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Description of Diamondoids

Shortly after the 3D structure of diamond was determined, the German chemist
Hermann Decker recognized the connection between diamond and saturated
hydrocarbons with “the 6-ring system built out into the third dimension” and sug-
gested the term “diamondoid” for such molecules [1]. As the spatial arrangement of
the carbon atoms resembles the diamond crystal lattice, diamondoids can therefore
be viewed as hydrogen-terminated nanometer-sized diamonds with distinctive
properties determined by their sizes and topologies. The smallest diamondoid is
adamantane (AD, Figure 1.1), which has a cage skeleton consisting of ten carbons.
Formal addition of further isobutyl fragments to the AD parent structure in a
cyclohexane ring-forming manner results in higher diamondoid homologues. Dia-
mondoids are classified as lower and higher homologues: lower diamondoids have
only one isomeric form and include AD (C,,H,;), diamantane (DIA, C,,H,,), and
triamantane (TRIA, C,4H,,), while higher diamondoids start with tetramantane
(TET, C,,H,s) and possess isomers. Among three possible TET isomers, one is
chiral (123TET) and is viewed as the parent of a new family of c-helicenes [2]. As
the cage grows, the number of isomers increases and beginning from pentamantane
(PENT) spreads into different molecular weight subgroups, i.e., PENT has nine
isomers with the C,;H,, formula and one isomer with the C,;H,, formula. Some
other hydrocarbons also satisfy the structural criteria of partial or complete super-
position on the diamond lattice, e.g., cyclohexane and decalin, so diamondoids are
more precisely defined as “hydrocarbons containing at least one adamantane unit
wholly or largely superimposable on the diamond lattice” [3]. Due to this definition,
higher diamondoids bridge the gap between saturated hydrocarbons and diamond
and are sometimes called nanodiamonds (in plural form to differentiate them from
heterogeneous mixtures of nanodiamond material obtained by chemical vapor
deposition, detonation, or shock-wave techniques [4]).

The molecular symmetry of diamondoids also plays a role in their self-assembly,
readily producing crystals or serving as nucleation centers for bigger nanomaterial
architectures. The smallest diamondoid AD is highly symmetric (T4 point group),
whereas symmetry is generally (but not always) reduced as the diamondoids become
larger, e.g., DIA and TRIA belong to the D,;; and C,, point groups, respectively.
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Figure 1.1  Structures and symmetry of diamondoid homologues up to cyclohexamantane
(12312HEX).

Isomers of the first higher diamondoid TET display C,, (121TET), C, (123TET),
and C,, (1(2)3TET) symmetry (Figure 1.1).

Note that TETs exemplify a common occurrence for higher diamondoids:
different isomers have markedly different symmetries, which can be useful in
material design by tailoring both the solubility of the material and the shape of
the used building blocks. Moreover, diamondoids have one important advantage
over bulk diamonds: they are “knowable,” that is, their shapes are precisely deter-
mined by their molecular structure (rods, disks, helices, prisms, pyramids, cubes,
etc.; Figure 1.2) and stoichiometry, and they can be obtained in homogeneous
forms because they are single-molecule, nanometer-scale-sized building blocks.
For instance, DIA and 121TET are rod-shaped nanodiamond particles, TRIA
and 1212PENT have triangular shape, 1(2,3)4PENT and 1231241(2)3DEC are
tetrahedron and cube, respectively, and 1(2)3TET and 12312HEX are prisms.

According to the definition of polymantanes, face-fused AD cage structures that
are the focus of this book are not the only existing diamondoids. For example, AD
dimers and higher single-bonded oligomers also belong to the class of diamondoid
hydrocarbons (Figure 1.3). The first step in determining whether a saturated hydro-
carbon belongs to the class of polymantane compounds is to check whether it has
at least one AD subunit. If yes, then the next condition is that all cage atoms of the
molecule need to be part of an AD unit; if that is also true, then the final condition is
that two or more AD cages need to have at least six common carbon atoms, meaning
that they share one face. When these conditions are met, a structure can be classified
as a true diamondoid (Figure 1.3) [3].

1.1 Nomenclature

Before going further, we first define the diamondoid classification and nomen-
clature. As can be anticipated, von Baeyer’s IUPAC names for these polycyclic
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Figure 1.2 Structures of selected diamondoids linked to their geometrical representations.

Source: Adapted from Ref. [5].

SATURATED, CYCLIC HYDROCARBONS

PARTIALLY SUPERIMPOSABLE ON THE DIAMOND LATTICE

COMPLETELY SUPERIMPOSABLE ON THE DIAMOND LATTICE

NOT ALL CARBONS PART OF THE AD CAGE

ALL CARBONS PART OF THE AD CAGE

SPIRO-FUSED AD CAGES

EDGE-FUSED AD CAGES

2, 3 OR 4 SHARED AD CAGE EDGES

FACE-FUSED AD CAGES (DIAMONDOIDS)

Figure 1.3 Classification of polymantanes.

compounds become quite cumbersome, and precise structural assignments require
representing such molecular structures in terms of planar graphs [6]. Note that
some programs, such as ChemDoodle, are quite useful for automatic TUPAC
naming. As the cages grow larger and become more complex, the need to develop
a special nomenclature for diamondoids emerges [3]. The initially proposed
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graph-theory-based diamondoid classification and nomenclature [7] is still in use
today and is termed the Balaban-Schleyer nomenclature (vide infra). As for the
naming, the smallest representative AD is the basis: numerical multipliers indicate
the number of fused AD subunits and are followed by adding the -amantane
suffix, e.g., DIA, TRIA, and TET. Note, however, that starting from TET different
isomers emerge, and they also need to be defined unambiguously. For this purpose,
a dualist graph construction is used that gives the codes for specific stereoisomers
and avoids confusing and non-systematic designations. For example, three possible
isomers of TET are sometimes called anti-TET (C,;-symmetry), skew-TET (chiral,
enantiomeric pair, and C,-symmetry), and iso-TET (C,,-symmetry). However,
this naming is based on their apparent geometrical shape and can hardly be
transferred to higher homologues. In contrast, when applying the dualist graph
convention, the naming becomes 121TET (former anti, now [121]tetramantane),
123TET (former skew, now [123]tetramantane), and 1(2)3TET (former iso, now
[1(2)3]tetramantane) and is a system applicable for all cage sizes. Essentially, this
Balaban-Schleyer system uses four-digit codes (1, 2, 3, and 4) for the tetrahedral
directions of covalent bonds around an imaginary center (Figure 1.4). These code
descriptors are generated as follows: the center of the first AD cage is connected
with the adjacent AD moieties in one of the four possible directions (AD has four
faces), center-to-center. This direction is assigned number 1; the process is repeated
until all AD subunits are accounted for and the whole molecule is traced with such
vectors.

The digits emerge from taking different directions along the cage scaffold
and, in the end, give a unique code characteristic for the isomer in question.
This code is placed in brackets before the name of the stereoisomer. For more
complicated geometries, when the diamondoid structure contains a branch, the
digit of the corresponding vector is placed in parentheses, and if there are more
branches, they are separated by commas inside the parentheses. In the case of
longer branches, the chains of the branch are placed inside parentheses but
without comma separation. One immediately notices the elegance of the Balaban-
Schleyer approach as we have [123]tetramantane (123TET) instead of nonacyclo
[11.8.1.01:29,027,0%21 0519 0%18 O1116 01520]docosane, [121]tetramantane (121TET)
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Figure 1.4 Examples of dualist graph construction for diamondoid naming suggested by
Balaban and Schleyer.



1.2 Strain

instead of nonacyclo[11.7.1.1%18,0116 0211 038 0%19 0817 010.15]docosane, [1212]pen-
tamantane (1212PENT) instead of undecacyclo[11.11.1.1%21,01:16 0211 038 %23 05-19
.0317,010.15 01823 hexacosane, and so on. Note that in the older literature, DIA is
sometimes called “congressane” since it was proposed [8] as a synthetic challenge
for the participants of the XIXth 1963 IUPAC meeting in London.

The dualist graph convention for the nomenclature of diamondoids enables
a more straightforward way to designate diamondoid cages but as the cage size
increases even such a naming system encounters complications. With increasing
cage fusion, it becomes difficult to account for all possible stereoisomers and one
way to resolve this type of complexity is to generate partitioned-formula tables
based on the distribution of all the present carbon atoms according to them being
quaternary (Q), tertiary (T), or secondary (S) [7a, 9]. By following this procedure,
one obtains valence isomers of the same molecular formula Co(CH){(CH,)y that
are then shortened and denoted as Q — T — S, where the total amount of carbons is
C = Q+T+S. For example, by using this convention, the formula for AD can be
written as (CH),(CH,), or as 0-4-6, since the AD cage possesses no quaternary,
four tertiary, and six secondary carbon atoms. Isomeric diamondoids with the
same molecular formula, Co(CH)(CH,)s, can be divided into valence isomers
by partitioning the number C into Q+T+S. Each [n]diamondoid has a dualist
with n vertices and edges connecting vertices of adjacent AD units. Such a dualist
is characterized by a quadruplet of indices (denoted as p, s, t, and q for primary,
secondary, tertiary, and quaternary, respectively) specifying the connectivity of each
vertex by assimilating it with a virtual carbon atom. Dualists help in classifying
diamondoids as catamantanes with acyclic dualists, perimantanes with dualists
having chair-shaped six-membered rings, or coronamantanes with dualists having
only higher-membered rings.

An extension of the Schleyer-Balaban nomenclature that is more feasible for
computer modeling was suggested recently [10]. This nomenclature is based on
the numbering of centers of the diamond lattice starting from the origin (yel-
low, Figure 1.5) with further expansion along the chains and branches so that
the structures can be systematically constructed. For instance, in accordance
with this nomenclature, higher diamondoids [12312]hexamantane (C,zH,,),
[121321]heptamantane (C;,H,,), and ([1231241(2)3]decamantane (C;sH,) are
now [1,2,3,6,7,18], [1,2,3,4,8,9,17], and [1,2,3,6,7,8,9,18,30] diamondoids that
simplifies distinguishing and screening of large isomeric structures.

1.2 Strain

Strain reflects the electronic properties, and very recently it was found that the
broad o*._ resonances in the near-edge X-ray absorption fine structure spectra
of AD split into two narrow and intense resonances proportionally to the strain
in a series from twistane and octahedrane to cubane [11]. It is often assumed that
diamondoids are almost strain-free molecules, and indeed they are the most stable
hydrocarbons of given brutto formulae. Strain can be seen as a relationship between
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¥2
E

Figure 1.5 Nomenclature of diamondoids. (a) Parts of the diamond lattice with labeled
numbers where the yellow atom represents the original atom and magenta and gray atoms
are its first and second adjacent atoms, respectively; (b)-(d) are tetramantane isomers with
numbering of their corresponding center atoms.

(d)

energy and structure that enables the evaluation of the structural feasibility of
compounds. Straight-chain hydrocarbons in their linear, non-staggered conforma-
tions serve as the structural basis upon which strain is evaluated. Note, however,
that even alkanes need not be absolutely strain-free but rather are taken as a point
of reference for strain comparisons. Common criteria used when determining
strain in structures are the presence of bond angles markedly deviating from the
standard values, eclipsed conformations present in the structures, and atoms that
approach each other too closely. Since the AD cage does not have these indicative
features, it has long been considered strain-free (even though one should not forget
about cyclohexane gauche interactions that lead to small strain, vide infra). While
it is certainly true that diamondoids have little strain, there are some nuances to
consider. Schleyer recommended using CH;, CH,, CH, and C group increments
as well as force field calculations [12] for strain energy evaluations, in particular
for diamondoids (Table 1.1) [13]. He concluded that the primary source of strain
in diamondoids arises from slight deviations from the ideal C-C-C, C-C-H, and
H-C-H angles when considering the cage angles where C-CH,-C and C-CH-C
fragments are interconnected. For instance, while the C-C-C angles in AD are
109.5°, these values are 112.4° and 111.3° in propane and isobutane, respectively.
With size growing, the strain energy of diamondoids increases: it amounts to
ca. 6kcal mol™! for AD, 11 and 13 kcalmol~! for DIA and TRIA, respectively.
However, the normalized strain energy (per carbon) remains almost constant
(vide infra). Another source of strain is repulsive nonbonding CeeeC interactions
(akin to gauche interactions in synclinal n-butane and cyclohexane) through-
out the cage itself. However, we also stress that 1,3-nonbonding intramolecular
HeeeH interactions are in fact acting beneficially due to London dispersion [14]
(rediscovered much later as “protobranching” [15]) that is seen as an interplay



1.2 Strain

Table 1.1 Computed enthalpies of formation (gas) and strain
energies (E,) in kcal mol~! for selected saturated hydrocarbons
from molecular mechanics computations (EAS force field [12]).

Hydrocarbon AH? Eg

AD -32.5 6.9
DIA -37.4 10.7
TRIA —44.4 13.4
Cyclopentane —-18.4 7.3
Cyclohexane -29.4 1.4
Cycloheptane —28.3 7.6
Cyclooctane —29.2 11.9
Cyclononane -30.7 15.5
Cyclodecane -34.9 16.4
Norbornane -13.0 17.0
ADAD —-53.7 21.5
Twistane -13.3 26.1
Dodecahedrane -0.2 43.0
Cubane 148.6 165.9

between medium-range correlation and steric repulsion [16]. The enthalpies of
formation and evaluated strain energies for selected hydrocarbons presented in
Table 1.1 are illustrative of the strain propagation in different cage molecules and
are numerically still relevant [17] despite initially being computed using a simple
Engler-Andose-Schleyer (EAS) force field method [12].

While the computational group equivalent approach is method-dependent [18],
the errors largely cancel if homodesmotic equations are used [19]. The latter allows
to compute the strain energies of hydrocarbons directly utilizing conventional
strain-free references, such as ethane, propane, isobutane, and neopentane. This
again gives the Eg, of ca. 6kcal mol™! for AD (Eq. 1.1) and 2.2kcalmol~! for
1,3,5,7-tetramethyladamantane (TMAD) (Eq. 1.2) [15]. The fact that formally less
crowded AD is more strained than TMAD may also be associated with additional
electron delocalizations due to CC ¢ — ¢* hyperconjugation in the latter [20].

@ + 12— = 6" o+ 4)\ -5.8 kcal mol™!
1.1)

AD

+ 12 —

6 . + 4 )( —2.2 kcal mol™ (1.2)

TMAD
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Table 1.2 Absolute (E,,) and normalized (per one
carbon atom, £,.*) strain energies in kcal mol™! of
selected diamondoids C,, . (H,,, 1, evaluated
through homedesmotic equation C,,,, (Hy .1, +

k H;CCH; = [ H;CCH,CH; +m (CHy);CH +p (CH,),C
at the B3LYP/6-31G(d) level (Source: From [21]).

Diamondoid Eg. Eg.

AD 6.0 0.60
DIA 9.1 0.63
TRIA 10.8 0.60
121TET 12.3 0.56
1(2)3TET 11.5 0.52
123TET 17.5 0.79
1(2,3)4PENT 9.3 0.36
12312HEX 16.2 0.62

Computations predict [10, 21] the lowest values of the formation enthalpies
for the most symmetric diamondoid structures. Accordingly, C, -tetramantane
(1(2)3TET) and T4-pentamantane (1(2,3)4PENT) are the most stable isomers. The
strain energies of higher diamondoids were calculated utilizing Eq. 1.1, namely,
Cyny6Huny 1o +k H;CCH; = | H;CCH,CH; +m (CH;);CH+p (CH;),C at the
B3LYP/6-31G(d) level [21]. The calculated strain energy of DIA (9.1 kcal mol™)
and TRIA (10.8 kcal mol~) is higher than that for AD (6.0 kcal mol~!); however,
the normalized values (E,,.") are virtually identical to that of AD (ca. 0.6 kcal mol ™,
Table 1.2).

Additional strain in higher diamondoids may arise from destabilizing transan-
nular HH contacts, such as in 123TET, where some distances are ca. 2.1-2.2 A
(Figure 1.6); these are shorter than the sum of the van der Waals radii of two H-atoms
(ca. 2.4 A) [22], which causes destabilization of the structure. Such interactions are
not present in 121TET and 1(2)3TET, which almost level their strain energies. Note
that while the ideal tetrahedral 1(2,3)4PENT is almost strain-free (0.36 kcal mol !
per carbon), the strain energy of 12312HEX (0.62 kcal mol~! per carbon) is close to
that of AD.

str

1.3 Preparation of Diamondoids

The construction of the AD core in tetraester (TE) was first achieved in 1937 by
Oskar Bottger [23] through methylenation of Meerwein’s ester (ME, Scheme 1.1)
[24], readily available from formaldehyde and malonic ester [25]. The first success-
ful synthesis of AD was achieved by Prelog [24, 26] as early as 1941, starting from
ME through diester (DE) [27], however, with a very low yield (0.16% based on
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123TET 1(2)3TET 121TET

Figure 1.6 Additional strain in the skew-diamondoid 123TET arose from several
destabilizing transannular HH contacts (in red). The 1,3-HH contact distances of 2.5 A are
close to the sum of the van der Waals radii of two H-atoms (ca. 2.4 A) and are stabilizing
(protobranching).

ME). Further improvements of the decarboxylation steps, either through reductive
decarboxylation of diacid DA [28] or tetraacid TA [29], utilizing the Hunsdiecker
reaction, allowed for an increase in the overall yield of AD up to 1.5 and 6.5%, respec-
tively. The bottleneck is the methylenation of ME, which determines the generally
low yields. Schleyer, one of the most influential organic chemists of the twentieth
century, simplified and perfected the synthesis of AD [30], making it available on
an unprecedented large scale [31]. Schleyer’s synthesis (Scheme 1.1, bottom) is
based on the thermodynamically favorable Lewis acid-catalyzed rearrangement of
tetrahydrodicyclopentadiene (THCPD) to AD [32]. Such “stabilomeric synthesis”
not only made AD available in large quantities and thus significantly promoted the

COOMe COOMe COOH 1. Ag,0
o] 8! 2.Br,
CH,Br, NH,NH, 3.NiH,
MeOOC COOMe NaoH MeOOC COOMe HOOC COOH
MeOOC o MeOOC o HOOC
ME TE TA AD
J A Cu, A[

COOMe COOMe COOH COOH

0, 0 Q
CH,Br, H0 NH,NH,
COOMe  Na COOMe  HCI COOH COOH
o o °
DE DA
. Lewis acid
7 Hydrogenation catalysis AD

DCPD THCPD

Scheme 1.1 Final steps in the synthesis of AD from Meerwein’s ester (ME, top) and
improved Schleyer’s synthesis of AD from dicyclopentadiene (DCPD, bottom) through
hydrogenation to tetrahydrodicyclopentadiene (THCPD) followed by Lewis acid-catalyzed
rearrangement.
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chemistry of cage compounds but also became very useful for the synthesis of larger
polymantanes (vide infra).

The second diamondoid homologue, DIA, is also available synthetically and
was first prepared by Schleyer and Cupas applying the same Lewis acid-catalyzed
rearrangement procedure [8]. Photodimerization of norbornene afforded a
cyclobutane-containing dimer NBD, which was treated with AICl; and gave DIA
(Scheme 1.2). As Schleyer noted [33], “Although the four-membered ring ... was
not ideal (too much strain in rearrangement precursors normally leads to ring
opening and tar formation), I ... suggested to Chris Cupas that he investigate
the rearrangement. The first experiment failed but in the second experiment he
noticed sublimed crystals on the cooler portion of the flask that proved to be
congressane.” This method unfortunately gave very low yields and produced a
significant amount of tar, although it enabled X-ray analysis and confirmation of
the DIA structure [34]. Schleyer further improved the synthesis to make it relevant
for practical applications [35]. The modification included the use of a more efficient
precursor, Binor-S [36], that, after hydrogenation and treatment with AlBr,, gave
DIA in a yield of over 60% for the last step (Scheme 1.2) [35, 37].

NBD 1. hydrogenatlon
Lb Dimerization %
/

Binor-S

Dimerization

—

Scheme 1.2 First synthesis of DIA from the norbornene dimer (NBD) and multi-gram
synthesis using Binor-S as a precursor.

Schleyer also prepared TRIA in a similar way from bis-cyclopropanated polycyclic
dimer of cyclooctatetraene (DCOT) using the AlBr,/tert-BuBr sludge catalyst [38].
Reductive cleavage of the cyclopropane rings followed by isomerization resulted in
TRIA, albeit in a very low yield (under 5%) for the final step. McKervey made a slight
improvement in TRIA synthesis by using 1ICOOHDIA as a starting molecule that
underwent cage rearrangement as the last step [39], and he could further improve
the synthesis by using Binor-S heated on a platinum catalyst that gave cyclic olefins
[40]. Diels-Alder reaction of these olefins with butadiene and Lewis acid-catalyzed
rearrangement afforded the target hydrocarbon with satisfactory preparative yield
(Scheme 1.3).

The attempt to expand the stabilomeric approach to the preparation of dia-
mondoids higher than TRIA failed. In particular, the isomerization of C,,H,q
hydrocarbons derived from the hydrogenation of the Diels-Alder adduct of
1,3-cyclohexadiene with the 38.5°C melting cyclooctatetraene dimer (DCOT)
gave unwanted ethano-bridged isomer “bastardane” (BAST) rather than 121TET
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1. Diels-Alder with
butadiene
Pt
-/ + 2. hydrogenation

Binor-S 60% 8. Lewis acid TRIA, 42%

Scheme 1.3 Efficient synthesis of TRIA from Binor-S by McKervey.

(Scheme 1.4) [41]. Despite BAST being thermodynamically less stable than 121TET,
itis unreactive toward Lewis acids because further rearrangement is likely to involve
unstable quaternary carbon intermediates.

Of the three possible TET isomers, only 121TET has been successfully synthesized
to date [42]. McKervey applied a ring expansion reaction on DIA 1,6-dicarboxylic
acid (16COOHDIA) that resulted in cyclization to the isomeric polycyclic dienes
that upon isomerization provided 121TET (Scheme 1.4). The yield was, however,
quite low (10%) but gave enough material to determine the X-ray crystal structure of
the target hydrocarbon [43]. Later, it was noted that the final step of the reaction is
highly sensitive to the variations in the temperature of the catalyst bed [44].

N

Sy
& H, Q@{f AlBr, ’Jlf\
g4 = g
pcotT BAST
% % J

HOOG /177 "COOH  ——~ %@\ + %,% Pt, 360 °C éf

g} — HZ ’\g ‘/, b 10% [

16COOHDIA 121TET

Scheme 1.4 An unsuccessful attempt to prepare 121TET by stabilomeric synthesis (top)
and multi-step synthesis from diamantane 1,6-dicarboxylic acid (16COOHDIA) by McKervey
(bottom).

To date, no other diamondoid hydrocarbons aside from these four are available
synthetically, although many attempts have been made to achieve this goal [45].
The reason is either in the presence of the “dead end” intermediates (like BAST)
[41], or the increase in the number of isomers with similar thermodynamic stabil-
ity as the cage size increases [45b, 46], meaning that the Lewis acid rearrangement
procedure gives a complex mixture of products that cannot be easily separated.

However, there is a silver lining: diamondoids are readily available from nature!
Since diamondoids are naturally occurring molecules that are formed by catage-
nesis in oil deposits, they can be isolated from mature crude oil, natural gas, and
hydrocarbon-rich sediments, as described in Chapter 2. A historical curiosity is that
AD was first isolated from an oil reservoir near Hodonin, Czechoslovakia, in 1933
[47] and was only later prepared synthetically [24, 28]. Other diamondoids are also
present in oil [48] and may have been formed by Lewis acid-catalyzed rearrangement
promoted by acidic minerals. The challenge is to harness them from complex oil

11
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mixtures. A breakthrough came in 2003 when Dahl, Liu, and Carlson demonstrated
that various diamondoids can indeed be individually separated from crude oil mix-
tures [49]. Note that until then diamondoids were a known unwanted issue in the
oil industry: these hydrocarbons often caused problems in production since they
clogged pipes and machinery during oil refinement as they had the tendency to con-
dense and solidify on the cool equipment parts. This behavior comes as no surprise
since diamondoids have moderate solubility and high melting points (e.g., 268 °C
for AD, 237°C for DIA, and 221 °C for TRIA), while at the same time they are
very volatile and resistant to oxidation. These issues arising in the industrial pro-
cessing of oil actually provide a clue for the isolation and purification of individual
diamondoids. Dahl et al. took advantage of these solidification-inducing properties
and separated 21 different diamondoids by using a combination of various purifica-
tion methods and multiple high-performance liquid chromatography (HPLC) runs.
In the end, derivatives ranging from TETs up to undecamantane were identified,
and X-ray analyses were used to unambiguously confirm the structures of some of
them (Figure 1.7) [49, 50]. Even though it has been known for a long time that lower
diamondoids are present in oil [47, 51], the occurrence of higher diamondoids in oil
deposits was finally unequivocally proven by this isolation endeavor.

As was already mentioned, the synthetic preparation of higher diamondoids by
carbocationic rearrangements was not feasible due to many possible isomeric struc-
tures that are often energetically comparable, thus leading to reaction pathways
where the intermediates become trapped in local energy minima, resulting in the
formation of many unwanted side products. However, we saw that higher diamon-
doids exist in 0il, and they are thermodynamically the most stable hydrocarbons,
meaning that their chemical synthesis in the laboratory simply must be possible.

i e

1(2,3)4PENT 12(3)4PENT 1213PENT 1212PENT

12312HEX 121321HEPT

Figure 1.7 Structures of higher diamondoids obtained from X-ray crystal analyses [49, 50].
Hydrogens were omitted for clarity.
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Inspired by this rationale, a groundbreaking preparative procedure has been
developed that provides synthetic access to the higher homologs [52]. Since dia-
mondoids form in oil that has undergone thermal cracking, the suggestion was that
free-radical cracking reactions are an alternative to the proposed acid-catalyzed car-
bocationic rearrangements. Astonishingly, upon mimicking the reaction conditions
that are present during cracking processes, TET and PENT isomers form when
TRIA is subjected to sealed tube pyrolysis experiments. The obtained amounts were
small, and alkylated TRIA derivatives were the predominant products; however,
this experiment provided an excellent proof-of-principle that radical pathways must
not be disregarded for diamondoid generation. Similarly, PENT isomers could be
produced from TETs using the same procedure, and the most favored stereoisomers
were those with the least steric crowding (Figure 1.8).

In addition, PENT isomers that require breaking and reconstruction of the
parent TET cage were disfavored. This finding strongly implies that the parent
diamondoid cage actively directs further cage growth and that only surface hydro-
gens are involved in the bond construction process. The addition of isobutene

=
Fragment
§ - 4=
addition
1t

1212PENT 1213PENT 12(1)3PENT

BED

121TET

Fragment
addition
123TET 1
12(1)3PENT 1213PENT
Fragment
gment @
addition
1(2)3TET 1(2,3)4PENT 12(1)3PENT

Figure 1.8 Preferred cage growth from the initial tetramantane isomers from the least
crowded apical positions of the cage. Hydrogens were omitted for clarity.
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Figure 1.9 Cutout from the
crystal lattice of diamond
with the superimposed
structure of the AD cage
(red) and SEM image of a
12312HEX crystal magnified
150 times. Hydrogens were
omitted for clarity. Source:
Reproduced from Ref. [50],
Wiley-VCH, 2003.

greatly improved the reaction yields since the isobutyl moiety is essentially all that
is needed for the construction of the next cage. What is still unclear is the exact
mechanistic pathway for this ring closure because it is possible that introduced
isobutyl sources form either free radicals that add one carbon atom at a time or
form isobutyl radicals that add directly to the cage. The merit of the described
sequential cage construction lies in the preparation of microcrystalline diamond:
by using large diamondoids as seeding centers, it is possible to trigger nucleation
and diamond growth akin to chemical vapor deposition methods [52].

Another approach to prepare higher diamondoids is by using a plasma and a
supercritical medium as the solvent, either xenon [53] or carbon dioxide [54]. When
AD is used as a precursor and a seeding center, a mixture of higher diamondoids
typically forms (see Chapter 6 for more details). The obtained reaction products
were analyzed spectroscopically and compared with pure samples where avail-
able, e.g., 12312HEX [53a]. An in-depth monograph has recently been published
describing the use of plasma for diamondoid generation, and we refer the interested
reader to that work [55].

Since nanodiamonds have the spatial arrangement of their cage carbon atoms
superimposable on the diamond crystal lattice (Figure 1.9), diamondoids are at
the core of nanoscience [56]. Their properties make them promising materials of
the future, side by side with graphene, carbon nanotubes, and other carbon-based
entities.

1.4 Physical Properties of Diamondoids

The solubility of diamondoids in organic solvents correlates with their size, shape,
and symmetry. A practical rule of thumb for diamondoids is that their solubility
drops as their size increases. For instance, the solubility of 12312HEX in organic
solvents is so low that it initially caused difficulties in measuring the 1*C NMR spec-
trum of this hydrocarbon [5, 50]. For diamondoids of approximately the same size,
symmetry also needs to be taken into account because the higher the cage symme-
try is, the more difficult it is for the solvent molecules to solubilize and remove
the molecules from the solid state. For example, the solubility of apically substi-
tuted DIA derivatives with axial symmetry is lower than that of the analogously
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substituted medial compounds. As expected, the parent hydrocarbons have higher
solubility in nonpolar solvents (Figure 1.10) [57], but it is lower than that of other ali-
cyclic hydrocarbons. As previously mentioned, poor diamondoid solubility and high
volatility often cause technical difficulties in oil refinement since they are prone to
clogging pipes when present in substantial amounts due to continuous processing.

Nanotechnological diamondoid applications require highly pure starting mate-
rials. Commonly used procedures for diamondoid purification include multistage
distillation or HPLC [49]. Despite being effective, both methods have some draw-
backs from ecological and economical points of view: the former consumes large
quantities of energy, while the latter uses large amounts of organic solvents. In addi-
tion, HPLC purification suffers from the problem of having to use a suitable detector
because diamondoid solutions are not easily detectable with common HPLC analyz-
ers. This leaves the differential refractive index as the only option for detection, but
it is three to four orders of magnitude less sensitive than other common detectors.
These purification issues were addressed and circumvented by using vapor trans-
port techniques to grow large diamondoid single crystals [58]. The process enables
efficient growth of crystals up to around 1 cm? (Figure 1.11) under mild conditions
without using organic solvents because diamondoids readily form ordered crystals
at room temperature, a feature not common for other saturated hydrocarbons. More-
over, with their relatively high vapor pressures, diamondoids can easily sublime.
Thus, single crystal growth of diamond molecules through the vapor phase is a viable
and effective method for diamondoid purification, a technique that can readily be
controlled by temperature manipulation.

Other physical and chemical properties of diamondoid cages that are a direct
consequence of their diamond-like structure include high lipophilicity, structural
rigidity, thermodynamic stability, high melting points, and facile crystallization
[32]. Their often encountered high symmetry can also aid in their structural
characterization, as Raman and IR spectroscopies are often a method of choice
for analyzing saturated hydrocarbons [59]. In addition to assigning the obtained
spectral peaks to their vibrational modes, vibrational spectroscopy is also useful for
in-depth analysis of bulk materials and for studying phase changes of diamondoid
self-assemblies. As diamondoids are typically available as micrometer-sized pow-
ders, knowing their optical properties, like the refractive index, is a useful tool for
optoelectronic device applications. For molecular diamondoids, the refractive index
increases with decreasing wavelength and increasing polymantane order [60]. Still,
the refractive index of the largest diamondoid, 12312HEX (1.68 at 589 nm), is much
lower than that of microscopic diamond (2.42 at 589 nm, Figure 1.12).

Lower diamondoids have low dielectric constants in the range of 2.46 to 2.65,
which is significantly lower than that of bulk diamond (x = 5.66) or SiO, (x = 4.5)
[61]. This property is postulated to be a consequence of the lower density of diamon-
doid crystals when compared to, e.g., bulk diamond. Diamondoids therefore have the
potential to be used for producing insulating interlayers in nanoelectronic devices.

One of the most fascinating mechanical properties of diamondoid crystals is
their resilience in high-pressure environments. This observation is not surprising
considering how diamond forms in nature, but it still deserves mentioning in
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Figure 1.11 Single crystals of AD (a,b), DIA (c), and 121TET (d). Source: Reproduced from
Ref. [58] with permission from the American Chemical Society, 2010.
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Figure 1.12 Wavelength dependence of refractive index (n) for diamondoids. Source:
Reproduced from Ref. [60] with permission from Elsevier, 2008.

the context of their usefulness. Diamondoids at high-pressure conditions readily
undergo solid-solid phase transitions without polymerization or decomposition
[62]. Such phase transitions can be stimulated by both changes in temperature
and/or pressure and often have low energy barriers. For example, 121TET under-
goes a phase transition from the monoclinic P2,/n structure to a triclinic P1 phase
starting at pressures of about 13 GPa, and when the pressure is subsequently
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released, a new solid phase having the Pc space group forms at ambient conditions
[63]. Both the starting and the ending solid phases in this process have compa-
rable stability, pointing toward the conservation of the structural motifs upon
decompression. This example illustrates that different polymorphs formed after
pressurization change only their intermolecular packing, and no degradation of
the cage molecules occurs because of their stable diamond-like structure, which
is a significant advantage over other types of organic materials. What is more, the
molecular geometry of the individual cages also affects the compressibility of the
corresponding crystal, making diamondoids of different shapes a rich toolbox of
nano-sized building blocks for organic, high-pressure material design.

1.5 Spectroscopy of Diamondoids

The uniqueness of unfunctionalized diamondoids when compared to other
hydrocarbons becomes especially apparent when noting their spectroscopic and
photophysical properties [61]. Bulk diamond is a good electrical insulator with
a large band gap. Luckily, with increasing diamondoid size, the HOMO-LUMO
gap decreases and shows a tendency to converge close to the fundamental gap
of bulk diamond [64]. For example, larger nanodiamonds with sizes up to 2nm
have computed band gap values of 6.7 eV as compared to 5.5eV for bulk diamond
[65]. Structurally well-defined nanodiamonds display strong quantum confinement
effects at particle sizes ranging from 0.5 to at least 2 nm, but it is the size and not
the shape of the particles that affect the band gap values. This was demonstrated
by the comparison of octahedral vs. tetrahedral nanodiamonds that in the end
showed the same trends in band gap narrowing. Since there appears to exist a limit
to gap narrowing for nanodiamonds, a proposed method for further reduction of
the gap is the introduction of external or internal doping substituents (C—H bond
substitution and replacement of cage CH/CH, groups, respectively). As will be
demonstrated in Chapter 12, doping is a very successful strategy for semiconductor
applications of diamondoids. Note that such size-property relationships hold true
not only for diamondoids but for parent diamond nanoparticles as well: particle
sizes must be around 2nm to start observing an increase in the optical gap (vide
infra) [66]. In other words, reducing the size of bulk diamond to the nanoscale has
a pronounced effect on the optical gap of the resulting nanoparticle, with a decrease
in the optical gap by increasing nanoparticle size being more rapid for diamond
than for, e.g., Si or Ge, where quantum confinement effects persist up to 6-7 nm.
Another computational study on diamondoids found that quantum confinement
effects essentially disappear in diamondoid structures larger than 1nm [67].
However, the applied Monte Carlo computations predict a small exciton binding
energy and a negative electron affinity (NEA) for nanodiamonds of that size,
which is a consequence of significant LUMO delocalization (Figure 1.13). Note
here that the HOMO is predominately localized on the C—C bonds inside the
nanoparticle, while the delocalized LUMO has a considerable probability outside of
the surface boundaries and is mostly composed of the C—H bonds. With increasing



1.5 Spectroscopy of Diamondoids | 19

Figure 1.13 Isosurface plots of the square of the (a) HOMO and (b) LUMO of
hydrogen-terminated spherical diamond-like nanoparticle C,qH;,. The green isosurfaces
include 50% of the charge in each orbital. Source: Reproduced from Ref. [67] with
permission from the American Physical Society, 2005.

nanoparticle size, the HOMO ultimately converges to the valence-band maximum
of bulk diamond, while the LUMO remains near the surface boundary and does
not become a conduction band minimum. Such an almost defect-like nature of the
LUMO is the reason why the optical gaps of large diamondoids lie below the gap
value of bulk diamond.

As the HOMOs predominately describe the C—C bonding, the vibrational
motion of the carbon nuclei has a significant effect on the orbital energies, while
the higher-lying orbitals are often Rydberg states that are more sensitive to the
vibrational motion of the hydrogen atoms. It follows that in order to reliably
compute the optical properties of diamondoids, quantum nuclear dynamics are
needed to ensure accurate prediction of their photophysics [68]. Despite such the-
oretical requirements, recent time-dependent density functional theory (TD-DFT)
approaches for vibrationally resolved photoelectron spectra simulations succeeded
in coming very close to fully reproducing the experimentally observed vibrational
fine structure [69]. What still remains to be tackled in that particular computational
approach are errors in computed spectral redshifts upon increasing particle size
due to the lack of many-body corrections, a trait that is inherent to the method,
as well as the absence of satellites in the high-energy region of the spectra due to
electron-nuclear coupling. Further computational studies confirmed that the high
diamondoid symmetries lead to forbidden transitions [70]. However, it was also
noted that using HOMO-LUMO gaps for the approximation of diamondoid optical
gaps was somewhat of an oversimplification, especially since their absorption and
emission spectra are vibronically highly structured and often accompanied by
broadened and shifted optical bands.

When diamondoids approach the 1nm range, their crystal morphology itself
begins to affect their structural integrity [71]. Theoretical models predicted that
while the initial cubic morphology provides relaxation structures comparable to
bulk diamond itself, octahedral and cuboctahedral starting materials gradually
transform from a pure sp> to a mixed sp® and sp? bonding network, essentially
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converting the particle into partially unsaturated layered morphologies. This finding
implies that spontaneous phase transitions of nanodiamond clusters starting from
the outer carbon atom shells need to be taken into account when designing func-
tional nanodevices. However, hydrogen-terminated diamondoids do not suffer from
such layer transformation effects. Dehydrogenated octahedral and cuboctahedral
nanodiamond particles up to 1 nm in diameter are therefore structurally unreliable
and unstable morphologies that readily undergo partial graphitization and exfoli-
ation of their (111) surfaces, which consequently opens up an important niche for
applications. Density functional theory computations up to decamantane confirm
this reasoning since hydrogen-terminated diamondoids indeed retain atomic
arrangements and electronic structures similar to those of bulk diamond [64].

The computed equilibrium C—C bond lengths and bond angles for diamondoids
are comparable to those of bulk diamond, providing them with diamond-like prop-
erties, especially as the size of the diamondoids increases. Quantum confinement
effects were studied using X-ray absorption spectroscopy, and the resulting diamon-
doid gas phase spectra (Figure 1.14) show that blueshifts in the band edges do not
occur with decreasing particle size, as would be expected for typical group IV semi-
conductors [72]. In other words, diamondoid clusters display some differences from
bulk diamond, which can be advantageous for some applications.
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Tetramantane
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Figure 1.14 Carbon K-edge absorptions of selected diamondoids and bulk diamond.
Source: Reproduced from Ref. [72] with permission from the American Physical Society,
2005.
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While the information on HOMO-LUMO gaps is fundamentally important, the
optical gaps (based on symmetry-allowed transitions) provide more relevant infor-
mation on the properties of diamondoids. The optical gaps of diamondoids mea-
sured in the gas phase [73] are in agreement with the experimental and computed
trends in changes of the HOMO-LUMO gaps but display strong shape dependence
(Figure 1.15) within different topological families (3D, 2D, and 1D denote tetrahe-
dral, prism, and rod-shaped diamondoids, respectively). This is due to the forbidden
HOMO — LUMO transitions for some highly symmetric structures. The optical gaps
primarily originate from the single-particle transition from HOMO to LUMO or to
LUMO+1 and LUMO+2 depending on the selection rule. For instance, TET with
C,;, symmetry (121TET) has the first dipole active transition between HOMO and
LUMO+2, while HOMO — LUMO transitions are allowed for C,, and C, TETs. Such
symmetry dependence of optical gaps and excitation energy agreed fully with the
experiment (Table 1.3).

While the optical gaps of C,,H,, 1213PENT (5.75eV) and bulk diamond display
remarkable similarities, the absolute value of 5.5¢eV is still unreachable with dia-
mondoids of this size. This agrees well with computations on larger diamondoids
that also predict a rapid decrease of the absorption gap (Figure 1.16, left), which
becomes similar to the computation for bulk diamond only for particles of about
1nm in diameter (Cg,Hy) [75].

More detailed TD-DFT computations on small diamondoids with the PBEO
method [74b] reveal that the first 3s-like Rydberg excitation is common for all
diamondoids (Figure 1.16, right) except for C,, -symmetric 121TET and 12312HEX,
where such excitations are dipole-forbidden and, therefore, 3p-like Rydberg tran-
sitions occur instead. For tetrahedral AD and 1(2,3)4PENT both ¢, — a,(3s) and
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Figure 1.15 (a) Integrated oscillator strength measured for diamondoids AD (C,;), DIA
(C,4), TRIA (C4), as well as for isomeric tetramantanes (C,,) and pentamantanes (C,). The
threshold defining the optical gap is marked by a dotted line. (b) Experimental optical gaps
as a function of size compared to optical gaps derived by quantum Monte Carlo (QMC)
calculations. The dashed line marks the energy gap of bulk diamond, and 3D, 2D, and 1D
denote tetrahedral, prism, and rod-shaped diamondoids, respectively. Source: Reproduced
from Ref. [73] with permission from the American Physical Society, 2009.
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Table 1.3 Ground state symmetries, TD-PBEO/aug-cc-pVTZ computed and experimental
optical gaps (E,,), and excitation energies of selected diamondoids based on
photoluminescence measurements (Source: From [73, 74]).

Eoup Eop Excitation

(eV) (eV) energy (eV)
Diamondoid Symmetry Formula Comp. Exp. Exp.
AD T, C,oH,q 6.66 6.49 6.49
DIA D,y C.,H,, 6.75 6.40 6.60
TRIA C,y CH,, 6.12 6.06 6.78
121TET Cyp C,,H,, 6.25 6.10 6.88
1(2)3TET Cs, C,H,, 6.04 5.94 5.99
123TET c, C,H,, 6.01 5.95 5.98
1(2,3)4PENT T, C, H,, 5.99 5.81 5.93
12(1)3PENT c, C,H,, - 5.83 6.20
1212PENT C,, C,H,, 5.86 5.85 -
1213PENT c, C,H,, - 5.75 6.31
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Figure 1.16 Left: TD-DFT-computed absorption spectra of diamondoids up to 1 nm in
diameter. The vertical dashed line corresponds to the computed absorption gap of bulk
diamond. (Source: Reproduced from Ref. [75] with permission from Elsevier, 2005.) Right:
Computed and experimental absorption spectrum for selected diamondoids. The green
(dashed) line shows the experimental spectrum, while the black (continuous) line is the
computed spectrum. Inset: radial distribution of 3s-like Rydberg state, where vertical line
represents the radius of diamondoid. Source: Reproduced from Ref. [74b] with permission
from the American Physical Society, 2009.

t, — t,(3p) transitions are allowed, but the latter has a higher density of states that
leads to a larger absorption for the 3p-Rydberg excitation [75].

Diamondoids display intrinsic photoluminescence in the ultraviolet spectral
region [76]. For example, AD exhibits a quite broad UV luminescence band when
photoexcited in the gas phase above its principal optical gap of 6.49 eV (Table 1.3)
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Figure 1.17 Comparison of the optical absorption of 1(2,3)4PENT (blue line) with the
absorption of high-purity type Ila diamond (dotted line). The spectral inset shows the
enlarged onset of the bulk diamond spectra. Source: Reproduced from Ref. [73] with
permission from the American Physical Society, 2009.

[73]. The optical gap characteristic for diamondoids thus lies in the UV spectral
region [77], and the luminescence behavior is attributed to a transition from the
delocalized first excited state into different vibrational modes of the electronic
ground state [74a]. The majority of such transitions originate from vibrational
modes associated with CH wagging and CH, twisting of the diamondoid surface
atoms (vide infra) [78]. Difficulties in computationally predicting exact lineshapes
of diamondoid photoemission spectra arise from electron-vibration coupling that
cannot be corrected by applying simple vibration-broadening corrections to the
corresponding electronic states [79]. Importantly, the overall optical absorption
of diamondoids noticeably changes as a function of their size and shape, and in
the case of 1(2,3)4PENT, the spectrum begins to resemble that of bulk diamond
(Figure 1.17). In other words, optical properties change as larger diamondoids
are used, demonstrating that diamondoids could form valuable semiconductor
nanocrystals for application in light-emitting devices in the deep UV spectral region.

1.6 lonization Potentials

Since spectral data suggest that diamondoids are also present in space [80], matrix
isolation techniques were used to mimic astrophysical conditions. After the depo-
sition of diamondoids in a neon matrix, they were irradiated with high-energy
photons, and UV absorption spectra were recorded. This revealed the presence of
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AD and DIA cations [81]. However, larger diamondoids starting from TRIA could
already be ionized by far UV irradiation, and the absorbed energy apparently was
distributed through a vibrational mechanism, thereby preventing hydrogen abstrac-
tion. An especially fascinating finding was that the spectra obtained from these
experiments exhibit noticeable similarities to the spectra obtained from nanodi-
amonds extracted from the Allende meteorite [82]. We therefore next focus on
the diamondoid ionization potentials (IPs) because they are such a fundamentally
important property of materials in general. The IPs and HOMO-LUMO gaps
decrease with increasing diamondoid order (Figure 1.18) and are well-reproduced
by computations [21], but adiabatic IP values are systematically underestimated
[67, 83]. Quantitative studies [83b] using total-ion-yield spectroscopy utilizing the
commonly used linearization procedure revealed a trend of decreasing adiabatic IP
values as a function of diamondoid size, with AD having IP = 9.23eV and going
down to 8.07 eV for 1(2,3)4PENT. In the case of AD and cyclohexane as a reference,
the agreement with the NIST [84] data is very good. Diamondoids form highly
delocalized ionized states whose structures will be discussed in detail in Chapter 4;
studying them was attempted by many but is still experimentally challenging.

1.7 Electron Affinities

Alkanes display negative electron affinities (EAs) [85], and the anions derived from
saturated hydrocarbons are metastable, where the methane radical anion is the
prototype [86]. The experimental observation of the adamantane radical anion
(AD™) was attempted in 1963 [87] but was unsuccessful [88]. The DFT geometry
optimization and frequency analysis of the anionic 2A, state of AD [89] display a
minimum at T; symmetry with altering C—C distances in the cage and slightly
elongated CH bonds. As only small geometric changes occur upon reduction, the
vertical and adiabatic EAs of AD are close and range from —1.0 to —0.5eV [89, 90].
The ultraviolet photoelectron spectroscopy (UPS) spectra of the thick (27A) AD
layer on the Cu(111) surface [91] estimate the EA of solid AD as —0.3eV. The
diffusion Monte Carlo simulations [67] predict a negative EA of —0.13 and — 0.26 eV
for AD and 1(2,3)4PENT, respectively. The plane-wave DFT computations also
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show a negative EA of —0.3 eV for 121TET [92]. The ability to form highly ordered
surface self-assembled monolayers in combination with negative EAs determines
the potential of diamondoids for the construction of cold electron emitters and is
discussed in detail in Chapter 5.

1.8 Vibrational Spectroscopy

As could be expected from their hydrocarbon nature, infrared spectroscopy of dia-
mondoids produces relatively straightforward absorptions that can be considered a
spectral fingerprint of this class of compounds. There exist several general groups
of signals corresponding to their vibrational modes: C—H stretching modes around
2900cm™!, CH, scissoring modes (commonly as doublets) around 1450cm™!,
C—H bending and CH, rocking, wagging, and twisting modes between 1000 and
1400 cm™!, C—C stretching around 1000cm™!, and skeletal deformation modes
below 1000 cm™! [93]. The existence of such characteristic spectral signals can be
used as a means of detection for the presence of diamondoids, for example, in deep
space, where nonspectral characterization methods are not applicable [80c]. The
computational approaches for evaluating vibrational spectra of diamondoids were
found to reproduce the experimental spectral signals well, meaning they can be
effectively used for predicting spectra of even higher diamondoids, as was demon-
strated in the case of cyclohexamantane [93, 94]. The most characteristic IR bands
of higher diamondoids (C—H stretching modes around 2900cm~' and doublet
around 1450 cm™! of CH, scissoring modes) are computationally reproduced very
well and are almost independent of the basis set [93]. The same is true even for the
fingerprint region (1000-1400 cm™!). The experimental Raman spectra have been
nearly completely assigned based on comparison with DFT-computed vibrational
frequencies and Raman intensities. Each diamondoid produced a unique Raman
spectrum (Figure 1.19), which allows for differentiation between the structures.
A very good agreement is observed between the experimental [50] and computed
[96] vibrational spectra of 12312HEX.

From the above, it seemed that the experimental absorptions in the CH-stretching
region are not very characteristic for the assignment of a diamondoid structure.
However, the high-resolution inelastic STM-based IR spectroscopy (IRSTM) of sub-
monolayers of 121TET and 123TET on Au(111) enables the distinguishing between
the structures clearly (Figure 1.20).

Computations on large (up to 1.92nm) H-terminated nanodiamond particles
show that the major IR peaks in the region of 900-1300 cm™! shift toward high
wavenumbers as size increases, while the C—H vibrations in the range show the
opposite trend [98].

UV resonance Raman spectroscopy has been used to characterize DIA syn-
and anti-dimers that contain a central C—C double bond [99], and it was found
that their observed Raman resonance energies were significantly lower than
the HOMO-LUMO gaps of the corresponding unmodified diamondoids. Thus,
compound screening when modifying the optical gap in diamondoids by functional
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Figure 1.19 Top: Experimental and computed Raman spectra (from bottom) for (a) AD,
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Figure 1.20 Molecular IR absorption of Energy (meV)
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group introduction (so-called “doping” that will be discussed in detail in Chapter
12) can be performed using readily available Raman spectroscopy. In a subsequent
study, diamondoid dimers and trimers connected with either a single or a double
C—Cbond and consisting of combinations of AD and DIA cages were characterized
with valence photoelectron spectroscopy [100]. When a double bond is present
in the molecule, it significantly impacts the electronic structure of the HOMO, in
contrast to molecules with connecting single bonds, where the impact is only small.
Moreover, the orbital superposition of both cages in the singly bonded particles
determines the overall electronic structure of such systems. This combination
of orbitals directly influences the ionization potentials, as homo-dimers have IP
values below those of the corresponding monomers, and the measured IPs for
hetero-dimers strongly depend on particle composition. Composite diamondoids
like DIA dimers can also form van der Waals crystals, and it was confirmed that
the central double bond predominately influences optical properties both in the
gas phase, where single molecules are observed, and in the crystalline solid state
[101]. Note that optical band gaps in such systems are significantly lowered (by
0.5-1.0eV) when compared to their saturated analogues.

As we have seen, diamondoids underwent much turbulence in the course of their
history. They evolved from being structural curiosities isolated from oil to inspir-
ing target molecules that challenged the limits of synthetic organic chemistry, to
becoming multi-gram resources available from nature and useful for medicine, and
finally, to affording modern-day applicability as unique building blocks in nanoma-
terial design. It is satisfying to see that this fascinating class of compounds went
full circle: it was first found in and today is efficiently extracted from oil deposits.

27



28

1 Description of Diamondoids

Although our main goal is to demonstrate a wide range of chemical transformations
feasible on diamondoids and showcase the fascinating properties of the prepared
derivatives and nanostructures, it is still good to pause for a moment and admire the
simple beauty of these highly symmetrical jewels of nature.
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