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Abstract

Diamondoids are nanoscale diamond-like cage structures with hydrogen terminations, which can
occur in various sizes and with a diverse type of modiﬁcations. In this work, we focus on the
structural alterations and the effect of doping and functionalization on the electronic properties of
diamondoids, from the smallest adamantane to heptamantane. The results are based on quantum
mechanical calculations. We perform a self-consistent study, starting with doping the smallest
diamondoid, adamantane. Boron, nitrogen, silicon, oxygen, and phosphorus are chosen as
dopants at sites which have been previously optimized and are also consistent with the literature.
At a next step, an amine- and a thiol- group are separately used to functionalize the adamantane
molecule. We mainly focus on a double functionalization of diamondoids up to heptamantane
using both these atomic groups. The effect of isomeration in the case of tetramantane is also
studied. We discuss the higher efﬁciency of a double-functionalization compared to doping or a
single-functionalization of diamondoids in tuning the electronic properties, such as the electronic
band-gap, of modiﬁed small diamondoids in view of their novel nanotechnological applications.
Keywords: diamondoids, electronic properties, functionalization
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1. Introduction

the possibility of self assembly of diamondoids encapsulated
inside carbon nanotubes [13–15].
Diamondoids doped with boron and nitrogen atoms can
be interlinked to form functional nanostructures in carbon
nanotubes [7], while lower diamondoids and their derivatives
have also been theoretically found to self-assembly into larger
interlinked nanostructures [12]. In view of biotechnological
applications, efﬁcient site-speciﬁc incorporation of diamondoids on DNA is possible [16], as well as the use of diamondoids as biosensors for reading-out DNA molecules [17].
The possibility of chemical modiﬁcation of diamondoids
[5] has opened a new dimension in nanotechnology [2]. The
size, the art of doping, and functionalization of diamondoids can tune their properties, such as optical and electronic
[18–21]. Amine functionalized diamondoids have good conductance properties [22], while thiolated diamondoids
attached to the gold surface show excellent electron emission
properties [8]. Studies have shown that the band-gap of these

Diamondoids are tiny hydrogen terminated nanodiamonds
which are built up by a certain number of diamond-like cages
[1]. The variety of sizes and modiﬁcations these can assume
have shown their great potential for novel nanotechnological
applications [2–4]. Different production methods of diamondoids exist: these can be found in petroleum [1], be
organically synthesized [5] or also nucleated from energetic
species [6]. Diamondoids are expected to play a signiﬁcant
role as suitable building blocks for functional nanostructures
[7]. These nanometer-sized cages can be attached on metallic
surfaces through a thiol group [8, 9] and form self-assembled
layers which have a negative electron afﬁnity [2, 10] and a
strong monochromatic emission [2, 11], being thereby promising for electronics applications. Lower diamondoids and
their derivatives have been theoretically observed to selfassemble into larger interlinked nanostructures [12] also with
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gradient algorithm and the structure was relaxed until forces
−1
on the atoms were lower than 0.04 eV Å .
Using the DFT scheme we next study the electronic
structure of modiﬁed diamondoids. For computational efﬁciency, the smaller diamondoids adamantane (C10H16) up to
heptamantane (C30H34) were modelled. The ideal diamondoids include only carbon atoms which form the diamond-like
cages and the hydrogen atoms which passivate the cages. Our
investigation is being carried out as follows: ﬁrst, we choose a
diamondoid site, remove one of its carbon atoms and replace
it with a dopant. As representative dopants, also due to their
proximity to carbon in the periodic table, we choose boron
(B), nitrogen (N), silicon (Si), phosphorous (P), and oxygen
(O). At a second step, we study the selective functionalization
of the lower diamondoids. We begin with a single functionalization, by replacing one of the hydrogen atoms of the
diamondoid with a thiol- (SH-) or amine- (NH2-) atomic
group. At a ﬁnal step, we doubly functionalize the diamondoids with both the thiol- and amine-groups. We use
some of the dopants which have been studied before for
diamondoids, in order to provide a consistent study towards
the double-functionalized diamondoids, which is the main
interest of this work.
Speciﬁcally, for the doped diamondoids, we have followed previous studies which indicated the dopant site [20],
but also performed a ‘dopant-site scan’ through a comparison
of possible doping sites for each dopant based on an energy
minimization. Accordingly, the single site for each dopant
which corresponded to the minimum energy was chosen as
the doping site for a further investigation of the electronic
structure of the respective doped diamondoid. Note, that the
dopant site is not the same for each doped diamondoid. In the
single-functionalized diamondoids, the functional (amine- or
thiol-) group was attached on an apical site (which is not the
same for the two groups) of the diamondoid substituting the
hydrogen atom at that site. We have performed simulations
for three different functionalization cases: amine-, thiol-, and
amine-, thiol-functionalized diamondoids. For the ﬁrst two we
refer to single-functionalization, while for the last as doublefunctionalization. For the former, the functionalization sites
were taken from the literature [8]. In the double-functionalization the same site as in the single-functionalization was
used for attaching the amine-group. The thiol-group functionalization site was based on a scan based on an energy
minimization corresponding to structures with different
functionalization sites. The two substitutional sites for the
amine- and thiol-groups are the opposite apical tips of a
diamondoid. Along the above lines, we probe the possibilities
of tuning the band-gap through modiﬁcations of the diamondoids using the dopants or functional groups mentioned
above.
Overall, we study the stability, structural alterations as
well as the effect on the electronic properties of the modiﬁed
(doped, single-, and double-functionalized) diamondoids with
respect to the properties of ideal unmodiﬁed diamondoids.
The electronic properties in all cases are probed through the
electronic density of states (eDOS), the frontier orbitals,

nanodiamonds decrease with the increase in their size and
push–pull doping is believed to be the most effective way to
tune the band gap of these diamondoids [20]. Modiﬁed diamondoids also show alterations in their optical properties as
compared to those of unmodiﬁed diamondoids [9]. Aminederivatives [23] of the lower diamondoid, adamantane, are
already in use in pharmaceutical applications [24, 25] as antiviral [26] and anti-Parkinsons agents [27]. These derivatives
have also been found to have good conductance properties
depending on their relative orientation between two metallic
electrodes [22].
In view of their nanotechnological applications, doped
and functionalized diamondoids can be excellent electron
emitters, better than carbon nanotubes for ﬁeld-emission
displays (FEDs) [2]. These diamondoid based FEDs as electron emitters could be the future of ﬂat-panel displays,
microwave telecommunications and microelectronics [2, 28–
31]. Recent research has also shown that these diamondoids
combined with buckyballs show faster and powerful devices
such as the unimolecular rectiﬁer [32]. A double functionalization of small diamondoids is also expected to enhance the
biosensing abilities of nanogap or nanopore devices [17, 33].
In this respect, a comparative investigation of the electronic
properties of various types of dopants and functionalization of
diamondoids would be important in order to optimize applications as the ones just described.
In this work, we aim to extend previous studies on
modiﬁed diamondoids and the alteration of their electronic
properties in view of novel nanotechnological application.
Along these lines, we focus on the doping and functionalization of diamondoids with ﬁve different dopants and the use
of a single and double functionalization with atomic groups
on the same diamondoid. The investigation of a pathway to
selectively tune the conduction properties of the modiﬁed
diamondoids is the main goal of this work. The novelty of this
study is related to the double functionalization, which to our
knowledge has not been studied before. The purpose of the
double functionalization is based on the nanotechnological
applications of diamondoids: the ﬁrst functionalization
(usually a thiol group) can be used to attach diamondoids on
surfaces, while the second (the amine group) has been widely
used in drug industry and can tune the electronic properties of
the diamondoid-functionalized surface or promote the
attachment of other species on this surface.
2. Methodology
The present study is carried out through a density-functionaltheory (DFT) based computational scheme. The code
SIESTA [34] was used, in which the Kohn–Sham eigenstates
are expanded using a linear combination of atomic orbitals.
The local density approximation [35] has modelled the
exchange-correlation functional together with norm-conserving Troullier–Martin type pseudopotentials [36] and a split
valence double zeta polarized basis set. A mesh cutoff parameter of 200 Ry has been used for the calculations. The
geometry optimization was performed using the conjugate
2
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namely the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals, as well as the electronic bandgap. The latter is deﬁned as the difference between the
HOMO and LUMO levels.

ideal adamantane molecule, Eadded is the total energy of the
added units; namely BH3, NH3, OH2, SiH4, PH3, H2S for the
different dopants and functional groups mentioned above.
According to the deﬁnition above, a low substitution energy
favors the substitution (either doping or functionalization). A
negative substitution energy denotes a substitution that can
occur naturally. Among the doped diamondoids, the energy is
lower for the B-doped case, as well as negative, indicating
natural substitution reaction. A substitution with O is the less
favorable or better most difﬁcult among the dopants investigated here. For the functionalization, thiol groups show lower
substitution energies as compared to amine and the double
(thiol-, and amine-) functionalized cases, hence it is easier to
functionalize the diamondoid with one rather than two atomic
groups.
For the analysis of the electronic properties, we begin
with the eDOS of the doped adamantane molecules which are
sketched in the upper panel of ﬁgure 4. The eDOS of the
doped structures are considerably altered by the presence of
dopants as compared to the ideal adamantane. Although in
most cases, the HOMO and LUMO levels are similarly
occupied, the doping introduces electronic states in the bandgap of the ideal case, decreasing in this way the band-gap of
doped-adamantane. This shrinking of the band-gap is different for different dopants. Regarding the occupation of the
HOMO and LUMO levels, these deviate from ideal adamantane in the P- and Si-doped adamantane, which actually
show a larger deviation in the strength of the C-dopant bond
as discussed above.
In order to provide a better qualitative understanding of
the differences in the electronic structure of doped-adamantane, the frontier orbitals, HOMO and LUMO are sketched in ﬁgures 5(b)–(f). In the ideal adamantane, the HOMO
or the occupied states are localized over the C–C bonds
whereas the unoccupied states are more delocalized and
spread out over the whole molecule [3]. These orbitals
become less delocalized in the doped-adamantane, in which
the HOMO state becomes almost localized on the dopant site.
Deviations were observed in the B-doped adamantane, while
the less localized orbitals were observed in the O-doped case,
though this case had shown a larger deviation from the ideal
case as discussed above.
Next, we turn to single- and double-functionalized adamantane. The eDOS data of these cases with respect to ideal
adamantane are shown in ﬁgure 4 (lower panel). Similarly to
the doped-adamantane cases, the eDOS are altered compared
to the eDOS of ideal adamantane. Again, the presence of one
or two functional groups is related with the addition of
electronic states in the band-gaps of ideal adamantane
decreasing the band-gap of functionalized-adamantane. The
occupation of the LUMO levels are similar to the ideal case,
while in the double functionalization the occupation of the
HOMO level differs.
The respective HOMO and LUMO states are sketched in
ﬁgures 5(g)–(i), from which it is evident that these are much
more localized than in the doped-adamantane cases. Both
HOMO and LUMO levels are associated and localized on the
functional groups. In the double-functionalized adamantane,

3. Results and discussion
We begin our analysis with doped diamondoids and choose
the lowest one, adamantane, as a representative case. The aim
is to provide a proof of principles as to the effect of doping
and it is expected that doping other diamondoids should show
similar qualitative trends. We continue with a single- and
double-functionalization of adamantane and move on to the
effect of isomerization. For this we choose the four isomers of
tetramantane and double-functionalize these. In the end, we
focus on the double-functionalization of the lower diamondoids up to heptamantane.
3.1. Adamantane

All the modiﬁed adamantane structures considered in the
following analysis are depicted in ﬁgure 1 in which the ideal
adamantane is also shown for comparison. In order to qualitatively evaluate this picture, the corresponding structural
properties are plotted in ﬁgure 2. On the two panels of this
ﬁgure, the bond-angle and bond-length variations in the
doped adamantane cases are shown. A ﬁrst observation is
related to the deviation from the almost perfect tetrahedral
arrangement in ideal adamantane. The bond-lengths for Siand P-doped adamantane have been stretched whereas for the
N- and O-doped cases the bond-lengths are shorter than
1.53 Å, which is the C–C bond length for ideal adamantane.
This implies a stronger bonding between the C–N, C–O and
C–B atom-pairs than in C–Si or C–P. Accordingly, as
expected, N, B, and O are better dopants for the diamond-like
cages, in terms of their structural properties and the deviation
from the tetrahedral symmetry. The same trend was found in
the bond-angle variation with the dopant-type as evident in
the lower panel of ﬁgure 2. The C–C–C bond-angle in the
ideal adamantane is found to be 109.7°. The bond angles in
case of N- and O-doped adamantane do not change much as
compared to Si-, B-, P-doped adamantane. A different trend is
observed for the B-doped adamantane as the C–B–C bondangle deviated more from the ideal case as in the Si-doped
adamantane, though the reverse was observed for the
respective bond-lengths.
In order to investigate the stability of these modiﬁed
adamantane, we calculated the substitution energy of these
modiﬁed molecules which are given in ﬁgure 3. The substitution energy Es of these doped and functionalized structures is deﬁned as follows:
Es = E doped func + Esubs − Eadamantane − Eadded ,

(1)

where Edoped func is the total energy of the doped or functionalized molecule, Esubs is the the total energy of replaced or
substituted units (CH4 in case of doped structures and H2 in
case of functionalization). Eadamantane is the total energy of an
3
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Figure 1. (a) Ideal adamantane. In (b)–(f) the relaxed doped structures for B-adamantane, N-adamantane, O-adamantane, Si-adamantane, and
P-adamantane are shown, respectively. In (g) and (h) the single-functionalized adamantane with an amine- and a thiol-group are depicted,
respectively, while in (i) the double functionalized amine-, thiol-adamantane is sketched.

Figure 3. Variation of the substitution energies for doped and

functionalized adamantane compared to its ideal case. Lower
substitution energy values implies easier substitution reaction than
the higher ones.

Figure 2. Variation of (a) the bond-length and (b) bond-angle with

the type of dopant in adamantane.

4
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Balaban and von Schleyer notation [37]. This notation
depends solely upon the orientation of the respective bonded
diamond cages along their respective axes. According to this
notation, different ways of attaching a fourth diamond cage to
triamantane exist, leading to the four tetramantane isomers.
These isomers are classiﬁed as anti-, M skew-, P skew-, isotetramantane and named as [121] tetramantane, M[123] tetramantane, P[123] tetramantane and [1(2)3] tetramantane.
The eDOS of the double-functionalized isomers of tetramantane are summarized in ﬁgure 7 and compared to the
ideal tetramantane isomer in each case. The double-functionalized tetramantane molecules include an amine- and a thiolgroup as in the respective case of double-functionalized
adamantane. The amine- and thiol-groups are attached on the
two opposite apical sites of the tetramantane structures. The
presence of the functional groups again introduce electronic
states in the band-gaps of the ideal cases, shrinking the bandgap. The HOMO and LUMO states are similarly occupied in
the double-functionalized and ideal cases. As expected, the
eDOS of the ideal isomers also differ leading to different
band-gaps for tetramantane in its different isomer structures.
In this sense, the relative orientation of the diamond-like
cages in these isomers plays a role in deﬁning the band-gap
and the electronic structure overall.
The variation in these band-gaps for all isomers, ideal
and double-functionalized are given in ﬁgure 8. It is clearly
evident that a double functionalization can decrease the bandgap approximately 20% compared to the ideal cases. Interestingly, the trend in the band-gap variation of the isomers is
reversed in the double-functionalized case. [1(2)3] tetramantane has a higher band-gap than [121] tetramantane when
these are double-functionalized. This order is reversed in the
ideal tetramantane cases. In the same ﬁgure the frontier
orbitals of all four double-functionalized tetramantane isomers are sketched. These show a clear localization of the
HOMO and LUMO on the functional groups denoting an
increased role of the functional groups in deﬁning the electronic properties of these structures. Both HOMO and LUMO
levels are associated with the thiol-group, while only the
HOMO is localized at the amine- site.

Figure 4. Electronic density of states (eDOS) for doped and

functionalized adamantane. All data have been shifted with respect
to the LUMO level of ideal adamantane, as denoted in the x-axis.

only the HOMO level is associated with the amine-group
similar to the amine-functionalized adamantane in which
mainly the HOMO level is located on the functional group. In
all three functionalized cases the HOMO state is more pronounced than the LUMO at the doping sites.
The variations in the electronic band-gaps in both dopedand functionalized-adamantane is shown in ﬁgure 6 as compared to the ideal adamantane. As evident from the previous
analysis, the substitution of an atom in the ideal adamantane
with another atom or atomic-group, changes the band-gap,
hence the conducting properties, of the modiﬁed adamantane
molecules. The band-gap for ideal adamantane from our
simulations was found equal to 6.82 eV whereas for B-doped
adamantane the value decreased to 4.79 eV, which was the
lowest value from all doped-adamantane cases studied here. A
similar decrease in the band-gaps was observed in the functionalized-adamantane. Interestingly, the SH-adamantane has
the same band-gap as B-doped adamantane (4.79 eV),
denoting that different modiﬁcations of the same molecule
can result in very similar conducting properties. However, a
double-functionalization of adamantane reduces the band-gap
even further to 4.63 eV. In this respect, an additional scanning
of possible functional groups would make a further tuning of
the electronic band-gap of adamantane, and diamondoids in
general, possible. Nevertheless, our ﬁndings underline the
importance of a double-functionalization for a further
shrinking of the band-gap in diamondoids.

3.3. Band gap tuning—double functionalized diamondoids

In the previous analysis it was shown that it is possible to alter
the electronic properties and tune the electronic band-gap of
small diamondoids through selective doping or functionalization. A double functionalization using the amine- and thiolatomic groups shows a larger decrease in the band-gaps
moving these closer to the semiconducting region. As a ﬁnal
case, we turn to the effect of the diamondoid size. Accordingly, double-functionalized lower diamondoids from adamantane up to heptamantane are being investigated. In the
ideal cases, the band-gap decreases with the size, i.e. number
of diamond-like cages, as shown in the literature [20] and also
conﬁrmed through our calculations (see upper panel in the
graph in ﬁgure 9). Again, at this point the qualitative trend is
important and not the exact values of the band-gaps. Using a
double functionalization (with an amine- and a thiol-group) of

3.2. Isomers of tetramantane

In the following, the effect of isomerization in double-functionalized diamondoids is being investigated. As a representative case the four isomers of tetramantane are being
considered. Diamondoids vary in size by the number of diamond cages they include. In tetramantane, four of these diamond-like cages form the diamondoid, producing thereby
four different isomers. These isomers are named using the
5
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Figure 5. The frontier orbitals, HOMO (in blue) and LUMO (in red) for the (a) ideal and doped adamantane. In (b)–(f) these orbitals for the
doped B-adamantane, N-adamantane, O-adamantane, Si-adamantane, and P-adamantane are shown, respectively. In (g) and (h) the HOMO
and LUMO levels for single-functionalized adamantane with an amine- and a thiol-group are depicted, respectively, while in (i) the double
functionalized amine-, thiol-adamantane is sketched.

diamondoids remains to show, whether this trend saturates or
not. Note, though, that the variation in the band-gap of the
ideal diamondoids is larger (a difference of almost 1 eV
between adamantane and heptamantane) than in the doublefunctionalized cases (a respective difference of about 10% of
the ideal cases).
Finally, a sketch of the frontier orbitals of the doublefunctionalized diamondoids in ﬁgure 9 shows a very strong
localization of the HOMO and LUMO at the functionalized
sites as opposed to the ideal cases, where the frontier orbitals
are more delocalized. The HOMO and LUMO in most of the
double-functionalized cases are mainly located on the thiolgroup, while no LUMO is associated with the amine-group,
as also shown in the previous analysis. Accordingly, the thiolgroup plays a larger role in the electronic properties of these

these small molecules can further decrease the band-gap as
evident from the lower panel of the graph in ﬁgure 9. As in
the previous sections, both functional groups have substituted
a hydrogen atom of the ideal diamondoids on their two
opposite apical sites.
A comparison of the ideal and double-functionalized
cases in this graph underlines a more abrupt decrease in the
latter structures. This decrease is more evident moving from
double-functionalized diamantane to the double-functionalized pentamantane isomer. The decrease in the band-gap with
respect to the ideal cases is close to 15% in adamantane and
almost 20% in heptamantane. In the ideal cases, the respective
relative decrease is 5% and 15%. Nevertheless, the decrease
in the band-gap in the double-functionalized molecules
becomes smoother going from pentamantane to heptamantane. An additional study of higher double-functionalized
6
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Figure 6. Electronic band-gaps for (a) doped- and (b) single-, as well
as double-functionalized adamantane.

Figure 8. The electronic band-gaps for the ideal and double-

functionalized tetramantane structures as denoted by the labels in the
graph. The HOMO (in blue) and LUMO (in red) levels for the four
double functionalized tetramantane isomers are denoted through the
arrows.

electronic properties of all these cases were probed through
the electronic density of states and the frontier orbitals,
HOMO and LUMO. The main goal of this study was the
evaluation of the electronic band-gap, i.e. the conducting
properties of these modiﬁed diamondoids. Through the calculation of the substitution energies of all modiﬁed adamantane molecules, it was evident that the most natural
substitution is that for B, while it is easier to use a single
group to functionalize adamantane, than to produce a double
functionalization. However, all substitutions discussed here
can occur. Overall, we have observed a decrease in the bandgap for all doped and functionalized diamondoids as compared to the respective values of unmodiﬁed diamondoids.
This decrease was also evident in the double-functionalized
molecules moving from the smallest adamantane up to heptamantane. The band-gap variation was found to be related to
a strong localization of the frontier orbitals on the modiﬁed
diamondoids. We have chosen representative atoms and
functional groups, but more can be tested. It would also be
very interesting to investigate the properties of these modiﬁed
diamondoids attached to a polymer backbone as previously
suggested for the ideal diamondoids [38]. Such a study would
be very promising in view of practical applications using
polymer-based electronics. This, though, would be a separate
investigation.
The main result of this work is the possibility to selectively tune the band-gap of modiﬁed diamondoids through
their doping or functionalization. Different dopants lead to

Figure 7. The electronic density of states (eDOS) for the ideal and

double-functionalized tetramantane isomers. In all panels, the data
are shifted with respect to the LUMO level of the ideal tetramantane
in each panel, as denoted in the x-axis.

functionalized molecules and could provide a stronger binding site to other structures for practical applications.
4. Summary and conclusions
In summary, in this work we have modelled through quantum-mechanical simulations the doping and functionalization
possibilities of diamondoids starting from adamantane up to
heptamantane. For the doped diamondoids, boron, nitrogen,
silicon, oxygen, and phosphorus were used. These dopants
substituted a carbon site according to an energy minimization
criterion for the choice of the doping site. A single- and
double-functionalization using an amine- and a thiol-group
involved the substitution of a hydrogen site according to
suggestions in the literature. The analysis started from the
smallest adamantane, while the effect of isomerization, using
four isomers of tetramantane was also investigated. The
7
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Figure 9. The variation of the band-gaps for double-functionalized (with a thiol- and an amine-group) diamondoids with respect to their size
(graph, lower panel). For comparison the respective variation for the ideal diamondoids is shown in the upper panel of the graph. On the left,
the respective relaxed structures for the double functionalized (a) diamantane, (b) triamantane, (c) [12(1)3] pentamantane, (d) hexamantane,
and (e) heptamantane are shown together with their frontier orbitals (HOMO in blue, LUMO in red).

different conduction properties, while a double functionalization as compared to a single-functionalization decreases
even further the band-gap moving it closer to the semiconducting region. Accordingly, synthesizing diamondoids of
a speciﬁc size and modiﬁcation has the potential to tune their
conduction properties. In terms of practical applications, the
presence of doping and functional groups provides also
additional functional properties, as the diamondoids include
sites which not only tune their properties, but also provide
binding sites to other structures. The fact that a double
functionalization leads to a larger increase of the conduction
properties provides the potential to form novel diamondoidbased devices which include one functional group for the
attachment of the diamondoid on the device and another
atomic group which provides the diamondoid with functionalities. As an example, this latter group can promote the
selective binding or sensing of molecules in its vicinity. In the
end, it is chemically possible to produce modiﬁed diamondoids of different sizes. What remains to be done is to use these
in novel applications along the above lines.
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