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Abstract: Diamondoids are cage-like hydrocarbon materials
with unique characteristics such as low dielectric constants,
negative electron affinity, large steric bulk, and electron-
donating ability. They are widely used for advanced func-
tional materials in nanocomposite science. Surface modifica-
tion of diamondoids also produces functional derivatives that
broaden its applications. This article provides a concise
review of the fundamentals of diamondoids, including
their origin and functionalization, electronic structure,
optical properties, and vibrational characteristics. The
recent advances of diamondoids and their derivatives in
applications, such as nanocomposites and thin film coat-
ings, are presented. The fabrication of diamondoid-based
nanostructured devices, including electron emitters, catalyst
sensors, and light-emitting diodes, are also reviewed. Finally,
the future developments of this unique class of hydrocarbon
materials in producing a novel nanostructure system
using advanced nanotechnologies are discussed. This
review is intended to provide a basic understanding of
diamondoid properties, discuss the recent progress of its
modifications and functionalization, and highlight its
novel applications and future prospects.

Keywords: diamondoids, sp3 hydrocarbon, nanocompo-
sites, nanostructures

1 Introduction

Since the discovery of graphene, diamonds, and fullerenes,
hydrocarbon nanomaterials have come to the forefront of
material science. Numerous research works on their basic
properties and potential applications have been carried out
[1–4]. Diamondoids, which were first discovered and
extracted from crude oil by Landa and Machacek in 1933
[5], are cage-shaped hydrocarbon molecules that resemble a
diamond lattice structure [6]. These naturally abundant
hydrocarbon materials inherit some of the superior properties
of diamonds, such as excellent thermal stability with a high
melting point, high hardness, and stiffness, as well as
excellent chemical resistance. Unlike the detonation nano-
diamond [7], they have a well-defined molecular structure,
with high purity and homogeneity in size distribution [8].
Extensive studies on their physical properties have been
conducted. Selective chemical functionalization of dia-
mondoid molecules has also been studied to broaden their
applications in the fields of organic and inorganic chemistry,
materials science, and biomedical science [9]. Applications
such as pharmaceutical therapy, catalysis, polymer compo-
sites, and optics have been developed [9–11].

Diamondoids and their derivatives have been used as
functional additive materials and molecular building blocks
in nanotechnology in a wide range of applications [12,13]. For
example, diamondoid–polymer nanocomposites with en-
hanced thermal andmechanical stability have been produced
[14]. Flame-retarding polymer nanocomposites have been
synthesized by using a widely used engineering plastic with
surface modified diamondoids [15,16]. Studies have also
discovered that adding diamondoids into a polymer matrix
may improve its transparency in the optical regime [17],
increase the refractive index with low optical dispersion [18],
and reduce the dielectric constant of the polymer [19]. These
unique features have made the diamondoid-containing
polymer nanocomposites suitable as optical and low-κ
dielectric materials. A variety of advanced applications of
diamondoid-containing materials have been developed,
including electron emitters and catalyst sensors, due to the
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intrinsic properties of diamondoids such as negative
electron affinity, large steric bulk, and electron-donating
ability [20,21]. The quantum confinement and tunable
band gap properties of diamondoid molecules [22,23]
have also unleashed their potential in micro- and nano-
electronic applications [24].

In this review, the fundamentals and the functionaliza-
tion of diamondoids are first briefly introduced. The physical
properties of diamondoids, including optical properties,
electronic structure, vibration properties, and photolumi-
nescence properties, are presented. Furthermore, this article
also highlights the recent advances in diamondoids and
their derivatives in various applications. We aim to provide a
comprehensive summary of the development of diamond-
oids containing material and state-of-the-art applications.

2 Fundamentals of diamondoids

2.1 Origin and nomenclature of
diamondoids

The smallest unit of a diamondoid, adamantane, was first
isolated from crude oil by fractional distillation in 1933 [5].
Later in 1966, diamantane, which contains two face-fused
adamantanes, was also discovered [25]. Moreover, the

infrared absorption spectrum of interstellar gas revealed the
potential existence of diamondoids in the interstellar medium
[26–29]. These naturally abundant hydrocarbons have been
classified as a new class of diamond-like material that differs
from nanodiamonds, which are the mixtures of diamond
isomers. In the recent decades, they have attracted extensive
research interest for their applications in polymer material
upgrading and in optical and optoelectronic devices [9,11]
due to their diamond-like properties and superior stability
compared to other carbon nanomaterials, as well as its
unique functionality including low dielectric constant and
photoluminescence [30].

Balaban and Schleyers [31] have developed the naming
and classification of diamondoids based on the graph-
theoretical approach. The general chemical formula of
diamondoids is presented as C4n+6H4n+12. The smallest unit
of the diamondoids group is named adamantane (C10H16),
corresponding to the IUPAC naming of tricyclo[3.3.1.1(3.7)]
decane in the Baeyer systematic nomenclature [32]. It is
followed by two polymantane homologs, namely, diaman-
tane (C14H20) and triamantane (C18H24), which are also known
as lower diamondoids and have only one isomer. For higher
diamondoids, different isomeric polymantanes can be
distinguished using dualist graphs by joining the centers of
fused adamantane units in polymantane, and the numbers
1–4 are used to represent different orientations in the space of
adamantane units. Figure 1 shows the molecular structures of
diamondoids, which are also classified into lower and higher

Figure 1: Molecular structures of diamondoids. They can be classified as (1) lower diamondoids, which include adamantane, diamantane,
and triamantane, and (2) higher diamondoids, e.g., tetramantane and pentamantane, with different isomeric structures.
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diamondoids. Over the past few decades, adamantane has
been studied extensively due to its simple structure and ease
of functionalization with good selectivity [33]. It has been
used as a model structure to predict the properties of higher
diamondoids [34].

Diamondoids can be prepared in a laboratory via
chemical synthesis [35,36]. Lewis acid-catalyzed methods
have been well developed for diamondoids synthesis [8].
These methods allow the batch production of lower
diamondoids in kilograms and higher diamondoids in
multigram quantities, thereby facilitating the study of
these unique nanomaterials for advanced applications.

2.2 Functionalization of diamondoids

Diamondoids are cage-like hydrocarbon molecules with
fully sp3 hybridized carbon and only secondary and
tertiary sites on the surface [37]. Modifications of
diamondoids are necessary to extend their potential
applications. By replacing the hydrogen atoms on the
carbon, a wide range of functional derivatives can be
designed and synthesized [11]. The first diamondoid
derivative was synthesized by Landa and Machacek [5],
who showed the formation of adamantyl bromide from
the reaction between adamantane and bromine at room
temperature. This finding broadened the scope of
diamondoid chemistry. Recently, considerable efforts
have been devoted to developing different functionaliza-
tion methods and overcoming the challenge of the long
reaction pathway with low product yield. A comprehen-
sive review of diamondoid functionalization is given in
ref. [9].

Among all of the diamondoids, the functionalization
of adamantane is more selective due to its simple
molecular structure [38]. Polymantanes are intricate for
modification; therefore, catalysts may be required, and
reaction conditions have to be adjusted to obtain the
desired result. Through proper functionalization methods,
two essential diamondoid derivatives can be synthesized,
namely, the diamondoid halides [39] and hydroxylated
diamondoids [40], which can be used as first rank
precursors for subsequent substitution reactions with
thiol or amino groups [41,42], alkyl phosphine ligands
[43], and metals [44]. These diamondoid derivatives have
been used in different research fields. For example, it has
been shown that amine-functionalized adamantanes
show an antiviral feature [45]. They have been used in
pharmaceutical therapy applications such as drug mod-
ifications to enhance the lipophilicity, stability, and

pharmacological activities [10,46]. Phosphine ligands
bearing diamondoids have shown a good catalytic
efficiency and broad reaction scope [47]. This bulky
electron-rich diamondoid derivative has been applied in
palladium-catalyzed amination reactions for aryl chlor-
ides at mild reaction conditions with an increased yield.
Thiol-functionalized diamondoids have been attached to
the surface of noble metals such as gold and silver via
self-assembly [48,49]. Due to the negative electron affinity
of diamondoids, they can be potentially used as electron-
emission materials for electron beam lithography and
electron microscopy applications. Other functionalization
methods, including olefination and alkylation, have also
been reported [50,51]. They are important for synthesizing
novel diamondoids containing polymers via a copolymer-
ization reaction.

Apart from the direct functionalization of a single
type of functional group, the substitutions of two or
more functional moieties, namely, unequal polyfunctio-
nalization of diamondoids, have also been developed
[9]. The functionalization and modification of diamond-
oids provide a novel pathway in building new materials
in material chemistry. These also broaden the potential
application of diamondoids and their derivatives for
advanced applications such as optoelectronics and
biosensing by tuning the chemical, electronic, and
biological properties [52,53].

2.3 Optical properties and electronic
structure of diamondoids

The optical and electronic properties of diamondoids,
including optical absorption and band gap, have been
studied extensively since they are crucial for the
development of the diamondoid derivatives and to widen
their applications [54]. Landt et al. [23] have classified
diamondoids into 1D, 2D, and 3D shapes (Figure 2), with
each geometry showing a distinctive optical absorption
feature, which confirmed the size- and the shape-
dependent optical properties. Moreover, an inverse
relationship between the size and the band gap has been
recorded, such that the band gap decreases as the molecular
size increases, which confirms the prediction by Raty et al.
[55] based on the density functional theory (DFT) calcula-
tion. Optical properties of diamondoid derivatives have been
studied experimentally and theoretically, which are useful
for the development of novel composites or hybrid materials
using functionalized diamondoids [52,56–58]. As it is
difficult to measure the band gap in a gaseous phase, the
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study of the optical properties of diamondoids has become a
useful tool to give further insights into the electronic
properties [30].

Knowledge about electronic structure of a material is
essential to understanding its optical, thermal, and
electrical properties. The band gap of diamondoids,
which is the energy difference between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), has been pre-
dicted through computational techniques such as DFT
and Quantum Monte Carlo. Several studies have found
that diamondoids exhibit an unusual delocalized mole-
cular orbital in the unoccupied state when compared
with other saturated hydrocarbon molecules [54,59].
This phenomenon was observed from the images of the
electronic orbital of a single diamondoid molecule on a
gold surface captured by scanning tunneling microscopy
[60], in which the LUMO shape and size have good
agreement with the theoretical simulation, verifying the
presence of delocalized orbital. This unique feature of
diamondoids explains the low exciton binding energy
and a negative electron affinity of diamondoid [59].
Besides, the quantum properties of diamondoids, in-
cluding the size-dependent quantum confinement effect,
have been confirmed. For diamondoids of size less than
1 nm, the band gap energy increases with the decreasing
molecular size [61,62]. Moreover, DFT calculation of
nanodiamondoid crystal electronic structure has also
demonstrated a tunable band gap over the ultraviolet
(UV) wavelength ranging from 180 to 230 nm, which is in
contrast to the properties of bulk diamonds [61],
suggesting their potential in optoelectronic applications.

A comprehensive study on the electronic structures
of diamondoids modified with functional groups, in-
cluding thiol, hydroxy, and amino groups, has been
conducted by Rander et al. [53]. A linear relationship

between the ionization potential of HOMO−1 and the
electronegativity of the functional group has been
confirmed. Moreover, it has been proven that the
electronic structure of diamondoids can be altered
through surface modification [52]. Tunable optical
absorption toward the infrared spectral region can be
achieved. Recently, efforts have been devoted to
obtaining desirable electronic properties of diamondoid
derivatives through molecular design. An inverse mole-
cular design approach has been developed by Teunissen
et al. [63], and a diamantane derivative with the lowest
HOMO–LUMO gap of 3.0 eV has been discovered. This
method facilitates the design of novel diamondoid
derivatives with multiple functionalization.

The dielectric properties of diamondoids have also
been examined theoretically and experimentally.
Through DFT calculation, the dielectric constants of
lower diamondoids and [121] tetramantane (TA121) have
been found to lie between 2.46 and 2.68, which has been
subsequently confirmed through an experimental study
[64]. The dielectric function has been reported to be
independent of the wavelength within the optical regime
[65]. Compared to the bulk diamond with a dielectric
constant of around 5.7, diamondoids possess a higher
potential to be used as low-κ dielectric materials for
electronic applications.

2.4 Vibration properties

The phonon vibration mode of diamondoids and their
derivatives have been studied over the past two decades.
A theoretical study of vibration mode was first published
by Lu et al. [66] based on first-principles DFT calculation
[67–69]. The calculations for the changes in electronic
structures of functionalized diamondoids, including

Figure 2: Classification of diamondoids molecular structures into 1D, 2D, and 3D shapes using tetramantane and pentamantane as
examples [23].
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thiol-, hydroxy-, and amino-diamondoids, have also
been reported [53].

Experimental studies on the gas phase and solid
state diamondoids have been investigated. Diamondoids
show a strong C–H stretching mode at around
3,000 cm−1 for both Raman and infrared spectroscopy
[37,70], which is different from other hydrocarbon
materials due to the presence of a large number of sp3

CH bonds and the absence of CH3 bonds. Moreover, due
to the unique geometric shape of the molecules, each
diamondoid displays a unique Raman spectrum [70,71].
By investigating the C–C–C bending or C–C stretching
mode in the low-frequency region of the spectra,
differentiation of the geometric properties of diamond-
oids has become possible and more assessable. The
distinctive vibration modes also provide the necessary
knowledge for further exploring the vibrational proper-
ties of different diamondoid derivatives [57,72–74] and
dimers [75,76].

Experimental studies on the rotationally resolved
spectra of a wide range of diamondoids using Fourier
transform infrared (FTIR) spectroscopy have been done
[37,77]. The experimental data have been found to be in
good agreement with the theoretical results. No sig-
nificant difference between the gas-phase and the solid-
state vibrational modes has been reported [30]. More-
over, FTIR spectroscopy can also be used to track the
location of the ions after ionization.

2.5 Photoluminescence

Diamondoids have been reported as potential semicon-
ductor nanocrystals for photonics and light-emitting
devices in the UV spectrum due to their photolumines-
cence properties. The photoluminescence properties of
adamantane in the gas phase were first demonstrated in
2008 by Landt et al. [78]. They compared adamantane
with highly nitrogen-doped hexamethylenetetramine,
which has the same caged structure as adamantane
with no photoluminescence. Adamantanes show broad
luminescence energy from 4.9 to 6.5 eV due to the
recombination of the self-trapped excitons. UV laser-
induced fluorescence of gas-phase higher diamondoids
has also been reported recently [79].

Photoluminescence in solid-state diamondoids, in-
cluding adamantane, diamantane, triamantane, and
TA121, has been discovered. Clay et al. [80] have reported
excitation within the UV region at about 240 nm (5.2 eV)
with a heavily shifted emission at 295 nm (4.2 eV).

Compared to gas-phase diamondoids, solid-state dia-
mondoids have shown a substantial reduction in the
band gap energy. This reduction is mainly attributed to
the reduction in band gap and the quantum confinement
effect [30], leading to the difference in electrical proper-
ties in different states. Although certain studies have
shown the intrinsic photoluminescence of diamondoids
in the UV spectral region, the spectrum gets congested
by the thermal effect and intermolecular vibrational
energy redistribution due to the high excitation energy
used in the experiments. As a result, no vibration
structure can be observed compared to the theoretical
prediction. By applying synchrotron radiation and UV
laser excitation, Richter et al. [81] have attempted to
resolve the vibrational structure at a higher resolution.
In their study, the fine vibrational structures were partly
resolved, including the C–C stretching, C–C–C bending
and wagging, and C–H wagging, and in good agreement
with the calculation. Distinctive spectral features of
diamondoids with different sizes and molecular geome-
tries were also observed for the first time. The photo-
luminescence observations suggest that diamondoids
have the potential, as semiconductor materials, for
nanophotonic applications. Moreover, these studies are
primarily useful for monitoring the synthesis of dia-
mondoids with a higher molecular weight.

The photoluminescence properties of surface-func-
tionalized diamondoids have also been investigated
[58,82]. For example, Sarap et al. [58] have examined
the effect of single and double functionalization of lower
diamondoids with –NH2 and –SH groups and discovered
that the band gap greatly depends on the size and type
of functional group attachment due to the quantum
confinement effect. The attachment of the –NH2 group
shows similar UV photoluminescence properties to
pristine diamondoids, while the incorporation of the
–SH group affects the optical absorption significantly
and quenches the photoluminescence of the diamond-
oids. The findings advocate a good potential of double-
functionalized diamondoids for optoelectronic biosensor
applications.

3 Diamondoid containing polymer
nanocomposites

Diamondoids and their derivatives have been widely
used as functional additives to improve the physical
properties or introduce additional functionalities to
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materials. They have been used as nanofiller materials
for polymer reinforcement to improve the thermal,
chemical, and mechanical stabilities of the matrix.
Diamondoids have also been incorporated into the
backbones or as pendant groups in polymer chains by
various polymerization approaches. Compared to other
carbon materials such as carbon nanotubes [83–86],
carbon black [87,88], graphene [89,90], and graphene
oxide [91,92], diamondoids are more chemically stable
[93]. Moreover, the ease of functionalization and the
diamond-like properties of diamondoids make them very
useful for preparing novel polymer nanocomposites [94].

3.1 Adamantane and its derivatives

Adamantane has been incorporated into polymers to
increase the hardness and thermal stability of the matrix.
Moreover, desirable optical properties, such as low-κ
dielectric [95] and high refractive index with low optical
dispersion [18], can also be achieved. Compared to other
inorganic nanofillers, organic adamantanes show better
affinity with organic polymers [96]. They possess
numerous unique characteristics, such as having a
symmetric cage-like structure, high substitutability,
and good lipophilicity, which have attracted significant
research attention in polymer science [97].

A study on the effect of the adamantane content on
the mechanical and morphological properties of poly-
propylene (PP) has been conducted [96]. In the study,
the highest tensile modulus of 760.8 MPa was recorded
for the PP nanocomposite with 0.5 wt% of adamantane.
A modified explicit atom model has been developed to
explain the reinforcement mechanism and to predict the
mechanical properties of the PP nanocomposite. The
attachment and the dispersion of adamantane within
the PP matrix highly depend on the entropy of the
system. At a low entropy value, the attachment of
adamantane is restricted to the ends of the polymer
chains. A high adamantane loading ratio may, therefore,
cause aggregation of adamantane and reduce the
modulus of the PP nanocomposite. While at a high
entropy value, adamantane may have a better dispersion
within the polymer matrix. It is more likely to form small
aggregates of nanoparticles instead of large clusters,
resulting in the significant enhancement of the modulus.
Studies on incorporating adamantane in polymer back-
bones such as polyamides, polyimides, and polystyrene,
have also been conducted [17,98–100]. Monomers con-
taining adamantane have been synthesized to form

copolymer structures, and significant improvement in
the glass transition temperature and mechanical proper-
ties of the copolymers have been achieved [101].
Adamantane-containing copolymer also shows an in-
crease in the refractive index [102]. Considerable
improvement in the thermal and dielectric properties of
epoxy resin has also been reported [103].

Adding adamantane moieties can improve the
optical transparency of polymers. For example, the
copolymers of 1-adamantyl methacrylate and styrene
have shown low optical absorption in the visible region
[17]. Therefore, these polymers can potentially be used
as optical plastics for applications such as lenses and
data storage media. Besides, due to the low dielectric
constant of adamantane, low-κ dielectric adamantane-
based polymers have been synthesized [104]. Chern and
Shiue [99] have reported the preparation of an adaman-
tane–polyimide nanocomposite with a low dielectric
constant of 2.77. In a recent study reported by Lv et al.
[19], porous polyimide films containing an adamantane
derivative have been fabricated, achieving a lowest
dielectric constant of 1.85 at 1 MHz. Therefore, these
materials can probably be used as novel insulation
materials for electronics to improve signal transmission
quality by reducing delays and circuit loss. Table 1
summarizes the values of the dielectric constant of the
previously reported adamantane-containing polymers.
Due to the additional functionalities, the incorporation
of adamantane moieties has widened the range of
applications of organic polymers, including optics and
optoelectronics [105].

Novel flame-retarding polymer nanocomposites
based on widely used engineering plastics, such as
polycarbonate (PC) with chemically modified diamond-
oids, have been synthesized [15,16]. The flame-retarding
performance of PC has been improved significantly due
to the promoted char formation on the surface of the
polymer by the adamantane-based flame retardants
(FRs) during combustion. Compared to conventional
FRs, which have been gradually banned due to the
presence of halogens, these halogen-free materials are
nontoxic and more environmental friendly. Table 2
summarizes the performance of the recently reported
adamantane containing PC/FR nanocomposites com-
pared with commercially available potassium diphenyl-
sulfone sulfonate, including their limiting oxygen index
(LOI) and flammability ranking according to ASTM
D2863-97 and ASTM D3801 standards, respectively.

Recently, acrylate-based photoresists consisting of
adamantane have been developed [103,112–116]. Dif-
ferent adamantyl methacrylate materials have been
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Table 1: The values of dielectric constant (ε) of previously reported adamantane-containing polymers. The dielectric constant of
commercially used low-κ materials in the semiconductor industry, including silicon dioxide and silicon nitride, lies between 3.9 and
4.2 [19]

Polymer matrix Adamantane derivatives Dielectric constant (ε) Frequency Ref.

Polyimide 2.77 1 kHz [99]

Polyimide 2.76 1 kHz [106]

Polyimide 2.34 1 MHz [107]

Porous polyimide 1.85 1 MHz [19]

Porous polyimide 2.37 1 MHz [108]

Nano-porous poly(methyl silsesquioxane) 1.89 1 MHz [109]

Epoxy resin 2.33 1 MHz [103]

Benzocyclobutene resin 3.06 400MHz [110]

Copoly(aryl ether ketone) 2.33 1 MHz [111]

Table 2: LOI and flammability (UL-94) ranking of recently reported adamantane containing halogen-free PC/FR nanocomposites

FR Molecular formula PC/FR (wt./wt.) LOI (%) UL-94 ranking Ref.

1-(Diphenyl phosphate)adamantane C22H25O4P 88/12 27.6 V-2 [12]
1,3-Bis(diphenyl phosphate)adamantane C34H34O8P2 88/12 29.1 V-1
1,3,5-Tris(diphenyl phosphate)adamantane C46H43O12P3 88/12 30.0 V-0
1,3,5,7-Tetrakis(diphenyl phosphate)adamantane C58H52O16P4 88/12 32.0 V-0
1,3,5-Tri(phenyl-4-sodium sulfonate)adamantane C28H25O9S3Na3 88/12 ∼32.0 V-0 [13]
1,3,5,7-Tetrakis(phenyl-4-sodium sulfonate)adamantane C34H28O12S4Na4 92/8 ∼32.0 V-0
Potassium diphenylsulfone sulfonate C12H9O5S2K 92/8 27.1 V-2
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produced and used as a photoresist composition for
193 nm argon fluoride (ArF) lithography [117–120]. These
novel adamantane pendant group-containing photore-
sists are useful for improving the resolution limits of the
feature sizes produced by ArF lithography due to the
enhanced sensitivity to 193 nm light and in achieving
better etching resistance for producing the finer features.

Some advanced applications of the adamantane-
containing polymer have also been developed [121]. For
example, Chen et al. [122] have synthesized tetraphenyl
functionalized adamantane for the production of hierarchi-
cally porous adamantane-based polymers with high specific
surface areas (1,178m2 g−1) through the Friedel–Crafts alkyla-
tion and Scholl coupling reactions. In their study, these
polymers were utilized for CO2 capture and iodine removal.
Due to the symmetrical cage structure of adamantane, the
microporous structure formed within the polymer greatly
enhanced the porosity. These polymers have shown a good
selectivity for CO2 and high iodine adsorption (a maximum of
202wt% iodine uptake). Furthermore, Aparicio et al. [123]
have reported the preparation of photonic NO2 gas sensors
made of remote plasma-deposited perylene/adamantane
nanocomposite thin films. During the deposition process,
the adamantane precursor was used with the perylene
precursor. The obtained nanocomposite film was colorless
and showed excellent optical transparency.

The incorporation of adamantane molecules has
solved the problems in unmodified perylene thin films,
such as limited detection sensitivity and poor integration
feasibility with photonic structures. By varying the
perylene and adamantane composition, the optical
properties of the film can be controlled, and tunable
sensitivity toward NO2 gas can be achieved. A low
concentration (0.05 ppm) of NO2 in ambient conditions
can be detected using the nanocomposite film (<15 min).
Alcaire et al. [124] have also reported a plasma-assisted
vacuum deposition approach to fabricate 4-(dicyano-
methylene)-2-methyl-6-(4-dimethylamino-styryl)-4H-pyran
(DCM)/adamantane nanocomposite optical films for
potential optoelectronic applications. Incorporation of
adamantanes not only improves the optical quality but
also enhances the thermal, mechanical, and chemical
stability of the nanocomposite compared to unmodified
DCM films. Improved resistance against external
damage such as photoinduced sublimation can also be
realized. By changing the adamantane/DCM sublimation
ratio of the precursor during the plasma-assisted
deposition process, tunable luminescent emissions can
be achieved. The nanocomposite has also exhibited a
positive optical gain, which is favorable for laser
applications.

3.2 Diamondoids with larger molecular
weight

Diamondoids with larger molecular sizes can exist in
diverse shapes. They have also been studied for their
applications in the field of polymer science. For example,
polymer thin films containing diamantane have achieved
a high refractive index of 1.56, which is comparable to
commercially used optical plastics, such as polystyrene
[18]. In addition, the polymers show low optical
dispersion in the visible wavelength, which is crucial
for reducing chromatic aberration. Diamantane has also
been introduced into the photo-sensitive resin SU-8 to
improve the properties of the cured polymer, such as
thermal stability, optical transparency, and mechanical
properties [125]. It also reduces the residual stress
generated during the curing process by over 80%, which
improves the fidelity of the structure after the litho-
graphy process. Moreover, the nanocomposite photo-
resists also demonstrate a decrease in viscosity at a low
filling concentration (<5 wt%), which is beneficial for the
spin casting process in controlling the film thickness.
Noticeable enhancement in the effective elastic modulus
from 1.6 to 1.9 GPa has been recorded.

Diamantane, triamantane, and TA121 have been
introduced into PP and PC via conventional com-
pounding [126]. In this experimental work, PP nano-
composite exhibited higher ductility, while PC nano-
composite showed an increase in the tensile modulus.
The results revealed that diamondoids might act as a
plasticizer in nonpolar/semi-crystalline PP and as an
antiplasticizer in amorphous/moderately polar PC due to
the different interaction mechanisms between diamond-
oids and the polymer matrix. Jahromi and Katbab [127]
have prepared thermoplastic elastomer nanocomposites
films using PP, ethylene–propylene–diene rubber, and
graphitized diamondoid powder, containing adaman-
tane, diamantane, and triamantane as nanofillers. In
their study, the tribodynamic properties of the nano-
composite films were investigated, and the results
showed that the diamondoid particles may act as a
plasticizer in the nanocomposite in the molten state. The
nanocomposite achieved a 142% increase in reduced
modulus, a 100% increase in hardness, and a 16%
increase in scratch resistance compared to the unfilled
sample. Enhancement in thermal stability was reported,
with an increase of over 30°C in the thermal decom-
position temperature.

Recently, diamantanes have been used to synthesize
rod-like molecular structures by attaching straight-
shaped alkoxyphenyl groups to the C-4 and C-9 positions

Nanotechnology of diamondoids for the fabrication of nanostructured systems  657



of diamantane (Figure 3), and their liquid crystalline
behavior has been studied [128]. As diamantane is
symmetric along the C3v axis, different rod-shaped
molecules can be obtained via predesigned synthetic
routes. These molecules have shown thermotropic liquid
crystal properties with excellent thermal stability. This
novel molecular design enables the application of
symmetric diamondoid molecules as liquid crystal
material at high temperatures.

4 Diamondoids containing metal
nanocomposites

Diamondoids can be incorporated into a metal matrix to
enhance its thermal and mechanical properties. Maung
et al. [129] have investigated the thermal behavior of the
diamantane containing aluminum (Al) powders. The
incorporation of the diamantane not only improves the
thermal stability of the composites but also restricts the
grain growth of Al at high temperatures. Table 3

compares the grain size of the Al/diamantane composite
and unmodified Al after annealing for 2 h at different
temperatures. The difference in the grain size may be
due to the drag force exerted by the nanoparticle against
grain boundary migration, as explained by the Burke
model [130]. Nanoscale softening with an enhancement
of ductility in nanocrystalline Al/diamantane composites
has also been reported [131,132].

Pozuelo et al. [133] have studied the microstructure
and the reinforcement effect of the Mg–10Al/diamantane
nanocomposite fabricated through a spark plasma
sintering process. In their investigation, addition of
diamantane into the Mg alloy matrix enhanced the
mechanical properties significantly, in which the nano-
composite showed a 30% improvement in the compres-
sive yield strength, a twofold increase of reduced
modulus, and a 50% increase in hardness without any
change in nanocrystalline grain size under the same
processing conditions. The diamantane–Mg matrix mis-
match led to the precipitation hardening and micro-
scopic residual stress, which contributed to the

Figure 3: Illustration of different rod-shaped liquid crystals with diamantane core [128].

Table 3: Grain size variation at different temperatures for Al/
adamantane composite at 1 wt% filling ratio and unmodified Al
after annealing time of 2 h. The data were extracted from ref. 129

Temperature (K) Grain size (nm)

Al + 1 wt% diamantane Unmodified Al

673 30 50
723 40 54
748 45 99
773 58 >110

Table 4: Yield strength (σy) of Mg–10Al alloy and Mg–10Al/
diamantane nanocomposites (Mg–10Al–Dia) at different annealing
temperatures and durations

Annealing conditions Yield strength, σy (MPa)

Temperature (°C) Duration (h) Mg–10Al Mg–10Al–Dia

100 100 ∼370 ∼470
200 100 ∼280 ∼440
300 100 ∼220 ∼400
400 0 ∼375 ∼470
400 6 — ∼440
400 100 ∼154 ∼370
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mechanical enhancement. It has been demonstrated that
diamantane can also increase the thermal stability of the
Mg–10Al nanocomposite under annealing temperatures
ranging from 100 to 400°C, with annealing time up to
100 h [134]. The presence of diamantane restricts the
grain growth and hence improves the yield strength of
the alloy significantly at high temperature as presented
in Table 4, where the data were extracted from ref. [134].

5 Diamondoid thin films

Diamondoids and diamonds are similar in terms of bond
structure and bond strength, as well as with unique
properties such as high refractive index, optical trans-
parency, good mechanical strength, and high thermal
conductivity [135]. Compared to a bulk diamond, the
dielectric constants of diamondoids are much lower,
which makes them suitable for low-κ dielectric applica-
tions [30,64,136]. Cage-like adamantane has been used
as a 3D building block for low dielectric insulators for
micro-/nano-packaging. Alcaire et al. [137] have suc-
cessfully demonstrated the damage-free encapsulation
of 1D, 2D, and 3D structured electronic devices via
vacuum remote plasma deposition (RPAVD) using
chemically modified adamantane as the precursor. In
their study, adamantane was modified by connecting
four cyclohexane rings in an armchair-like molecular
structure with the same spatial symmetry diamondoid.
Conformal ultrathin adamantane coatings were depos-
ited on the target substrate with good homogeneity and
low surface roughness. These coatings achieved good
conformity with the device without affecting its electrical
properties and might be used for providing protective
encapsulation to perovskite solar cells in moist and
saline environments without deteriorating the perovskite
performance due to its low-κ dielectric properties [138].

The application of adamantane thin films to produce
slippery liquid-infused porous surfaces (SLIPS) with the
3D structure has also been reported [139]. These
polymer-like adamantane films were deposited on the
3D organic nanofabric by the RPAVD technique to
produce an amorphous and continuous layer. It was
claimed that the layer shows a low surface roughness
(RMS < 0.5 nm) with no porosity at the nanoscale. The
SLIPS could provide hydrophobicity or superhydropho-
bicity to the surface, as well as anti-icing and antifouling
properties. The adamantane films also act as a protective
layer for providing mechanical stability to support
freeze–thaw cycles. The deposition of adamantane by

the RPAVD technique has been proven to be a versatile
method for a wide range of target substrates, including
fragile nanomaterials such as graphene and single-
crystalline nanowires.

6 Application in advanced
functional devices

6.1 Diamondoid as electron emitters

Diamondoids with fully hydrogen-terminated surfaces
have demonstrated negative electron affinity, which is
crucial for the development of electron emitters for
applications such as electron-beam lithography and
high-resolution electron microscopy. Yang et al. [140]
have reported the fabrication of monochromatic electron
photoemission from the TA121 monolayer. In their study,
a thiol-functionalized TA121 monolayer was successfully
deposited onto silver (Ag) and gold (Au) surfaces. This
monolayer showed a sharp photoemission peak at 1 eV
kinetic energy, which accounted for 68% of the total
emitted electron, owing to the negative electron affinity
and the strong electron–phonon scattering of the
diamondoid monolayer [22].

Melosh and coworkers [141] have studied the field-
emission behavior of different diamondoid monolayers
on Au surfaces, including thiol functionalized adaman-
tane, diamantane, triamantane, and TA121. They have
discovered that the orientation order of the diamondoid
molecules within the self-assembled monolayer (SAM)
could be controlled by varying the thiol function group
position and the choice of diamondoid [48,142]. They
have found that TA121-2-thiol monolayer significantly
reduces the work function of Au from ∼5.1 eV to 1.60 ±
0.3 eV [141].

As the work function has a significant influence on
the field-emission current, lowering the material work
function can enhance the field emission properties of the
electron emission surface, especially for sharp-tipped
emitters. Moreover, due to the rigidity and stability, TA121

is a promising nanoscale coating material for field
emission applications [141]. It has been applied in X-
ray photoemission electron microscopy as a SAM on the
photocathode [143]. The diamondoid SAM significantly
enhances the special resolution of the image from 25 to
10 nm. It can drastically narrow down the energy spread
of the secondary electrons emitted from the sample
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surface, which substantially reduces chromatic aberra-
tion without using an expensive optical system.

Although diamondoid SAMs have shown promising
performance as electron emitters, the problems of
oxidative sensitivity of the thiol-metal attachments and
thermal instability of the composite preclude the
application for long-term devices [142]. It has been
found that adamantane–thiol is easily displaced by
alkane–thiol [144], indicating the weak bonding strength
between the adamantane–thiol and the Au substrate. To
solve this problem, Melosh and coworkers [145] have
developed a new approach to fabricate the photoemis-
sion surface based on the attachment of the diamantane
phosphonic dichloride monolayer on tungsten/tungsten
oxide. The formation of covalent bonds between the
phosphonate and the substrate has been confirmed by
high-resolution X-ray photoemission spectroscopy. The
P–O bonding strength between the functionalized
diamondoids and tungsten oxide has been found to be
twice as strong as in the thiol–Au bond. Thus, the
composite has demonstrated better thermal stability up
to 350°C, compared to the 200°C for the diamondoid
thiolate monolayers on gold [146].

Another approach to solving the long-term stability
issue of the diamondoid monolayer, as reported by Clay
et al. [147], is by providing a protective overlayer. In their
study, cesium bromide (CsBr), which is an electron
transparent compound, was deposited onto the mono-
layer of TA121-6-thiol on Au through vapor deposition.
The low-energy spread property of the electron emitter
was preserved with a longer life time through this
design. A later study by Melosh coworkers [20] has also
proposed graphene overcoating to prevent the degrada-
tion of diamondoid SAMs under photon irradiation and

electron bombardment. A monochromatic photocathode
comprised TA121-6-thiol SAM on an Au substrate, and
chemical vapor deposition of monolayer graphene on
top of the diamondoid monolayer has been fabricated. A
fourfold increase in the life time of the monochromatic
emitter was achieved, with enhanced thermal stability
by 100 K. Figure 4 illustrates the laminated structure
composed of the protective overlayer, diamondoid SAM,
and Au substrate.

6.2 Diamondoids as catalyst sensor

Adamantane has been extensively used in catalyst
development due to its desirable properties, such as
inert hydrocarbon reactivity, rigidity, and steric bulk. It
has become an ideal material for catalyst design due to
the low cost, ready availability, and its ease of
functionalization compared to the conventional catalyst
Pd/P(t-Bu)3 [148]. Moreover, the spherical geometry, as
well as the possibility for symmetrical polyfunctionaliza-
tion of adamantane, has made it suitable for use as a
building block for directional ensembles of recyclable
catalysts [21]. The development of the functionalized
adamantane scaffolds, such as bromoadamantanes and
(poly)phenyladamantanes, within metal frameworks for
producing three-dimensional porous catalysts and their
applications have been reviewed in detail recently [21].

The application of adamantane-based materials has
been extended to sensor application based on the
catalytic properties of its derivatives. They are promising
for electronic devices due to their rigidity, thermal
stability, large band gaps, and size-tunable optical

Figure 4: Schematic diagram of an electron emitter with a laminated structure composed of a protective overlayer which is an electron
transparent coating to improve the long-term stability, diamondoid SAM, and the gold substrate.
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responses [23]. A bifunctional NiCo2O4@AD catalyst-
based electrochemiluminescence (ECL) sensor has been
fabricated using amino-modified NiCo2O4 and 1-adaman-
tanecarboxylic acid [149]. This ECL bifunctional sensor
made of the NiCo2O4@AD nanocomposite has shown an
ultrasensitive detection toward PGE1 with concentration
ranging from 0.1 fg/mL to 1 ng/mL and a low detection
limit of 0.1 fg/mL.

NiCo2O4@AD possesses good catalytic performance
in oxygen evolution reaction (OER) due to the large steric
bulk and electron-donating ability of adamantine.
Therefore, the ECL signal can be amplified by the
catalyst through the OER. Adamantane also improves
the durability of the catalysts due to its superior thermal
and mechanical stability.

Fabrication of a catalyst gas sensor based on
difunctionalized diamondoids and palladium nanolayers
(Pd@PH2-DiamOH) through the bottom-up approach
[150,151] has been reported. A hybrid metal–organic
nanostructured composite has been constructed by the
controlled vapor self-assembly of phosphine diamantane
derivatives, followed by chemical vapor deposition of
palladium on the self-assembled diamantane scaffold
[152]. The palladium nanolayer has been subsequently
deposited onto the 3D nanostructure to form a core–shell
organo-hybrid material. The resulting nanocomposite
sensor has shown a reversible NO2 detection in a wide
range of concentrations (50–100 ppm), as well as NH3

detection at 25–100 ppm [151].

6.3 Diamondoid as light-emitting materials

Adamantane is a wide band gap material that has been
used for host materials in blue organic light-emitting
diodes (OLEDs) as an efficient π-conjugation interrupter
[153]. The adamantane derivatives exhibit high triplet
energy, which makes them suitable as a host material for
highly efficient blue OLED devices [24,154–156]. A report
on adamantane-based host materials, 2,2-bis(4-carba-
zolyl-9-ylphenyl)adamantane (Ad-Cz), was first pub-
lished by Fukagawa et al. [154]. This adamantane
carbazole derivative showed triplet energy of 2.88 eV at
8 K. A double-emitting layer (DEL) blue OLED using
iridium(III)bis(4′,6′-difluorophenylpyridinato)tetrakis(1-pyr-
azolyl)borate (FIr6) doped Ad-Cz demonstrated a high
maximum external quantum efficiency (EQE) of 15.7%.
Fukagawa et al. [155] have also reported a deep-blue phos-
phorescent OLED composed of adamantane pyridoindole
derivative, 2,2-bis(4-pyridoindolyl-9-lyphenyl)adamantane

(Ad-Pd), as an electron transporting host material. It was
found that Ad-Pd exhibits enhanced triplet energy of
2.97 eV and excellent electron-transporting properties. The
DEL OLED devices fabricated using this host material have
reached a maximum EQE as high as 19%. Moreover,
enhanced thermal properties have been reported recently
[154,157].

A bifunctional adamantane host material, 4-{3-[4-
(9H-carbazol-9-yl)phenyl]adamantan-1-yl}benzonitrile
(CzCN-AD), has been synthesized by Gu et al. [158] for
the fabrication of blue phosphorescent OLED. In their
work, the host material was prepared by attaching an
electron-donating carbazole and a benzonitrile func-
tional group on adamantane. Due to the suppression of
intermolecular charge transfer between carbazole and
benzonitrile by the adamantane, high triplet energy of
3.05 eV was recorded. By using this adamantane-based
host material, bis[(4,6-difluorophenyl)pyridinato-N,C2′]
(picolinato)iridium(III) (FIrpic)-based sky-blue OLED and
FIr6-based blue OLED devices were constructed, with
high maximum EQE of 24.1% and 14.2%, respectively. In
addition to the synthesis of adamantane-containing
single-colored OLED, Guan et al. [24] reported the
fabrication of highly efficient full-color OLED using a
phenanthroimidazole fluorescent material modified with
adamantane moieties as both universal host and emitter.
Green, yellow, and red phosphorescent devices with high
EQEs of 23.3%, 16.7%, and 19.1%, respectively, have been
produced.

7 Biological and medical
applications

The applications of diamondoids and their derivatives in
the field of medicine and biotechnology have been
explored. For example, adamantane derivatives have
been used for modifying drugs due to their intrinsic
biological properties, such as antimicrobial and antiviral
activities. Comprehensive reviews on adamantane-based
chemotherapeutics [10] and drug delivery systems [159]
have been published recently.

Wang et al. [160] have reported the synthesis of a
diamondoid attachment to deoxyribonucleic acid (DNA)
using diamondoid-modified triphosphates and phos-
phoramidites as artificial nucleotides. These nucleotides
were introduced into DNA through chemical and enzy-
matic approaches in their study. Diamondoids were
bonded to the nucleobase unit without interfering with
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the double-helical conformation of the biomolecule. In
addition, it was found that the size of the diamondoids
can affect the melting temperature of the DNA [161].
These findings have initiated a number of theoretical
studies [162–169] on exploring the possibility of using
diamondoid-based 3D nanoarchitectures in the field of
bionanotechnology [170], such as new biosensors with
high sensitivity [162].

8 Development trend and potential
application of diamondoids in
nanotechnology and
nanostructured systems

Diamondoids and their derivatives are well established
as molecular building blocks for constructing novel

nanomaterials or nanodevices. With the rapidly growing
nanofabrication technologies, devices with specific
functionality can be realized. For example, our team
has recently developed a two-photon polymerizable
adamantane-containing photoresist using 1-adamanta-
nethiol. By utilizing the two-photon direct laser writing
technology (Figure 5a) [171,172], nanowell arrays have
been produced as shown in Figure 5b [173]. This is a
preliminary study on diamondoid-based nanostructures
for developing metadevices.

Diamondoid SAMs with micro/nanopatterns could
be produced using similar technologies, such as photo-
lithography. For instance, a photoresist mask can be
produced on the gold surface as shown in Figure 6a.
Followed by the deposition of thiol-functionalized
diamondoids onto the uncovered gold surface, as
depicted in Figure 6b, a micropatterned diamondoid
thiol SAMs will be obtained after removing the photo-
resist mask (Figure 6c). Due to the ease of

Figure 5: (a) Schematic diagram of advanced two-photon direct laser writing of a photoresist containing 1-adamantanethiol and (b) the SEM
images of nanowell arrays produced using the two-photon polymerizable adamantane-containing photoresist.
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functionalization with good selectivity, a bioreceptor or
biological recognition element can be attached to the
nanostructured diamondoid SAMs for a variety of
biosensing applications such as immunosensors and
biological assays (Figure 6d). It is expected that many
innovative devices can be produced, which are yet to be
fully investigated. This review reveals that diamondoids
are a special type of material being very useful for
developing new functional materials and nanostructured
devices.

9 Conclusions

Over the past few decades, significant progress has been
obtained in the functionalization and applications of
diamondoid derivatives. This article highlights key
features of the cage-like diamondoid molecules by
reviewing the origin and the nomenclature; physical
properties, including electronic structures, optical, and
vibrational properties; and photoluminescence cap-
ability. We also present the importance of functionaliza-
tion in tailoring the electronic properties of diamondoids

as crucial for advanced applications. The latest research
on the applications of diamondoids and their derivatives
offers improved performance in a wide range of applica-
tions, owing to the superior rigidity, chemical resistance,
thermal stability, and optical transparency. These
materials can be incorporated into both polymer and
metal matrices. The unique properties, such as negative
electron affinity, large steric bulk, and electron-donating
ability, of diamondoids have made them become
suitable nanostructured devices such as SAMs, electron
emitters, and catalyst sensors. While diamondoid is
known as the molecule that resembles the diamond
lattice, chemical functionalization can tailor their prop-
erties such as dielectric constants and band gaps, which
can be applied to novel applications, including low-κ
dielectrics and UV light-emitting diodes.
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