A. The void space can be viewed as two closely interacting monovacancies and
concerted migration of one quasi-sp? pair towards the void space produces the adjacent V. The
simplicity of this path combined with the high cost of breaking the sp? bond in 2C make this the
more favorable precursor to V, production. This is the only divacancy for which we findan S =0

(unrestricted) ground state.
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Divacancy defect, 3C

R2
R3 R1 &
® - ®
& R6 3
ol 4
o &

Fig. 6. The nearest neighbors (yellow) to the 3C divacancy (red).

The 3C (C for chain) defect (Fig. 6) is produced by removing a pair of atoms along [110]
separated by three carbons. The two carbons along [110] that neighbor the vacancies relax
towards their common neighbor shrinking their bond length to 1.48 A. Concerted migration of
these two atoms towards the void would produce the V, but we find this costly relative to the

migration of a single atom towards one vacancy producing the [110] 2C divacancy.

Divacancy defect, 11

R1

~

LoR4

Fig. 7. Nearest neighbors (yellow) to the isolated divacancy 11 (red).
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Early work by Coulson and Larkins'* considered the 11 (Fig. 7) competitive with V,. We
achieve convergency on this structure for both spin-restricted and spin-polarized formalism but
its formation energy is about 3.6 eV higher than V,. NEB calculations for the 11 = V, process
shows no barrier and we consider the 11 to be a transition structure for V, migration. This not
only rules out one of the seemingly stable divacancy structures, but also limits the pathways of

viable interconversion processes as we discuss below.

Divacancy defects, 3E and 3A

R1

R3™ R4 -
R1 o -

R2
L e @

Fig. 8. 3E (left) and 3A (right) defects showing the nearest neighbors (yellow) surrounding the
vacancies (red)

Starting with a Cg chair, removing a carbon from the chair followed by the removal of a
carbon separated by three atoms produces either the 3E or 3A defect (Fig. 8) depending on
whether the axial or equatorial carbon is removed. 3E is shown (Table 1) to be more stable but
the difference is small and both are on accord with two isolated monovacancies. It is interesting

then to note that even at this close of a distance the vacancies do not interact in an appreciable
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way. Migration of the point carbon on the Cg chair towards its respective equatorial or axial
vacancy produces the 20 defect. Conversion of 3E or 3A to 3C is complicated due to structural
constraints and therefore energetically unfavorable. One expects high barriers between structures
in the three series due to the large atomic rearrangement that would be necessary for these
transformations. The calculated barriers among 3A, 3E and 3C range from 5.0 eV to 7.5 eV, and
are too high to consider these processes as viable. Therefore, once one of the three 3A, 3E or 3C

structures has been formed, they should either dissociate or form either 2C or 20.

Pathways

The results of our NEB calculations for transition structures and the related energetics are
presented in Table Il. The reaction energies are according to the direction of the written step,
thus the negative values indicate all processes are exothermic. All NEB calculations were
performed with RBPE and these results are shown on the first line for each step. The second line
shows the estimated values taken spin-polarization into account. Thus, the reaction energy found
in the second line is the difference between the reactive species’ lowest formation energies,
regardless of spin state and the barriers are estimated by taking the difference between the spin-
polarized single point SCF energy of the (spin-restricted) transition structure and the calculated
energy of the ground state of the reactant.

The formation of V, from 20 is a two atom migration where the bond of one of the
isolated pairs breaks, with the atoms moving towards the 20 vacancy sites, leaving the void of
V,. The barrier is comparable to the V; diffusion barrier and proves the only viable path for the

formation of V,. A one atom migration was considered where one carbon on one of the two
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isolated pairs moves towards a vacancy at the opposite end, however, the long distance traveled

along this path induces a high barrier. Fig. 9 shows the integrated energy profile for V;

production from 20 and 2C. One immediately notices the reduced barrier starting from 20

despite the extra stability the 2C possess.

TABLE Il. Reaction energies and barriers for the elementary steps studied in this work. Energies
are in eV. The first line in each step refers the spin-restricted calculations. The second line shows

the values using spin-polarization.

Step Rxn E  Barrier
3E ->20

-1.39 1.92

-0.68 2.52
3A->20

-1.66 1.61

-0.74 2.33
3C->2C

-1.21 1.72

-1.16 1.64
2C ->V2

-2.01  4.40

-1.85  4.33
20 -> V2

-2.96 2.26

-3.06 2.46

Moving backwards in the genealogy of Fig. 1, the integrated potential energy scan

for the production of 20 from 3E and 3A are shown in Fig. 10. Both have similar and modest

(spin-restricted) barriers of 1.92 eV (3A-> 20) and 1.61 eV (3E-> 20). This establishes a path

from two free V1 vacancies to V,, first via 3A or 3E and then via 20.
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NEB reaction coordinate

Fig 9. Energy profiles for the 20 - V; (black) and 2C - V, (dashed red) processes.

On the other hand, 3C (which is twice as likely to be formed on statistical grounds
assuming all else being equivalent) can only be transformed into a trap, 2C (barrier = 1.72 eV),

from which the barrier as discussed is too high to generate V5.

2.5

NEB reaction coordinate

Fig. 10. Energy profile for the 3E->V, (black) and 3A—>20 (dashed red) processes.
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Some of the transition structures show interesting relaxations, such as in the case of 20
- V, where the transition structure (TS) contains a shortening of the quasi-sp® bonded pair
which again elongates in the product. This transient shortening leads to a stabilization of the TS
and lowers the barrier.

Fig. 11 summarizes the spin-polarized barriers for the processes discussed above. It is
surprising that the process leading to the most stable end product, V», encounters barriers that are
significantly higher than the barrier to the novel 2C structure with the C=C bond. Note that
assuming a random initial structure the 3C is twice as likely to occur compared to the 3A and 3E.
Therefore, we conclude that the product 2C should be observable in addition to the more stable

V, divacancy.

a 2.46eV

N
@)
\

<

2C

3C 1.64 eV

Fig. 11. Calculated spin-polarized energy barriers for the processes discussed in this paper. V; is
more stable than 2C [V-C=C-V] by about 1.85 eV, but given the smaller barriers leading to 2C, it
may be more prevalent than V,. (Position of symbols does not represent relative energetics.)
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6. Conclusions

We have shown with DFT computations that the capture of one monovacancy, Vi, by
another can lead to a stable divacancy V, and alternatively to a more complex novel 2C isolated
divacancy [V-C=C-V] structure, which would trap the two monovacancies in a stable state.
Computational modeling indicates that the mechanism of the formation of these bound vacancy
clusters is likely to occur via the 20 intermediate, while the chain-like intermediate is stabilized
by the formation of a double bond creating a stable divacancy trap. The computed series of
barriers indicate that the novel 2C isolated divacancy [V-C=C-V] should be produced in the
process of monovacancy diffusion in addition to the more stable divacancy, V,. The new
structure of the isolated divacancy shows that the eight dangling bonds of a divacancy can relax
not only as the nearest neighbor adjacent divacancy, but in a manner creating an approximate
double bond inside of diamond.

We also concluded that 11 (the divacancy separated by one carbon) is not a stable
structure, similarly to the case of silicon, where Hwang and Goddard have pointed®® out the
instability of such as structure toward a V,. Given the well-known differences'® ?° between Si

and diamond; this similarity does not follow automatically.
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CHAPTERG6

THERMAL [4+4] CYCLOADDITION OF [2.2](9,10)ANTHRACENOPHANE"

Abstract

We show that the reaction path connecting the tethered [2.2] (9,10)anthracenophane and
its photodimer proceeds step-wise via a diradicaloid transition state where one c—bond is made
before a second. The newly found transition state (TS) has a smaller molecular volume than
either the reactant or the product giving an atomistic explanation to the recently found pressure
catalyzed barrier lowering and rate enhancement. The density functional methods used include
long-range contributions as required in a system where the dispersion interactions are significant.
We discuss this transformation in the context of the diamond-to-graphite transition owing to the
similarity of c—bond breakage into a delocalized n-system. We also comment on the controversy
surrounding the equilibrium geometries of photoisomerized cyclophanes, concluding that Dy
symmetry in the photoisomer of the title molecule is a transition structure connecting a pair of

degenerate ground state D, geometries.

Introduction

In a surprising experiment® Jezowski et al. showed that the application of mechanical
pressure significantly reduces the barrier for the thermal cycloaddition of [2.2]
(9,10)anthracenophane (Scheme 1). In Zeonex (polycycloolefin) polymer matrix, the activation
energy for the dissociation of the photoisomer was reduced from 93 kJ mol™ at ambient pressure

to 7 kJ mol™ under 0.9 GPa applied pressure. Typically much higher pressures around 10-20

“ Reproduced with permission from B. Slepetz and M. Kertesz; in submission: J. Am. Chem. Soc.
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GPa?** are needed to break bonds and generally negative activation volume signals bond
formation and not bond breaking as discussed by Jezowski et al.' The authors hypothesized that
the transition structure that connects the title compound with its photoisomer would show a
smaller molecular volume than either equilibrium structure. Here were explore the potential
energy surface of the thermal cycloaddition reaction to answer the question: Is there a transition
structure (TS) or intermediate to be found on the potential energy surface that can provide an

atomistic interpretation for this new experimental result?

Scheme 1. The [4+4] cycloaddition of [2.2] (9,10)anthracenophane. The reaction is reversible
under ambient conditions and the reverse reaction is catalyzed by pressure’.

A second motivation for finding an accurate reaction path for this reaction derives from
the interest in interatomic contacts between carbon atoms in the range of 1.7-2.8 A. These
contact values are uncommon but not unprecedented® and continue to attract interest®. Note, that
the X-ray crystal structure data for the title compound and its photoisomer show that the critical
CC contacts are’ d(1-2)=2.765 A and d(1-2)=1.653 A, respectively. One of the motivations of
this study is to see whether a reaction intermediate can be identified with CC contacts closer to
the “forbidden” 2.0-2.5 A range.

Special structural and electronic peculiarities® such as strain, steric hindrance, ionic
charge, and radical character are necessary to generate long CC bonds >1.65 A or short CC

9,10

contacts <2.9 A. Electron deficient carbocations are known to interact with electron rich x-
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bonds to form a three-center, two electron homoaromatic bond with CC distances in the 1.6-
1.75A range as in 1'. Neutral sp®-sp® bond lengths >1.7 A have been observed in
benzocyclobutane derivatives®?, as in 2. Here, the steric crowding of the phenyl groups forces the
respective CC bond to a greater distance where a long o-bond is preferred over a diradical state.
1,1,2,2-tetraarylpyracene (3) has a long CC o-bond with two distinct distances, 1.71 A and 1.78

A, due to two crystallographically independent molecules in the unit cell®>.

Paracyclophanes, another example containing unusual CC distances, are of chemical

interest due to their unconventional structures and photoisomerization reactivities'**.

16,17

Applications in the fields of chiral catalysis'®'’, electronic materials'® and optical switches™

have broadened this interest. Structural anomalies in paracyclophanes include nonplanar

distorted aromatic rings and unusual distances between sp>-hybridized carbons. While the

20,21,22,23

structure  of  paracyclophanes has been  studied experimentally and

theoretically?42>2627:28:29

with a variety of methods, the reaction paths of photoisomerization
have been largely ignored. [2.2] (9,10)anthracenophane (4) can form a photodimer (5) through

an intramolecular [4+4] cycloaddition (Figure 1) in which the central aromatic rings
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4 5

Figure 1. [2.2] (9,10)anthracenophane (left, 4) with the distance d(1-2)/d(3-4) labeled (center)
that undergoes the greatest geometrical change during isomerization. The photodimer 5 is shown
at right. The torsion ¢ correlates with d(1-2) and may be parallel or twisted relative to the torsion
on the opposite side.

connect via sp?-sp® transition. Other photodimers, of the Diels-Alder [4+2] variety, might be
formed under high pressure without photoexcitation.*® We also note the analogy of cycloaddition
to the diamond-to-graphite transition; as the paracyclophane undergoes intramolecular
isomerization, the distance d(1-2) (Figure 1) decreases, breaking the aromaticity of the
connecting rings, forming an elongated electron pair o-bond.

[2.2] (9,10)anthracenophane is of particular interest because the anthracene unit, with its
three aromatic rings, can aid in the stabilization of intermediate structures during
photoisomerization. 4 isomerizes to 5 in a thermally forbidden, photochemically allowed [4+4]
cycloaddition (Scheme 1). The reverse, bond dissociative reaction (5 - 4) can be accelerated by
hydrostatic pressure leading to the notion that the TS has a smaller volume than the photoisomer
5 or the clamped bisanthracene 4. This study presents the computational modeling for the
reverse 5 > 4 because the experimental data refer to this dark reaction®.

X-ray data indicate that 4 (CSD refcode: ANTMETO05’) has d(1-2)=2.765 A and 5 (CSD

refcode: ANTMEUO03’) has d(1-2)=1.653 A. As cycloaddition proceeds, the central ring
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transforms from a nearly planar sp?-hybridized aromatic system to a nonplanar system with d(1-
2) bonding two sp®-hybridized carbons. This process spans the distances that are encountered as
graphite is compressed into diamond. We will present two pathways for the ground state
photoisomerization of [2.2] (9,10)anthracenophane and discuss these in the context of the
diamond-to-graphite transformation. We have explored the potential energy surface (PES) and
find detailed information for two competing pathways that involve the breaking of the d(1-
2)/d(3-4) pair of bonds: one in which they break in synch and another where one pair breaks

before the other.

Methodology

All molecular calculations were performed with the Gaussian 09! suite using the MO06-
2x% and Grimme’s B97D* density functionals paired with various Gaussian split-valence® basis
sets. The accuracy of the M06-2x model chemistry applied to reproducing the geometric
parameters of small paracyclophanes was previously demonstrated by Bachrach® using the split-
valence triple-zeta basis 6-311G(d,p). Quenneville and Germann used extensive DFT
calculations with 6-31G(d) for exploring the potential energy surfaces of benzene and anthracene
dimers under pressure.*® Our test calculations with the 6-31G(d,p) basis set on 4 and 5 showed
minute geometrical changes with distances within 0.001 A. The difference in AE between these
species from the 6-311G(d,p) basis to the smaller 6-31G(d,p) was 0.2 kcal mol™. We therefore
use the smaller basis set in this work. MO06-2x and B97D was chosen because medium range
electron correlation effects are important for interacting conjugated substructures. Energy
minima and maxima were confirmed through vibrational analysis ensuring only real frequencies

for minima and exactly one imaginary frequency for transition structures. Transition structures
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were searched for by quadratic synchronous transit®* (QST) and were connected to energy
minima by following the amplitude of the imaginary frequency as implemented in the intrinsic
reaction coordinate® (IRC) method. Molecular volumes were calculated from the electron
density by the method described by Wong et al.®’ in which the volume is defined as that within a
0.001 electron/Bohr® contour, estimated with a Monte Carlo integration. A total of 100 iterations
were used with the number of integration points per cubic bohr chosen to obtain a total of
approximately 10,000 integration points, as demonstrated in previous studies™.

For solid state calculations, the augmented plane wave electronic structure code PWscf—
part of the Quantum ESPRESSO*® package—was used to perform self-consistent field (SCF)
total energy calculations on the rhombohedral structures. We use the exchange correlation
functional of Perdew et al. (PBE)*. The structure is defined by three independent parameters as
shown in Figure 2: the interlayer separation g, unit cell length a, and the inter-axes angle a.. The
values of these parameters are what determine the in-plane bond length r and the inter-layer
angle 6. The diamond and graphite structures were fully optimized such that the atoms and cell
parameters were permitted to relax to minimize the energy. Note that due to the lack of long-
range dispersion in the PBE functional, the interlayer interactions at the graphite end are not well
represented. All other structures along the path were constructed with the separation of the atoms
q taken as a given starting point and the cell parameters a and o were varied until a local
minimum was obtained. The optimized parameters for diamond, graphite, and the transition
state are summarized in the supporting information. For all calculations, the Kinetic energy cutoff
of the plane waves was 48.0 Ry with a charge density cutoff of 348 Ry. Electron SCF
convergency was set at 10® within a 16x16x16 Monkhorst—Pack Brillion zone sample grid, and

Fermi-Dirac electron smearing of 10° Ry was used. A Vanderbilt ultra-soft pseudopotential,
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parameterized for small organic molecules by Meyer*" was used to treat the carbon core
electrons. For the full geometric optimizations, convergency was satisfied when the total energy
change between successive steps was less than 107 Ey and the components of all the forces on

the atoms were reduced below 51 meV/A.

Diamond-to-graphite transition

The modeling of the diamond-to-graphite transition is simplified***®

when using a two
atom rhombohedral cell in which the first carbon atom lies at the origin at a distance q from the
second carbon, aligned along the z-axis. This cell allows a smooth transition from diamond to
ABC graphite and is described (Figure 2) by three parameters: the in-plane bond length r, the
interlayer distance g, and the interlayer angle 6. ldeal diamond has g=r=1.54 A with 6=109.5°.

As g increases towards graphite, r decreases as m-electron delocalization develops.

Figure 2. Schematic representation of the parameters involved in the diamond-to-graphite
transition. r is the in-plane bond length, q is the interlayer separation, 6 is the interlayer angle.

Table S1 contains the parameters as calculated in this work for diamond, graphite, and

the structure with highest energy along the synchronous transition. Figure 3 shows the energy
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profile for the diamond-to-graphite transition as a function of g. The transition structure is at
0=2.06 A with r=1.47A and 6=102°. Unrestricted formalism at this geometry did not lower the
energy as neither a spin-triplet or diradical state were found. This point is worth discussing
further. The lack of splitting of o and B orbitals is an indication that instead of developing
localized spins when the o-bonds break, the system gains energy by forming delocalized =-like
orbitals. Given the pyramidalization angle of 6 =102° it is not surprising that the electronic
structure undergoes a rearrangement without such a spin symmetry breaking. Typically, larger
exact exchange component in a hybrid DFT leads to a wider range of geometrical parameters
with spin symmetry breaking. The maximum propensity to such broken symmetry solutions
occur with 100% exact exchange at UHF. After extensive efforts we found such a symmetry
broken solution with UHF only with a minimal energy lowering of 0.9 kcal mol™ at g=2.1 A.
This finding explains why at the PBE level we find no broken symmetry solution in the graphite-
to-diamond transition.

The geometry at the TS along the graphite to diamond path discussed here is
characterized by geometrical parameters that are not unexpected for transition between a o-bond
and simultaneous delocalization of the resultant radical electrons into a delocalized r-electron
system. Therefore, it is instructive to see how the various geometrical parameters change during
this transformation which will serve as a basis of comparison for the valence isomerisation of the

title compound. Figure 3 shows the energy profile for the diamond-to-graphite transition as a
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Figure 3. Relaxed scan of the total energy per unit cell for the diamond-to-graphite transition
along the inter-planar distance g using DFT band theory. The transition structure (TS) is at g=
2.06 A.

function of g where it is observed that the activation energy is about 0.6 eV/unit cell. This is
only about 15% of the bond dissociation energy observed in CC c-bonds in typical organic
molecules*, highlighting the importance of delocalization in stabilizing bond breakage.The
geometrical relaxation confirms this process. In figure 4, the in-plane bond length is plotted
against q. Likewise, in figure 5 the interplane angle 0 is plotted against q. Both curves show a
smooth transition from the sp®-hybrid parameters of 1.54 A and 109.5° to the sp?-hybrid
parameters of 1.41 A and 90° indicating that as the n-bonds develop parallel to the c-bonds

being broken. While the graphitic layers are still quite corrugated at the TS (6=102°) the in-plane

bonds r are more than half-way at their final graphitic values.
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Figure 4. Change in the in-plane bond length r with interlayer separation, q. Data correspond to
the relaxed scan in Figure 3.
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Figure 5. Change in the inter-plane angle 6 with inter-planar distance q for the diamond-to-
graphite transition. Data correspond to the relaxed scan in Figure 3.

Valence tautomers and conformers of the Cyclophane [2.2] (9,10)anthracenophane

The energies and geometries of five relevant conformers and tautomers involved in the
cycloaddition of [2.2] (9,10)anthracenophane are summarized in Table 1 for two model
chemistries. In both models, the relative energies of the species follow the same order and the
difference between the D, dissociated tautomer (4a) and its conformer, the crystallographically
observed C; structure (4b), is less than 1 kcal mol™. The largest difference between the two
methods is the calculated dissociation reaction energy (5a-to-4a), which is exothermic at -9.11
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kcal mol™ in M06-2x/6-31G(d,p) and -21.2 kcal mol™ in B97D/6-31+G(d). The B97D model is
closer to the exothermic heat of reaction experimental value*®, as measured by differential
scanning calorimetry, of -35 to -39 kcal mol™. However, M06-2x better predicts the reaction
barrier energy (see text below).

Figure 6, illustrates the relevant CC distances that undergo the greatest change are d(1-2)

and d(3-4).
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Figure 6. Two views of 4. d(1-2) and d(3-4) undergo the greatest cha\ge during isomerization to
5. The torsional angles ¢(1-5-6-2) and ¢(3-7-8-4) also change significantly.

Where these distances are unequal, d(3-4) will refer to the longer of the two. For both model
chemistries, the global minimum is found to have D, symmetry (4a) whereby the torsional
angles of the bridging carbons twist relative to one another. An isomer with C, symmetry (4b)—

74847__js found to be less than 1 kcal mol™ above 4a (See

observed with X-ray crystallography
supporting information Figure S4). We found a transition structure linking these torsional

isomers (not pictured) that is energetically 1.35 kcal mol™ above 4a.
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Table 1. Relative energies and relevant geometric parameters for the molecular species presented
in this work.?

DFT MO06-2x/6-31G(d,p) B97D/6-31+G(d)

Species Symm. Energy d(1-2) ¢(1-5-6-2) Energy d(1-2) ¢(1-5-6-2)

4a D, 0 2.802 335 0 2.823 329
4b C, 0.75 2.814 205 0.43 2.826 195
5a D, 9.11 1.645 175 21.2 1.688  16.9
5b D,, 138 1.645 0.2 24.5 1.689 0.0
1.692 17.4 1.814 175
6P C, 36.9 36.8
2626 35.1 2609 324

2Energies in kcal mol™?, distances in A, angles in °. "Energy minimum in M06-2x, TS in B97D.

The crystal structure” #8495 of the cycloaddition product, 9,9:10,10-diethano-
9,9:10,10'-bi-9,10-dihydroanthracene, has D,, symmetry (5b) but we find this geometry to be 5
kcal mol™ higher than a structure possessing D, symmetry (5a) (See supporting information
Figure S5). The equilibrium geometry of smaller cyclophanes has been has been the subject of
debate*”*"? with X-ray diffraction data indicating a D,, geometry for [2.2]paracyclophane with
no twist. We find the D,y structure to be a first-order saddle point on the PES connecting two
degenerate D, isomers as the carbon bridges twist relative to each other.

We also find a local minimum in M06-2x that has not been described before: it has
broken-symmetry (BS, 6) (Figure 7) with intermediate and unequal CC distances d(1-2)=1.69 A

d(3-4)=2.63A. The BS tautomer ground state is a diradical with spin density localized on the
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long CC atoms and the only example we have found of a stationary point having a spin-
unrestricted solution as all other species have closed shells. Structure is 6 key in understanding
the full potential energy surface and it corresponds to one of the bonds being broken while the
other is stretched only slightly to be discussed in the next section. A triplet ground state is
competitive, calculated to be higher in energy by 0.6 kcal mol™ which should be contrasted with
the calculations by Quenneville and Germann® who found for the dimerization of untethered
anthracene under high pressure that the triplet path is lower than the singlet path for the

asynchronous transit but overall the synchronous transit ends up being the lower barrier path.

Figure 7. Two views of the broken-symmetry (6) tautomer at the M06-2x/6-31G(d,p) level
showing where the bulk of the spin density is located at the long carbon-carbon contact sites.
d(1-2) = 1.69 A (shown as a bond), d(3-4)=2.63 A joins the radical sites.
Pathways

We have calculated two PESs for the thermal cycloaddition transition, monitoring the

changes in geometry, energy, and spin density (where applicable) to compare with the graphite-

to-diamond transition. We start with a synchronous path in which d(1-2)=d(3-4) along all points
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of the reaction. As shown in Figure 8, the cycloaddition transition proceeds through a (left-to-
right) barrier of 38 kcal mol™ and is exothermic with reaction energy of 9 kcal mol™ in MO06-
2x/6-31G(d,p) model chemistry. All points along the path have closed shells except for the
maximum at d(1-2) = 2.20 A. A spin-restricted single point energy calculation for this geometry

is 9.95 kcal mol™ higher.
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Figure 8. Total energy along the synchronous path for the cycloaddition of [2.2]
(9,10)anthracenophane at the UMO06-2x/6-31G(d,p) (circles) and UB97D/6-31+G(d) (squares)
levels.

Vibrational analysis on the maximum energy structure 7 (Figure 9) reveals two imaginary
modes: one with synchronous displacement among the pair of long carbon contacts and another
that stretches the carbon contact pairs asymmetrically towards a structure that resembles the BS

species 6. In B97D/6-31+G(d), the barrier is reduced due to a lower total energy for the transition

state and a greater exothermic difference between equilibrium species.
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Figure 9. The structure of the second-order saddle point calculated for the synchronous path

with d(1-2) = 2.20 A at the M06-2x/6-31G(d,p) level. Dashed lines indicate the short contacts
between d(1-2) and d(3-4).

Figure 10 shows the change in the distances d(1-9) and d(1-10) calculated with M06-2x/6-
31G(d,p) along the synchronous path, which are analogous to the in-plane bond length r in the
diamond-to-graphite transition. In the latter case there is only one distance value with all in-plane
bonds being equivalent. For each distance, two nearly close correlations are observed around the
transition structure. Likewise, Figure 11 depicts the changes in angles 6(9-1-2) and 6 (10-1-2)
that are analogous to the diamond-to-graphite interplane angle. Here we find two different types

of angles with 6(10-1-2) spanning 103°-120° while 6 (9-1-2) is more analogous to the sp®/sp?

diamond-to-graphite transition, following close correlation between 91°-107°.
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Figure 10. Change in the in-plane bond length r as a function of the interplane distance q in the
diamond-to-graphite transition (black circles) overlaid with the analogous bond lengths in the
synchronous transition of 5a to 4a. Blue squares refer to d(1-9), red triangles refer to d(1-10).
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Figure 11. Change in the interlayer angle 6 as a function of interplane distance q in the diamond-
to-graphite transition (black circles) overlaid with the change in the analogous pair of angles in
the synchronous transition of 5a to 4a. Blue squares refer to 6(10-1-2), red triangles refer to 6(9-
1-2).

We now consider the possibility of a pathway where d(1-2) changes asymmetrically, that

is, one bond forms in the cycloaddition before the other. Figure 12 shows such a pathway in
(d(1-2), d(3-4)) space based on our two model chemistries. For M06-2x, the asymmetric path
passes through two transition states that flank a very shallow local minimum, 6 (BS). TS1

connects 5a to 6 and lies just 0.2 kcal mol™ above 6. TS2 connects 6 to 4a and is 2 kcal mol™
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above 6. In B97D, the equilibrium structures are connected by single TS with no intermediate. It
is an essential feature of this reaction, that the lower barrier path in both model chemistries

proceeds through a region close to structure 6 pointing to a stepwise process.
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Figure 12. PES of the cycloaddition of [2.2] (9,10)anthracenophane with the two model
chemistries used in this work in (d(1-2),d(3-4)) space. Red circles follow the asynchronous path
as calculated with UMO06-2x/6-31G(d,p), blue squares follow the path calculated with UB97D/6-
31+G*. Triangles indicate transition structures and diamonds indicate minima. The red dashed
line follows the synchronous path with the + indicating the location of the second order saddle

point found in M06-2x/6-31G(d,p).
Figure 12 shows the variation in the parameters d(1-2)/d(3-4) for both model chemistries.
Starting at the equilibrium photoisomer 5a at the M06-2x level (red circles) we see that d(1-2)

begins relatively unchanged keeping a (long) c-bond while d(3-4) breaks until the first transition

structure (red triangle) when d(1-2) begins to break appreciably. The path continues passing
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through a shallow minimum 6 with d(1-2) still bonded, then through a second transition
structure, before arriving at the dissociated 4a tautomer. The dashed red line follows the
synchronous path with d(1-2)=d(3-4) which produced the energy profile given in Figure 8.

The full spin-unrestricted PES along the IRC for both models is shown in Figure 13. In
MO06-2x/6-31G(d,p), the reaction barrier of 28 kcal mol™ compares favorably to the measured
value of 24.0 kcal mol™ in toluene solution® and 22.2 kcal mol™ in polycycloolefin polymer
matrix’, overshooting by 4-6 kcal mol™. The B97D/6-31+G(d) IRC model undershoots the
experimental reaction barrier by 7-9 kcal mol™. The PES displays a diradicaloid character®® in a
narrow range at the BS (6) structure corresponding to one broken c-bond as indicated by the spin
density distribution shown in Figure 7. We calculate®® the number of effectively unpaired
electrons to be 1.58 with M06-2x and 1.42 with B97D (due to the difference in amount of
exchange) further indicating high diradical character. This is smaller than the value of 2.08 found
in the second-order saddle point 7 in the synchronous path. It can then be argued that one of the
reasons for the preference of the stepwise asynchronous path is that it minimizes the amount of
high-energy diradical character. This intermediate is separated by small barriers on both sides to
the two transition structures TS1 and TS2, and therefore in a practical sense the whole region

around these structures behave as a transition state in the transformation.
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thermal cycloaddition pathway (left: 5a to right: 4a) calculated at the UB97D/6-31+G(d)
(squares) and UMO06-2x/6-31G(d,p) (circles) levels.
Volume change during reaction

Table 2 contains the calculated molecular volumes of the various species presented in this
work with various model chemistries. We found the need for the inclusion of diffuse functions in
order accurately match experimental X-ray volumes where available. This was particularly clear
for 4b. For this reason we calculated the molecular volumes using a variety of basis sets at both
DFTs. The calculated volumes of both transition structures 6 and 7 are the same within one
standard deviation, giving credence to the proposed dissociation mechanism involving a TS with
a smaller molecular volume.! The calculated volume change is about 15-19%, much larger than
the ~3% obtained experimentally®. We expect this discrepancy to be largely due to the difference
between the experiment in a polymer matrix, where reactant molecules are encapsulated, and the
gas phase calculation. The reduction of the molecular volume is significant in the TS region fully

supporting at the atomistic level the mechanism proposed by Jezowski et al.

Table 2. Molecular volumes® of the various species in this work.
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Species Exp.” UB97D/6-31+G(d) UMO6-2x/6-31G(d,p)

4a - 508.3 431.5
4b 5103 505.3 429.3"
5a  506.5° 507.1 493.2
6 - 437.0 429.8
7 - 433.3 425.0

*Volumes are in A3. "X-ray structures taken from reference 7. “Experiment is on the D2h
structure (5b). “When diffuse functions are added, we obtain volumes of 501.2 and 505.5 for the

basis sets 6-31+G(d) and 6-31+G(d,p), respectively.

Conclusions

The [4+4] cycloaddition in [2.2] (9,10)anthracenophane process has similarities to the
diamond-to-graphite transition. We calculated two pathway PES, a synchronous change and an
asymmetric change, and observe the sp®-sp? change during photoisomerization mimics the
carbon allotropic change in some respects. Among them, the complete absence of stationary
points with nearest neighbor CC distances around 2.20 A. In fact, this distance seems to be “off
limits” and we know of molecule exhibiting this distance between sp® carbons except in the
crowded environment of cyclic compounds. The change in di, is subtle away from the transition
structure but dramatic at 2.1 A < d(1-2) < 2.3 A, where it is clear that there is no geometry that
can satisfy a minimum energy structure and instead we find transition structures in this range. By
breaking (or completing) the bond separated by either d(1-2) or d(3-4) before the other, higher
energy structures in which both of these distances must be near 2.3 A simultaneously is

circumvented and this asymmetric pathway reduces the barrier by 10 kcal mol™ relative to the
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synchronous path. A diradical structure is found along the assymetric path, near the transition,
but whether this structure is a true minimum depends on the model chemistry used. Quenneville
and Germann® noted that the lowest energy path is synchronous for the dimerization of
anthracene at the 9 and 10 sites as here without the tethers present in this work although they also
noticed a diradicaloid intermediate on the triplet surface. This is in contrast to our lowest energy
path with proceeds via a singlet diradicaloid asymmetrical (stepwise) intermediate. The effect of
the tethers is to holds the pairs of the 9 and 10 sites in proximity during the reaction.

The molecular results inspire the thought that an alternative asymmetric-type path might
be modeled in the diamond-to-graphite transition that passes through a smaller barrier compared
to the simple synchronous path. The computed reduction of the molecular volume is significant
in the TS region regardless of the applied density functional fully supporting the pressure

accelerated reaction mechanism proposed by Jezowski et al.*
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(grant number CHE-1006702).

Supporting Information

Table S1. Optimized parameters for the diamond, graphite, and transition structures used
in this work.

al A o/° q/A r/A 0 /°
Diamond 2.52 60.00 1.544 1.544 109.5
Transition
structure (TS) 2.768 53.50 2.060 1.471 101.95
Graphite 3.978 36.11 3.714 1.420 90.0

130




w

s ¥ Nl

h (left to right) q=1.54, 1.7, 2.0,

Figre S1 | wt
2.3,3.34.

60
57 | o

54 | ®e

51 | o
%8 |
45 |

42 |
39 |

1.501.701.902.102.302.502.702.903.103.303.503.70 3.90
ql/A

Figure S2. Change in the cell parameter o with inter-layer separation g diamond to graphite
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Figure S4. [2.2] (9,10)anthracenophane with D, symmetry (left) and C, symmetry (right). 4a is
calculated to be lower in energy by 0.75 kcal mol™ at the M06-2x/6-31G(d,p) level.

5a
Figure S5. Two views of the optimized geometry of the cycloaddition product 5a (D, symmetry)

at the M06-2x/6-31G(d,p) level.
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