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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
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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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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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Adamantane

4ar? Iy o012

Absorption (arbitrary units)

[1(2,3)4]
Pentamantane

aar? Iy yyoldI?

[1(2)3]
Tetramantane

6! b
E/eV 5 55 6 65 7 75/5 55 6 65 7 75

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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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.
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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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