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Tiny carbon cages known as diamondoids have recently attracted attention and can be selectively
chemically modiﬁed. In this work, we focus on lower diamondoids, from adamantane (C10H16) up to
(121)-tetramantane ((121)C22H28). Speciﬁcally, we investigate a chemical modiﬁcation based on a
member of the carbene family, the imidazolylidene molecule (C3N2H6). One carbon site of the lower
diamondoids has been replaced with imidazolylidene. The electronic properties and the thermal stability
of these modiﬁed diamondoids are analyzed. In view of practical applications involving self-assembled
diamondoid metallic surfaces, the interaction of the modiﬁed diamondoids with a metal atom (Au, Ag,
Cu or Pt) is evaluated. Our results are based on quantum-mechanical calculations within the densityfunctional-theory approach. The structural characteristics, the energetics, and the electronic properties
of the carbene-functionalized diamondoids and their complexes with metal atoms are investigated. We
ﬁnd that the carbene-functionalized diamondoids form thermally stable structures, show a considerable
reduction in their electronic band-gap with respect to the unmodiﬁed diamondoids, and retain the
metal-bonding characteristics of carbene. For their metal complexes, a higher afﬁnity and a stronger
bond, for binding to platinum was evident. The platinum complex is also the only carbene-functionalized
metal complex, which retains a non-metallic character. the high stability of these complexes and the
strong bonding therein underlines the strong potential of carbene-functionalized diamondoids as
building blocks in novel applications.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Nano-sized hydrogen terminated diamondoids can assume
various sizes and chemical modiﬁcations and can be found in petroleum [1,2]. The diamondoids can also be selectively synthesized
in the laboratory [3] or nucleated from energetic species [4]. These
nanostructures have shown a high potential to be used in nanotechnology, from drugs to ﬁeld emitting devices [5e8]. The ﬁrst and
smallest member of the diamondoid family is known as adamantane (C10H16). These nano-diamond cages can attach on
metallic surfaces through a thiol group [9,10] and form selfassembled monolayers (SAMs) with a negative electron afﬁnity
[5,11] and a strong monochromatic emission [5,12]. Such properties
make diamondoids very promising candidates for electronics applications especially electron emitting devices. In the past, thiol
based SAMs on metal surfaces have led to signiﬁcant applications in
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the ﬁeld of surface emission, sensing, electrochemistry, drug delivery, and microelectronics [13e17]. Nevertheless, the thermal
instability of these thiol-based diamondoid SAMs on gold is questionable. There have been indications, that changes in the environmental conditions have a strong effect on these materials and
their use for industrial purposes could be problematic [18e22].
Thiol-based SAMs are found to be stable only when stored in an
ultra high vacuum in the absence of light, but tend to degrade after
few weeks at room temperature [23e25].
As an alternative to thiol, carbene molecules have recently been
used to promote binding of diamondoids on metal surfaces [26].
These molecules belong to the family of N-heterocyclic carbenes to
which we refer to in the following. Carbene molecules (R-(C:)-R0 or
R ¼ C:) are usually deﬁned as neutral compounds having a divalent
carbon atom with a six-electron valence shell and are powerful
tools in organic chemistry having numerous applications in
chemical processes [27]. Various classes of carbene molecules can
be synthesized using different methods [28] and most commonly
contain at least one nitrogen atom within the ring structure [29]. Nheterocyclic carbenes (e.g. (R2N)2C:, where the ‘R’s are typically
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alkyl and aryl groups) are typically used as ligands for transition
metals, upon coordination to p-block elements and as organocatalysts and are used in relevant applications in important catalytic transformations in the chemical industry and as
organocatalysts. The reactivity of carbene molecules upon coordination to main group elements is an additional important property
in view of applications. Imidazolylidene (C3N2H6), a simple ring
structure with two nitrogen atoms is one member of the carbene
family. This molecule can form metal and transition metal complexes [30,31] to be used in catalysis and other chemical reactions.
In this work, we study the structural and electronic properties of
imidazolylidene-functionalized diamondoids and their bonding
and interaction to metal atoms. In the following sections, we present the methodology of our investigation and move on to the
analysis of the results on the structural and electronic properties of
carbene-functionalized diamondoids, their thermal stability, and
the characteristics on their interactions with metals.

the fact, that these are typically used to form substrates in functional applications.
The investigation is carried out in two steps, mapped through
the structures in Fig. 1. We begin with the functionalized diamondoids and move on to a complex including the functionalized
diamondoids bonded through the tip of the carbene molecule to a
metal atom. All systems have been structurally relaxed. The structural details of all structures are monitored through bond-lengths
and bond-angles, while the electronic properties are probed
through the total electronic density of states (eDOS), the frontier
orbitals, the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals, as well as the electronic band-gap.
Note, that the values of the electronic band-gaps obtained
through the DFT methods are not accurate. However, in this work,
we are not interested in the exact values, rather than in the trend
shown in the band-gaps which should be obtained also within DFT.

2. Methodology

3. Results and discussion

This work is carried out within the density-functional-theory
(DFT) based approach implemented in the code SIESTA [32], in
which the Kohn-Sham eigenstates are expanded using a linear
combination of atomic orbitals. The Perdew-Berke-Ernzerhof (PBE)
general-gradient-approximation and a double-zeta-polarized basis
set are used [33]. A mesh cutoff parameter of 220 Ry has been used
for the calculations along with a very large box to avoid interaction
of the images. The geometry optimization was performed using the
conjugate gradient algorithm and the structure was relaxed until
the forces on the atoms were below 0.04 eV/Å. In addition to the
static DFT calculations we have also performed ab initio Molecular
Dynamics (MD) to assess the thermal stability of the carbene
functionalized diamondoids. For these simulations, a time step of
1.0 fs was used and the total simulation time of 6 ps. The temper dynamics [34].
ature was varied from 500 K to 2000 K using Nose
No pressure was applied in the ab initio MD simulations and the
volume of the computational cell was kept constant.
The smaller diamondoids adamantane (C10H16) up to (121)tetramantane ((121)C22H28) are considered. These smaller diamond
cages are attached to one end of the imidazolylidene (C3N2H6)
molecule, which we refer to as ‘carbene’ in the following. The
imidazolylidene molecule was chosen among the members of the
N-heterocyclic carbene (NHC) family, as it forms a simple structure
and can be easily manipulated in both the simulation and experiments. The abbreviations ‘ada’, ‘dia’, ‘tria’, ‘tetra’ will be used for the
diamondoids adamantane (C10H16), diamantane (C14H20), triamantane (C18H24), and (121)-tetramantane ((121)C22H28),
respectively. The term ‘unmodiﬁed’ will be used for all structures
that are not functionalized. For example, adamantane (C10H16) and
(121)-tetramantane ((121)C22H28) are deﬁned as ‘unmodiﬁed’ in
the following. The complexes, such as NHC-adamantane
(C3N2H6eC10H15) are the functionalized molecules. Note, that one
of the H atoms of the diamondoid has been removed in order to
functionalize it with the NHC molecule. We study the stability and
structural details, as well as the alteration in the electronic properties imposed by the functionalization of the diamondoids with
the carbene molecule. The dangling bonds of the carbene molecule
are passivated with hydrogen atoms whenever necessary. The
interaction of the imidazolydine-functionalized diamondoids with
metal atoms (Au, Ag, Cu, and Pt) is investigated at a next step. This
interaction will link to the adsorption of the carbene-functionalized
diamondoids on metal surfaces. The lower diamondoids are used
for computational efﬁciency. The four diamondoids are chosen to
assess the effect of the size variation on the physical properties of
the functionalized molecules. The choice of the metals is based on

3.1. Carbene-functionalized diamondoids
We begin with the analysis of the structural modiﬁcations of
carbene-functionalized diamondoids as the one shown in Fig. 1. We
monitor the bond-length of the carbon and nitrogen atoms in the
carbene unit (imidazolylidene-C3N2H6) which is similar in all the
three cases (close to 1.46 Å) except (121)-tetramantane ((121)
C22H28), in which the bond shrinks to 1.36 Å. A similar behavior is
observed in the bond-angle between NeCeN of the carbene ring,
which shows a variation of 2+ in case of (121)-tetramantane as
compared to other diamondoid. Note, that the CeC bond-length in
unmodiﬁed diamondoids is 1.52 Å for adamantane (C10H16) and
1.50 Å for diamantane (C14H20), triamantane (C18H24), and (121)tetramantane ((121)C22H28). All structural details of the functionalized diamondoids are summarized in Table 1. In this Table, (NeC),
(NeCeN), and (C]C) refer to bonding in the carbene ring (see Fig. 1
(a)).
The electronic band-gaps of the functionalized diamondoids are
considerably reduced with respect to the values of the unmodiﬁed
diamondoids (see the variation DEg with respect to unmodiﬁed
diamondoids in Table 1). These are 7.04, 6.69, 6.45, and 6.44 eV for
unmodiﬁed adamantane, diamantane, triamantane, and tetramantane, respectively. The band-gap of the unmodiﬁed carbene
molecule is 3.87 eV. The total electronic density of states (eDOS) is
sketched in Fig. 2. The eDOS of the unmodiﬁed diamondoids is

Fig. 1. The structures denote the two different steps followed in this investigation. The
different panels show (a) the carbene functionalized adamantane (C3N2H6eC10H15), (b)
the carbene functionalized adamantane bonded to a metal atom M (C3N2H4eC10H15M). The labels correspond to the structural data discussed in the Results Section.
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Table 1
Structural properties and electronic band-gaps of the carbene functionalized diamondoids (C3N2H6eCxHy). DEg denotes the % difference of the band-gaps compared
to the unmodiﬁed diamondoids (CxHyþ1). Bond-lengths (rb) are in Å, bond-angles
(qb) in degrees, and band-gaps (Eg) in eV.
Functionalized

Eg

DEg

rb(NeC)

qb(NeCeN)

rb(C]C)

ada-carbene
dia-carbene
tria-carbene
tetra-carbene

3.70
3.86
3.85
3.83

47%
42%
40%
41%

1.476
1.459
1.460
1.364

102.67
102.82
102.79
100.13

1.364
1.352
1.351
1.371

altered due to the presence of a carbene unit as expected. Carbene
introduces electron states within the band-gap of the unmodiﬁed
diamondoids, which lead to a smaller band-gap for the functionalized diamondoids. (see Table 1). In all functionalized cases we
have observed, the band-gaps are mainly deﬁned by the HOMO and
LUMO levels of the carbene molecule leading to values very close to
the band-gap of the unmodiﬁed carbene C3N2H6 for all diamondoids (see also Table 1). This observation differs compared to previous work [35,36], in which a decrease of the band-gap with
increasing diamondoid size was found. Here, the presence of the
carbene ring induces very small changes in the band-gaps of the
functionalized diamondoids and suppresses the effect of diamondoid size.
In order to provide a better qualitative understanding of the
differences in the electronic structure of carbene-functionalized
diamondoids, Fig. 3 depicts the frontier orbitals of unmodiﬁed
carbene, unmodiﬁed and functionalized diamondoids. In unmodiﬁed carbene, both the HOMO and the LUMO are spreaded around
the whole molecule. In the unmodiﬁed diamondoid cases, the
HOMO (occupied states) are localized on the CeC bonds whereas
the LUMO (unoccupied states) are mainly associated with the carbon atoms of the molecules. In the functionalized diamondoids,
both HOMO and LUMO orbitals become localized on the carbene
molecule and have similar shapes as in unmodiﬁed carbene. These
observations indicate, that the properties, most importantly the
metal-binding afﬁnity, of the carbene molecule have been preserved in the functionalized diamondoids. This important ﬁnding
denotes that carbene-functionalized diamondoids would be
excellent candidates for the formation of self-assembled layers on

Fig. 2. The total electronic density of states (eDOS) of the unmodiﬁed diamondoids
(‘unmod.’), unmodiﬁed carbene (‘carbene’), and functionalized diamondoids (‘func.’).
The colors correspond to the legends on the top of the ﬁgure. The type of diamondoid
involved in each panel is shown on the right. The energy axis has been shifted with
respect to the LUMO of the unmodiﬁed diamondoid (LUMOunmod.) in each panel. The
shaded areas mark the electronic band-gaps of the functionalized diamondoids.

noble metal substrates potentially realizing excellent electron
emitters.
3.1.1. Thermal stability
An important aspect in using functionalized diamondoids in
potential applications is their stability under various environmental conditions. To this end, we study the thermal stability of the
carbene-functionalized adamantane (C3N2H6eC10H15). The thermal
stability is probed through ab initio MD. We have found that all
functionalized cases are thermally stable at least up to a temperature of 2000 K. The structural properties with respect to the temperature for the unmodiﬁed and functionalized adamantane are
shown in Table 2. In this Table, the ʻ0 K’ data correspond to the
initial structures obtained from the static DFT. The average bondlengths and bond-angles and their ﬂuctuations have been determined by taking into account all time steps after the system has
relaxed. In the table, the CeC and CeCeC bonds refer to the diamondoid part, while NeC and NeCeN refer to bonding in the
carbene ring. For all temperatures considered, the bond-length and
bond-angle variations are small. Even for 2000 K, these ﬂuctuations
are within 0.1 Å and 6+, respectively. The average bond-lengths and
bond-angles do not differ signiﬁcantly from the initially relaxed
structures (at 0 K).
The thermal stability of functionalized adamantane
(C3N2H6eC10H15) is also revealed by inspection of the frontier orbitals, the HOMO and the LUMO, as a variation of the temperature.
Fig. 4 shows snapshots of the distribution of the frontier orbitals at
the last time step. Although, these are not averaged, they are
indicative of the inﬂuence of the temperature. In all cases, both
HOMO and LUMO distributions show only minor deviations from
the static DFT calculations. For example, the HOMO in unmodiﬁed
adamantane remains localized around the CeC bonds, while the
HOMO in functionalized adamantane remains localized on the
carbene ring up to 2000 K. The LUMO in unmodiﬁed adamantane is
associated again with the carbon atoms, while in the functionalized
case the LUMO is localized on the carbene ring, with a small
contribution also seen in the adamantane part.
3.2. Carbene-functionalized diamondoids and metal complexes
We next turn to complexes of carbene-functionalized diamondoids and metal atoms. In these, the lower carbon atom of the
carbene molecule in the functionalized diamondoids forms a bond
to a metal atom. The resulting nanostructure is similar to that
shown in Fig. 1(b). The structural details of these complexes are
summarized in Table 3, where M is one of Au, Ag, Cu, and Pt. The
results are compared to the functionalized diamondoids without
the metal, discussed in the previous sections. ‘func.’ in the
Table refers to these ‘non-metal’ structures from the previous
sections, as the carbon atom which is bonded to a metal atom in the
complex is saturated with two hydrogen atoms in the non-metal
functionalized cases. For example, C3N2H6eC10H15 is the ‘func.’
molecule, while (C3N2H4eC10H15eM) is the respective metal
‘complex’ for adamantane. The labels Au, Ag, Cu, Pt in the
Table denote the metal atom M bonded to the speciﬁc functionalized diamondoid. Again, the bond-length of the NeC bond in the
carbene molecule and the angle between the NeCeN atoms are
monitored, as well as the bond-length of the carbene carbon atom
to the metal atom M (CeM) (see Fig. 1(b)). In almost all complexes
the nitrogen-carbon (NeC) bond in the carbene ring decreases
about 0.1 Å, while the decrease in the relevant bond-angle is about
1+. Shorter bond-lengths indicate that the structure becomes more
stable when coordinating to a metal and that this conformation is
favored. This is an important ﬁnding in view of the preparation of
self-assembled monolayers of diamondoids on metal surfaces.
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Fig. 3. The HOMO and LUMO distributions of unmodiﬁed carbene (C3N2H6), as well as unmodiﬁed (CxHyþ1) (ʻunmod.’) and functionalized diamondoids (C3N2H6eCxHy) (ʻfunc.’) as
denoted by the labels on the left. Red/blue denote positive/negative isovalues of the orbitals. The labels in each panel denote the diamondoid involved in the structure. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 2
Bond-lengths and bond-angles of unmodiﬁed (C10H16) and functionalized adamantane (C3N2H6eC10H15) at different temperatures T. The values have been averaged over
several time steps. Temperatures are given in Kelvin, angles (qb) in degrees, and bond-lengths (rb) in Å.
Unmodiﬁed adamantane
T
rb(CeC)
qb(CeCeC)

0
1.545
109.72

500
1.557 ± 0.043
109.89 ± 3.25

1000
1.568 ± 0.069
109.45 ± 4.02

1500
1.577 ± 0.084
109.34 ± 5.99

2000
1.591 ± 0.107
109.20 ± 5.85

0
1.545
109.57
1.476
102.67
1.520
1.364

500
1.554 ± 0.045
109.39 ± 4.08
1.484 ± 0.044
105.06 ± 3.67
1.530 ± 0.054
1.373 ± 0.043

1000
1.566 ± 0.067
109.56 ± 6.03
1.492 ± 0.062
104.54 ± 4.65
1.536 ± 0.059
1.378 ± 0.051

1500
1.574 ± 0.079
109.37 ± 7.27
1.505 ± 0.086
103.87 ± 5.98
1.552 ± 0.078
1.388 ± 0.061

2000
1.589 ± 0.101
109.45 ± 7.74
1.507 ± 0.100
103.80 ± 6.55
1.555 ± 0.092
1.390 ± 0.062

Functionalized adamantane
T
rb(CeC)
qb(CeCeC)
rb(NeC)
qb(NeCeN)
rb(CeC)
rb(C]C)

In order to reach a quantitative understanding on the stability of
the functionalized-diamondoid complexes we calculate the substitution energy, Es, also given in Table 3. The substitution energy
indicates the bonding efﬁciency of the carbene-functionalized
diamondoid to the metal atom. It could also be seen as the degree of preferability in replacing a metal atom in the complex with
another metal atom and links to the most preferred metal type for
this binding. As a reference for the comparison of the metal substitution for all metals we use Au as the reference. Accordingly, the
substitution energy is deﬁned as:

Es ¼ Etot  Eref

cmplx

 Eisol: metal þ Eisol: ref

(1)

where Etot, Eref cmplx, Eisol. metal, Eisol. ref are the total energy of the
speciﬁc complex, the total energy of the complex with the reference metal, the total energy of the isolated metal in the complex,
and the total energy of the isolated reference metal, respectively.
According to the deﬁnition from Eq. (1) low substitution energy
means that the metal substitution is favored, while a negative
substitution energy denotes a substitution that can occur almost
naturally. Our results show that copper yields the shortest carbonmetal bond-length, which is close to 1.97 Å for all diamondoids.
Platinum leads to the lowest substitution energy, which ranges
from 1.37 eV to 1.24 eV. Note, that in Table 3, Es ¼ 0 for the Au
complexes as these were taken as the reference.
For the same metal, the diamondoid size variation does not
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Fig. 4. Snapshots of the HOMO and the LUMO of unmodiﬁed (ʻunmod. ada’) and functionalized (ʻfunc. ada’) adamantane, C10H16 and C3N2H6eC10H15, respectively at different
temperatures.

Table 3
Structural properties and substitution energies of the complexes made up from
carbene-functionalized diamondoids and metal atoms as compared to the complexes without the metal (func.). Each set of parameters corresponds to a speciﬁc
diamondoid-metal complex as denoted through the diamondoid label and the labels
for the metals. (For the notations, see text). Bond-lengths (rb) are given in Å, bondangles (qb) in degrees, and substitution energies (Es) in eV. The Au complexes have
been taken as the reference. No relativistic effects have been considered when
obtaining the results. Note, again that for the metal complexes two of the H atoms of
the carbene ring are removed in order for the lower C atom to bond to the metal
atom. Accordingly, the chemical formula for the carbene molecule in the metal
complex is C3N2H4.
func.

Au

Ag

adamantane-carbene (C3N2H6eC10H15)
rb(NeC)
1.476
1.368
1.370
qb(NeCeN)
102.67
101.70
101.53
rb(CeM)
e
2.413
2.331
Es
e
0
0.034
diamantane-carbene (C3N2H6eC14H19)
rb(NeC)
1.46
1.354
1.355
qb(NeCeN)
102.82
102.16
102.11
rb(CeM)
e
2.399
2.337
Es
e
0
e
triamantane-carbene (C3N2H6eC18H23)
rb(NeC)
1.46
1.360
1.360
qb(NeCeN)
102.79
101.74
101.72
rb(CeM)
e
2.375
2.304
Es
e
0
e
tetramantane-carbene (C3N2H6 -(121)C22H27)
rb(NeC)
1.46
1.361
1.362
qb(NeCeN)
102.62
101.60
101.47
rb(CeM)
e
2.374
2.304
Es
e
0
e

Cu

Pt

1.378
101.49
1.970
0.722

1.381
101.34
2.044
1.359

1.354
102.37
1.973
0.692

1.368
101.80
2.048
1.336

1.364
102.03
1.967
0.592

1.367
101.85
2.040
1.242

1.365
102.80
1.965
0.714

1.367
101.79
2.039
1.369

signiﬁcantly modify carbon-metal bond-lengths. There are also
slight changes in the substitution energy in the complexes with
copper or platinum. Evidently, for the lower diamondoids, their size

is not a crucial factor in determining the metal-bonding characteristics of the carbene unit. For the silver complexes (except the
adamantane complex), our simulations led to unphysical values for
the respective substitution energies and were not included in
Table 3. In order to check whether this issue is based on computational parameters, we have repeated our calculations for the gold,
silver, and platinum complexes using pseudopotentials which account for relativistic effects. (For copper no change in the results
due to relativistic effects is expected). The results from the simulations including relativistic effects are given in Table 4. Overall,
there are small increases in the bond-lengths within the carbene
ring, and the respective bond-angles which is slightly more evident
in the Pt complex. The carbene-metal bond-lengths (rb(CeM))
show a decrease of 0.1e0.2 Å with respect to the non-relativistic
data in Table 3. These point to a stronger bonding to the metal,
when accounting for relativistic corrections in Au, Ag, and Pt. For
the substitution energies, our results denote that Au and Pt are
more preferable in binding to carbene, than Ag and Cu. The platinum atom shows an even higher afﬁnity to bind to the carbenefunctionalized diamondoids. Again, no signiﬁcant trends were
found with the variation of the diamondoid size. Such a variation
could be found in an investigation accounting for a larger variation
in diamondoid size. Apparently, the inclusion of relativistic effects
for Ag play an important role and need to be accounted for. However, for the electronic properties, no signiﬁcant qualitative difference was observed when comparing the relativistic and the nonrelativistic results. What differs is the value of the band-gap.
Since, though, here we are interested in qualitative trends, we
will proceed with the results from the non-relativistic simulations.
The electronic properties of all carbene-functionalized diamondoid metal complexes are probed through the electronic
densities of states (eDOS). Qualitatively, all four diamondoids led to
similar trends. Here, only one diamondoid case, that of carbene-
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Table 4
Structural properties and substitution energies of the complexes made up from
carbene-functionalized diamondoids and metal atoms as compared to the case
without the metal. All notations are similar to Table 3. Bond-lengths (rb) are given in
Å, bond-angles (qb) in degrees, and substitution energies (Es) in eV. The Au complexes have again been taken as the reference. Relativistic effects (‘rel’) have been
assumed for Ag, Au, and Pt, respectively, but not for Co.
func.

Au(rel)

Ag(rel)

adamantane-carbene (C3N2H6eC10H15)
rb(NeC)
1.476
1.377
1.370
qb(NeCeN)
102.67
101.26
101.83
rb(CeM)
e
2.106
2.218
Es
e
0
0.552
diamantane-carbene (C3N2H6eC14H19)
1.46
1.354
1.355
rb(NeC)
qb(NeCeN)
102.82
102.36
102.47
rb(CeM)
e
2.108
2.235
Es
e
0
0.552
triamantane-carbene (C3N2H6eC18H23)
rb(NeC)
1.46
1.361
1.360
qb(NeCeN)
102.79
101.94
102.28
rb(CeM)
e
2.104
2.211
Es
e
0
0.602
tetramantane-carbene (C3N2H6e(121)C22H27)
rb(NeC)
1.46
1.363
1.365
qb(NeCeN)
102.62
101.60
102.11
rb(CeM)
e
2.106
2.215
Es
e
0
0.566

Cu

Pt(rel)

1.378
101.49
1.970
0.018

1.384
102.90
1.843
2.883

1.362
102.37
1.973
0.013

1.371
103.13
1.840
2.885

1.364
102.03
1.967
0.013

1.371
103.10
1.839
2.897

1.365
102.80
1.965
0.023

1.371
103.10
1.838
2.913

functionalized
(121)-tetramantane
metal
complexes
(C3N2H4e(121)C22H27-M)) is presented in Fig. 5. The gold, silver,
and copper complexes introduce an additional state at the Fermi
energy, which is located inside the band-gap of the functionalized
structure with no metal. This is not the case for the platinum
complexes, for which there is a distinct band-gap as the Fermi level
does not coincide with any energy level. In this case, it is possible to
deﬁne the frontier orbitals, HOMO and LUMO, which form a band-

Fig. 5. Electronic density of states of the carbene-functionalized tetramantane and
metal complexes (C3N2H4e(121)C22H27-M) (‘complex’). The data for the unmodiﬁed
tetramantane ((121)C22H28) (‘unmodiﬁed tetra’), the functionalized tetramantane
without a metal (C3N2H6e(121)C22H27) (‘func’) are also shown. The dotted gray line,
and the dashed colored lines correspond to the HOMO, LUMO levels of the functionalized tetramantane and the Fermi levels of the diamondoid-metal complexes,
respectively. The labels on the far right denote the speciﬁc metal complex. The gray
and green shaded areas deﬁne the band-gap of the functionalized tetramantane (no
metal) and the Pt complex, respectively. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
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gap. The band-gaps for the different diamondoid complexes with
platinum are 1.739, 1.636, 1.712, and 1.739 eV for adamantane,
diamantane, triamantane, and (121)-tetramantane, respectively.
The distribution of the frontier orbitals of all tetramantanemetal cases are shown in Fig. 6. In the gold, silver, and copper
complexes the Fermi level coincides with an electron energy level,
and a deﬁnition of HOMO and LUMO is not possible. Accordingly,
three molecular orbitals are sketched: the one at the Fermi level,
one below and one above the Fermi level, respectively. In the
platinum complexes and the functionalized cases (no metal), the
Fermi level falls between two energy levels, the HOMO and the
LUMO. For the platinum complexes, an electronic band-gap exist
and the HOMO and LUMO levels are well deﬁned. This trend was
observed for all diamondoid sizes considered in this work.
Accordingly, in the ﬁgure we show results only for one of these, the
tetramantane complex.
A further shift of the frontier orbitals towards the metal atom is
evident in all complexes compared to the functionalized tetramantane (also shown). The lower orbitals, i.e. the ones below the
Fermi level are associated with carbene and the metal atom. In the
Cu case (C3N2H4e(121)C22H27eCu), the respective molecular
orbital is associated only with the Cu atom. The orbitals at the Fermi
level and that of the LUMO in the Pt complex (C3N2H4e(121)
C22H27ePt) show a similar behavior. For these cases, the molecular
orbitals are extended across the lower (NeCeN) chain of atoms of
the carbene and the metal atom, showing a large distribution
around the metal atom and its afﬁnity to binding. The large electron
energy distribution around the metal atom and the lower C atom of
carbene denote the strong C-metal bond. The association of both
the HOMO and the LUMO (or the state at the Fermi energy and one

Fig. 6. Frontier molecular orbitals of the functionalized tetramantane complexes with
metals (C3N2H4e(121)C22H27eM). The functionalized tetramantane without the metal
is also depicted on the top (C3N2H6e(121)C22H27). See text for additional details.
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below) to a speciﬁc site of the complexes is a characteristic of a
chemical bond. The orbitals above the Fermi levels in the gold,
silver, and copper cases, show a localization across the carbene unit.
In all cases, the diamondoids are not associated with any of the
frontier orbitals in the complexes. The carbene ring is the component in the functionalized diamondoid which promotes the
molecule-metal binding.
4. Summary
In this work, within the framework of density functional theory
we have modeled and investigated the functionalization possibilities of diamondoids (CxHyþ1) with a carbene unit C3N2H6, the
imidazolylidene molecule. Diamondoids from adamantane up to
(121)-tetramantane were modeled. Speciﬁcally, two types of molecules are studied, the carbene-functionalized diamondoids
(C3N2H6eCxHy) and complexes of these with a metal atom M
(C3N2H4eCxHyeM). For the latter, noble metals (Au, Ag, Cu, and Pt)
were used to form the metal complexes. The carbene unit was
introduced by substituting a H-site in the unmodiﬁed diamondoids,
thus forming a strong CeC bond to the diamondoid. In the complexes, the metal atom was attached to the lower carbon of the
carbene ring. The electronic properties of all carbenefunctionalized diamondoids with and without metals and the
shapes and distributions of their molecular orbitals have been
discussed. The main aim of this study was to understand the
physical properties of carbene-modiﬁed diamondoids and link to
possibilities of the adsorption of the carbene-functionalized diamondoids on metal surfaces. The functionalized diamondoids were
found stable up to a high temperature. In all complexes, the functionalized diamondoids form short bonds to the metal atoms
indicating a strong binding. On the basis of the substitution energies analysis for the diamondoid-metal complexes, the Pt atom
was found to most preferably bind to the complex. The Pt and the
Cu complexes show also the shortest carbon-metal bond. These
results denote, that the carbene-functionalized diamondoids can
strongly be adsorbed on a platinum surface and form selfassembled monolayers.
A decrease in the band-gap for all functionalized diamondoids
(C3N2H6eCxHy) as compared to the unmodiﬁed diamondoids
(CxHyþ1) was observed. The band-gap variation is related to a
localization of the frontier orbitals (both HOMO and LUMO) across
the carbene unit. The functionalized structures show the expected
characteristics, that is that the carbene unit maintains its electronic
properties. Accordingly, the afﬁnity of carbene to attach to metal
atoms would allow the diamondoid unit in the functionalized
molecule to express its excellent electron emitting properties on a
substrate. In this work, the main aim was to investigate novel
functional nanostructures and provide a physical understanding of
their properties and binding to metal atoms in view of building selfassembled diamondoid monolayers on substrates for applications
in molecular electronics and electron emitting devices. Through the
two level study on carbene-functionalized diamondoids
(C3N2H6eCxHy) and their complexes with metal atoms
(C3N2H4eCxHyeM), we could provide a proof of principles on the
interaction of functionalized diamondoids with metals. For this, it
was not necessary to account for additional diamondoid sizes or
metal atoms. At a next step, a more thorough analysis of the formation of functionalized-diamondoid SAMs on metal surfaces is
necessary in view of the potential applications. Work along these
lines is ongoing.
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