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ABSTRACT: The rational control of the electronic and optical properties of
small functionalized diamond-like molecules, the diamondoids, is the focus of
this work. Speciﬁcally, we investigate the single- and double- functionalization of
the lower diamondoids, adamantane, diamantane, and triamantane with −NH2
and −SH groups and extend the study to N-heterocyclic carbene (NHC)
functionalization. On the basis of electronic structure calculations, we predict a
signiﬁcant change in the optical properties of these functionalized diamondoids.
Our computations reveal that −NH2 functionalized diamondoids show UV
photoluminescence similar to ideal diamondoids while −SH substituted
diamondoids hinder the UV photoluminescence due to the labile nature of
the S−H bond in the ﬁrst excited state. This study also unveils that the UV
photoluminescence nature of −NH2 diamondoids is quenched upon additional
functionalization with the −SH group. The double-functionalized derivative can,
thus, serve as a sensitive probe for biomolecule binding and sensing
environmental changes. The preserved intrinsic properties of the NHC and the ideal diamondoid in NHC-functionalizeddiamondoids suggests its utilization in diamondoid-based self-assembled monolayers (SAM), whose UV-photoluminescent signal
would be determined entirely by the functionalized diamondoids. Our study aims to pave the path for tuning the properties of
diamondoids through a selective choice of the type and number of functional groups. This will aid the realization of
optoelectronic devices involving, for example, large-area SAM layers or diamondoid-functionalized electrodes.

■

INTRODUCTION
Diamondoids, the small nanometer-sized hydrogen-terminated
diamond-like molecules with unique structural and electronic
properties, have been recently engaged in numerous nanotechnological applications.1−11 Diamondoids exist in various
sizes, adamantane (C10H16) being the smallest member of the
family followed by diamantane (C14H20), triamantane (C18H24),
etc. and are highly promising and suitable building blocks for
functional nanostructures.12−14 They were discovered primarily
in crude oil2 and were successfully isolated from natural gas
condensates with facile CH-bond functionalization.15 Similar to
diamond, pure diamondoids are hard, highly stable, and have a
low conductivity. Diamondoids can be synthesized in diﬀerent
chemical modiﬁcation by introducing substitution groups.15,16
Some of the resulting derivatives of diamondoids have been
used in bioimaging and pharmaceutical industry,17,18 as
antiviral19 and anti-Parkinsons agents.20 Doping of diamondoids leads to n- or p-type diamondoids, with enhanced electronemitting properties.21 It has also been shown that methylated
small diamondoids show ﬂuorescence.22 Overall, diamondoids
made up of carbon atoms in a sp3 arrangement is believed to
have a high potential for applications in the area of surface
emission, sensing, electrochemistry, drug delivery, microelectronics, etc.23−27 This range of applications resembles
those provided by graphene, taking into account that both are
© 2018 American Chemical Society

carbon-based structures. As opposed to the three-dimensional
diamondoids, graphene is a two-dimensional structure, fully sp2
hybridized. It has shown a potential to be used in self-assembly,
catalysis, hydrogen production, energy storage, and in photonic
devices, etc.28,29 Due to their diﬀerence in their bonding
character and their dimensionality, they possess distinct
modiﬁcation possibilities, thus can be tuned in a diﬀerent
way. In this respect, diamondoids and graphene can both
supplement and complement each other toward novel
nanotechnological applications. These two types of structures
could also be combined in order to increase their potential.
This aspect though remains to be investigated.
In the case of diamondoids, modiﬁcation has the potential to
tune their electronic and optical properties.16,30−33 For
example, diamondoid-functionalized gold electrodes have
been shown to be excellent sensors to distinguish the DNA
nucleotides, in their natural and mutated form.34 Functionalized
diamondoids also have unique characteristic features to
undergo self-assembly and form large nanostructured materials,
such as monochromatic high-eﬃcient ﬁeld emitters3,35 with a
negative electron aﬃnity.3,36 For these, diamondoids need to be
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attached to metallic surfaces through a thiol group.37,38 An
excellent alternative to the thiol functional group is that of Nheterocyclic carbene (NHC)-mediated binding of diamondoid
SAMs on metal surfaces.33 The NHC mediation can improve
the stability and work function against a thiol-mediated
binding.37,38 NHCs typically have two heteroatoms adjacent
to the carbon,39 a feature which increases their stability as
opposed to typical carbene molecules.40 Conjugated NHC
linkers allow the electronic coupling between two coordinated
metal centers to be used in photoluminescence applications.41
They also demonstrate a much greater resistance to heat and
chemical reagents than the thiol-based counterparts.42
In view of potential applications, diamondoids need to be
functionalized. Typically, a double functionalization would oﬀer
on one side attachment possibilities to a carrier (e.g., surface)
and on the other side an active site for making functional
nanoblocks or devices. Along these lines, here, we focus on
unraveling the optical properties of functionalized diamondoids.37,43 Herein, we consider the ﬁnite-sized diamondoids and
perform the single and double functionalization with the −NH2
and −SH groups. −NH2 derivatives of diamondoids have been
motivated by their pharmacological applications,44 and the
−SH functionalized diamondoids have been recently used in
SAMs that have applications in molecular electronics.3,36 We
have also investigated the optical properties of diamondoids
functionalized with NHCs. The aim is to guide the tuning of
the optical properties of these functionalized nanostructures in
order to selectively choose the conventional molecular systems
for a target optoelectronic application. We shed light on the
optical properties of the functionalized diamondoids, with the
purpose to examine the photoluminescent properties of these
in more realistic devices. This paper is organized as follows: the
methodology used is ﬁrst reviewed, followed by the
presentation of the results, while a summary is given at the
very end.

in energies between the cation, anion, and neutral molecular
species. The adiabatic IEs are computed through
E IE = Eoptimized cation − Eoptimized neutral molecule

(1)

The adiabatic EAs are obtained using
E EA = Eoptimized neutral molecule − Eoptimized anion

(2)

where Eoptimized neutral molecule, Eoptimized cation, and Eoptimized anion are
the energies of the optimized geometries of ideal and
functionalized diamondoids in neutral, cationic, and anionic
states, respectively.
In order to unravel the optical properties of the functionalized diamondoids, the linear response time dependent DFT
(LR-TDDFT) is employed using the same functional (B3LYP)
to calculate the electronic excitations and their associated states.
TD-DFT is often found to be a powerful and eﬃcient tool for
evaluating the low-lying excited spectra of small organic
molecules.52 It has the ability to predict accurate absorption
spectra in line with the experiments at low computational cost.
Herein, we consider the ﬁrst singlet excited state, S0 → S1,
unless otherwise speciﬁed. Figure 1 shows the schematic

■

METHODOLOGY
All the quantum mechanical calculations are carried out using
ﬁrst-principles simulations based on density functional theory
(DFT).45,46 The geometry optimizations for the various
diamondoids in the ground and the excited states are
performed using the hybrid B3LYP functional47 under the
resolution-of-the-identity (RI) approximation48 to obtain the
minimum energy structures. The B3LYP functional has been
shown to be accurate and able to reproduce the structural and
electronic properties of diamondoids.37 A valence triple-ζ
polarized basis set, 6-311G(d,p),49 is employed for all the
calculations. The reliability of the chosen basis sets is also tested
against results for the def2-TZVP basis set.50 The vibrational
frequency analysis is carried out for both the ground and the
excited states to ensure that the obtained geometries represent
the minimum energy conﬁguration on the potential energy
surface. All the calculations are performed using the Turbomole
suite.51
Hydrogen-terminated bulk diamond and nanostructured
diamonds were shown to have negative electron aﬃnity.36 In
view of this, we computed the adiabatic ionization energy (IE)
and electron aﬃnity (EA) values for the functionalized
diamondoids. The IEs are one of the fundamental properties
for all the materials and play a key role for potential
technological applications, as well as for benchmarking
theoretical predictions. IEs and EAs are evaluated as diﬀerences

Figure 1. Sketch shows the potential energy surfaces for the ground
state (GS) and the ﬁrst excited state (ES), as well as the relevant
energy diﬀerences discussed in the text.

representation of the potential energy proﬁle for the electronic
ground state (GS) and the ﬁrst excited state (ES). The vertical
excitation energies (ΔEabs) that correspond to UV/vis spectra
are calculated as the diﬀerence in the energy between the
ground state and the excited state as
ES
GS
ΔEabs = Eoptimized
ground state − Eoptimized ground state

(3)

The 0−0 transition energies, ΔE0−0 is calculated as the
diﬀerence in energies between the ground and the excited
state obtained in their respective optimal geometries:
ES
GS
ΔE0 − 0 = Eoptimized
excited state − Eoptimized ground state

(4)

The emission from the excited state to the ground state
(ΔEemis) is computed with the same procedure but with the
optimized excited-state structure through
ES
GS
ΔEemis = Eoptimized
excited state − Eoptimized excited state

(5)

Note that the emission energy from the ﬁrst excited state to the
ground state corresponds to a photoluminescence process.
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It is well-known that LR-TDDFT suﬀers from contamination
of low-lying excited states by long-range charge transfer
contributions. Thereby, in order to validate the electronic
excitation states and the nature of photoluminescence, the LRTDDFT results are tested against a wave function-based
second-order approximate coupled-cluster (CC2) method.
Here, we employ the CC2 method combined with a scaled
opposite spin approach (SOS) and the resolution of identity
approximation (SOS-RI-CC2),53 which is computationally less
demanding. For additional validation, we have also used the
state-averaged multiconﬁgurational self-consistent ﬁeld (SAMCSCF) method as implemented in GAMESS-US54,55 to
compute the conical intersection between lowest electronic
excited states. In order to validate the transition energies, the
more accurate MCQDPT2 (multiconﬁgurational quasi-degenerate perturbation theory)56,57 is applied to the selected
geometries using the state-averaged complete active space
self-consistent ﬁeld (SA-CASSCF) wave functions.
For our investigation, we consider the three smallest
diamondoids, adamantane (C10H16), diamantane (C14H20),
and triamantane (C18H24). The ideal diamondoids include
only carbon atoms similar to diamonds and are passivated with
hydrogen atoms. In order to design novel hybrid materials from
diamondoid-based systems, we have functionalized these
molecules by replacing one of the hydrogen atoms at the
apical site with the substitution groups. The apical sites are the
tertiary carbon atoms in the diamondoids which are considered
as highly favorable sites for the functionalization. We choose
the −NH2 and −SH groups for the functionalization. The
former can allow the diamondoid to be involved in hydrogenbonded interactions, while the second choice is relevant to
attaching the diamondoid on metallic surfaces for optoelectronic applications.3,34,35 We ﬁrst look at the single-functionalized diamondoids, where either the amine- or the thiol-group
is used to modify the diamondoid. The chemical notation of the
resulting molecules will be C10H17N, C14H21N, C18H25N,
C10H16S, C14H20S, and C18H24S. The choice of functionalization sites is also veriﬁed by performing the geometry
optimization by substituting the functional groups at various
active sites and obtaining the minimum energy conﬁgurations.43 By functionalizing the diamondoids with both “−NH2
and −SH” groups at the apical sites, we obtained the doublefunctionalized diamondoids C 10 H 17 NS, C 14 H 21 NS, and
C18H25NS.

Figure 2. The optimized geometries of the ideal and the functionalized
diamondoids, adamantane, diamantane, triamantane, and their
respective single-functionalized structures with −NH2 and −SH
groups and double-functionalized structures with both −NH2 and
−SH groups. The point group symmetries of the molecules are shown
in the parentheses. The C, H, S, and N atoms are shown in cyan, gray,
yellow, and blue, respectively. The same color coding will be used
throughout.

the excited state from the ground state, which indicates the
lowering of the molecular symmetry in the excited state.
Interestingly, signiﬁcant change in the S−H bond length and
the C−S−H bond angle are observed for the −SH as well as
the −NH2 & −SH functionalized diamondoids. The vibrational
analysis shows a negative frequency at ≈700 cm−1 corresponding to a S−H stretching mode. This is essentially due to the
high lability of the S−H bond, which dissociates in the ﬁrst
excited state.
It has already been revealed that several organic molecules
have the potential to modify their electronic properties through
chemical modiﬁcation, either doping or functionalization.58
Understanding the molecular properties, such as the charge
distribution and electronic structure, is very important for the
design of novel materials and their use in electronic devices. In
order to provide a deeper understanding of the electronic
structure of the functionalized diamondoids, we performed
electrostatic potential (ESP) surfaces and molecular orbital
analysis to capture the changes in the intrinsic properties. ESP
surfaces provide a visualization of the charge distribution in the
vicinity of the system of interest.59 Figure 3 shows the ESP
surfaces for the ideal and the functionalized diamondoids. The
ESP surfaces reveal that the electron densities on the
functionalized diamondoids are higher than their respective
ideal diamondoids. The higher electron density (red surfaces in
the ﬁgure) at the functional groups demonstrate their tendency
to attract the positive charged species.
At a next step, we perform the molecular orbital analysis,
which is represented in Figure 4 through the highest occupied
molecular orbital (HOMO) and the lowest unoccupied

■

RESULTS AND DISCUSSION
Structural Properties of the Diamondoids and Their
Derivatives. We begin the analysis with the ground state
properties of diamondoids presented in the previous section
and the optimized geometries together with their symmetry
point groups, as depicted in Figure 2. These molecules are
highly symmetric in nature, and the symmetry reduces with the
increase in the size of the diamondoids, as well as with
functionalization. Table 1 shows the key geometrical
parameters. The bond lengths and bond angles of the
diamondoids are found to be identical to those in bulkdiamond. With the increase in the size of the diamondoid, the
C−C−C bond angle varies from 109−116°. In order to probe
the optical properties of these functionalized nanodiamonds, we
optimized their ﬁrst electronic excited state (S1). Table 1 also
shows the key diﬀerences in the geometrical parameters
between the ground state (S0) and the excited state (S1). As
expected, there is a slight change in the bonding parameters in
3585

DOI: 10.1021/acs.jpca.7b12519
J. Phys. Chem. A 2018, 122, 3583−3593

Article

The Journal of Physical Chemistry A

Table 1. Key Geometrical Parameters of the Ideal and Functionalized Diamondoids (Denoted at the Very Left) in the Ground
(S0) and the First Excited State (S1)a
adamantane
ideal

−NH2

−SH

−NH2 & −SH

C−C
C−H
C−C−H
C−C−C
C−C
C−N
N−H
C−N−H
C−C−N
C−C
C−S
S−H
C−S−H
C−C−S
C−C
C−N
N−H
C−S
S−H
C−N−H
C−C−N
C−S−H
C−C−S

diamantane

triamantane

S0

S1

S0

S1

S0

S1

1.544
1.096
109.6
109.7
1.550
1.469
1.018
109.8
113.8
1.544
1.861
1.350
96.6
111.2
1.551
1.468
1.018
1.861
1.349
110.0
113.9
96.1
114.2

1.541
1.113
110.3
110.2
1.541
1.421
1.038
117.9
112.6
1.557
1.825
2.034
90.2
111.4
1.556
1.467
1.017
1.825
2.035
110.1
114.1
90.2
111.2

1.541
1.096
110.1
110.5
1.550
1.469
1.018
109.8
114.0
1.549
1.860
1.350
96.6
111.4
1.549
1.468
1.018
1.860
1.350
109.9
114.0
96.6
111.4

1.586
1.121
108.2
111.0
1.551
1.417
1.056
117.4
113.1
1.554
1.824
2.035
90.2
111.6
1.554
1.468
1.017
1.824
2.034
109.9
114.0
90.2
111.6

1.547
1.098
110.1
111.6
1.558
1.469
1.018
109.8
113.9
1.557
1.861
1.350
96.6
111.3
1.557
1.469
1.018
1.861
1.350
109.9
114.0
96.6
111.3

1.553
1.105
109.9
112.2
1.557
1.418
1.052
117.1
113.2
1.556
1.824
2.037
90.5
111.6
1.555
1.468
1.018
1.824
2.038
110.0
114.1
90.5
111.6

a
Bond lengths and bond angles are given in Å and degrees, respectively. “C−C” and “C−C−H” denote a C−C bond and the angle between a C−C
and a C−H bond, respectively.

LUMO is more localized on secondary carbon atoms and
partially delocalized toward the outer periphery of the
molecule. In general, as the size of the molecular system
decreases, the energy level of the conduction band of a
semiconductor increases. However, in diamondoids, the
conduction band remains constant because of the passivation
with hydrogen atoms. This is also evident from the LUMO
energy level of adamantane, diamantane, and triamantane
which are identical. Previous experiments and calculations
showed that the lowest unoccupied level is found at the surface
of the diamondoid, which hints to systems possessing negative
electron aﬃnity.61
Upon functionalization, the HOMO and LUMO are more
localized on the functional groups as shown in Figures 5, S1,
and S2 for the functionalized diamondoids. In the case of
single-functionalization, the HOMO is more localized on the
nonbonding orbitals of the −NH2 and −SH groups, as well as
on the adjacent bonded carbon atoms. The LUMO is
completely delocalized in the −NH2 functionalized diamondoids. However, in −SH functionalized diamondoids, the
LUMO is more localized on the thiol group. On the other
hand, in the double-functionalization, due to the two lone pairs
of electrons on the sulfur atom, the HOMO and LUMO are
more localized on the −SH group compared to the −NH2
group in both adamantane and diamantane. In triamantane, the
HOMO is localized on both the −NH2 and −SH groups, while
the LUMO is localized on the −SH group. Our results strongly
demonstrate that the electronic properties can be tuned
through functionalization.
In order to further demonstrate this, we compute the
HOMO−LUMO gaps (H-L gaps) for the ideal and functionalized diamondoids in Figure 6. By increasing the size of the

Figure 3. Electrostatic potential energy surface for the ideal and
functionalized diamondoids. The color bar on top shows the color
coding of the isosurfaces.

molecular orbital (LUMO) of the ideal adamantane,
diamantane, and triamantane. Similar to previous studies,58,60
the HOMO is delocalized over the whole molecule, while the
3586
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Figure 4. Frontier molecular orbital analysis for the ideal adamantane, diamantane, and triamantane computed at an isovalue of 0.03. The HOMO
and LUMO energy values (in eV) are shown at the bottom of each case.

within the error of our method. It is interesting to note that for
the double-functionalized diamondoids, the H-L gap is close to
that of the −SH functionalized diamondoids. However, the
change in the H-L gap is minimal with increasing the size of the
functionalized diamondoids (see Figure 6). In order to avoid
large errors in the calculated H-L gaps due to the ﬁnite nature
of the basis set, we also optimized the geometries of the ideal
diamondoids using the def2-TZVP basis set with the B3LYP
functional. The resulting H-L gaps are in reasonable agreement
with those obtained using the 6−311G(d,p) basis set (see
Table S1).
It was shown that diamondoids often possess negative
electron aﬃnity.36 In view of this, we have calculated the
adiabatic IE and EA for the ideal and functionalized
diamondoids presented in Table 2. The computed IE values
for the ideal diamondoids are in agreement with experimental
values.63 The IE values are found to decrease with the size and
the functionalization. Our results provide a good qualitative
trend with the diamondoid size for these energies. The
computed EA value for adamantane is −3.562 eV, which also
conﬁrms negative EA property and the value decreases with the
increase of the size. Upon functionalization, the EA signiﬁcantly
decreased for the −SH functional group. Note that the
computed EA and IE do not take into account the possible
chemical reactivity with electrode materials; thus, trends in the
calculations should be compared with redox potentials
measured using inert electrodes.
Optical Properties. In order to elucidate the eﬀect of
functionalization on the optical properties of the ﬁnite-sized
diamondoids, we turn to their excited state properties using the
LR-TDDFT method. We have ﬁrst computed the vertical
excitation for the ideal diamondoids and obtained the
absorption spectra. The absorption spectra for the various
ideal diamondoids convoluted (in order to obtain better
comparability with the experimental data) by Gaussian
functions64 are shown in Figure 7. For comparison, the inset
shows previous theoretical and experimental spectra.65 The
computed spectra are similar to the previous spectra with a shift
in the peaks by 1 eV. From these spectra, it is observed that
there is a linear decrease in the oscillator strength with the
increase in the size of the diamondoid. The lowest vertical
electronic excitation energies (ΔEabs) and their corresponding
transition dipole moments (TDM) for the various diamondoids
with the highest point group symmetry are presented in Table
3. Note that the ΔEabs and the transitions obtained with the
highest point group symmetry and the C1 symmetry are similar
(see Table S2). Table 3 also shows the allowed transitions and
the irreducible representations for the excitation states. For

Figure 5. Frontier molecular orbitals, HOMO and LUMO for the
functionalized adamantane computed at an isovalue of 0.03. The
HOMO and LUMO energy values (in eV) are shown at the bottom of
each structure.

Figure 6. Electronic (HOMO−LUMO) band-gaps (H-L gaps) for the
ideal and functionalized diamondoids.

ideal diamondoids, the H-L gaps decrease moving further to the
bulk diamond regime.62 Similarly, upon functionalization, the
H-L gap further decreases. In the functionalized diamondoid,
the N and S electron lone-pairs give rise to −NH2 and −SH
states constituting the HOMOs of the functionalized diamondoids that lowers the gap by 1−2 eV.38 The H-L gap of the
thiolated diamondoids is estimated to be ∼7 eV, which is
around 1 eV more than the measured value of 5.7 eV61 and
3587
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Table 2. Computed Values for the Ionization (IE) and Electron Aﬃnity (EA) Energies (eV) for the Ideal and Functionalized
Diamondoidsa
adamantane
ideal
−NH2
−SH
−NH2 & −SH
a

diamantane

triamantane

IE

EA

IE

EA

IE

EA

9.745 (9.230)a
7.825
8.431 (8.650)b
7.856

−3.562
−2.197
−0.800
−1.296

8.477 (8.800)a
7.749
8.651 (8.600)b
7.769

−2.720
−2.121
−0.774
−0.745

8.162 (8.570)a
7.701
8.014 (8.470)b
7.509

−2.566
−2.041
−0.760
−0.741

The experimental IEs for the ideal diamondoids (a)63 and the −SH adamantane (b)16 are also given.

Figure 7. Absorption spectra for ideal, amine-functionalized (−NH2), thiol-functionalized (−SH), and −NH2 and −SH functionalized adamantane,
diamantane, and triamantane. The x axis corresponds to the excitation energies, and the y axis represents the absorption cross section or the
oscillator strength in arbitrary units. The insets show previous theoretical and experimental absorption spectra adapted with permission from ref 65.
Copyright 2013 Nature Research.

Table 3. Calculated Lowest S0 → S1 Excitation Energy (ΔEabs, eV) with the Allowed Transitions, 0-0 Transition Energy (ΔE0−0,
eV), Emission Energy (ΔEemis, eV), and Their Corresponding Transition Dipole Moments (TDM, in Debye) for the Ideal and
the Functionalized Diamondoidsa
vertical excitation energy
ΔEabs
adamantane

ideal (Td)
−NH2 (Cs)
−SH (Cs)

diamantane

−NH2 & −SH
(C1)
ideal (D3d)
−NH2 (Cs)
−SH (Cs)

triamantane

−NH2 & −SH
(C1)
ideal (C2v)
−NH2(C1)
−SH(C1)
−NH2 & −SH
(C1)

7.488
6.228
5.365
6.666
5.401
6.414
7.832
6.289
5.371
6.674
5.369
6.344
6.943
6.296
5.375
6.636
5.373
6.351

(S0 → S3)
(S0 → S3)

(S0 → S3)
(S0 → S3)

(S0 → S3)
(S0 → S3)

emission energy

TDM

transitions

ΔE0−0

ΔEemis

TDM

0.422
0.718
0.140
0.499
0.818
0.727
0.232
0.782
0.151
0.586
0.154
0.559
0.513
0.778
0.138
0.557
0.136
0.538

H(t2) → L(a1)
H(a′) → L(a′)
H(a″) → L(a′)
H(a″) → L+1(a′); H(a″) → L+2(a′)
H(a) → L(a)
H(a) → L+2(a)
H(alg) → L+1(a2u)
H(a′) → L(a′); H(a′) → L+1(a′)
H(a″) → L(a′); H(a″) → L+1(a′)
H(a″) → L+2(a′)
H(a) → L(a)
H(a) → L+1(a)
H(b1) → L(a1)
H(a) → L+1(a)
H(a) → L(a)
H(a) → L+1(a); H(a) → L+2(a)
H(a) → L(a)
H(a) → L+1(a)

7.420 (6.490)*
5.680
−
6.579 (5.850)**
−
5.630
7.501 (6.400)*
5.731
−
6.582
−
5.673b
6.672 (6.030)*
5.738
−
6.014
−
5.688

7.349
5.183
−
6.487
−
4.600
7.425
5.177
−
6.485
−
4.680b
6.376
5.184
−
4.717
−
4.659

0.279
0.650
−
0.434
−
0.590
1.370
0.735
−
0.449
−
0.159b
0.407
0.713
−
0.564
−
0.298

The S0 → S3 transition for the −SH and the “−NH2 and −SH” functionalized diamondoids are also shown. The experimental optical band gaps for
the ideal diamondoids (*)30 and the −SH adamantane (**)38 are shown in parentheses. bNote that we were unable to obtain the ﬁnal geometry of
−NH2 and −SH diamantane in the third excited state. Hence, we report the energy corresponding to the utmost SCF iteration.
a

adamantane, ΔEabs corresponds to the excitation of an electron
from the HOMO (t2) to the LUMO (a1). To our knowledge,
no experimental data for ΔEabs are available. However, the
computed value for adamantane agrees well with the previous
studies.66
We have next calculated the 0−0 transition energy and the
emission energy of the diamondoids. For adamantane and
diamantane, the experimental optical gaps are found to be 6.49

and 6.40 eV, which are comparable to the 0−0 transition
energies.30,60,66 The computed ΔE0−0 values obtained for
adamantane (7.429 eV) and diamantane (7.501 eV) are shifted
by 1 eV from the experiments. However, the emission energy
(Eemis) for diamondoids is ≈6.0 eV and agrees well with the
experimental ﬁne structured emission spectrum with a peak at
around 6.0 eV.60,66,67 The diﬀerence in energy for the diﬀerent
symmetries of adamantane and diamantane could be due to the
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Figure 8. Optimized geometries and the electrostatic potential surfaces of the NHC and NHC-functionalized adamantane, diamantane, and
triamanatane. The color coding follows that of Figure 3.

electronic excited states using the state-averaged multiconﬁgurational self-consistent ﬁeld (SA-MCSCF) method.
Our computations locate the conical intersection for these
molecules with the S−H and C−S bond lengths of 1.9 and 2.4
Å, respectively. It was shown that the H2S and CH3SH
molecules exhibit a conical intersection for the two lowest
singlet electronic excited states, which is a typical property of
the thiol group.68,69 Our results reveal that the thiol
diamondoids would undergo nonradiative de-excitation transition from the ﬁrst and second excited electronic state to the
ground state. The next higher state (S3) shows a minimum
energy geometry which leads to a ΔE0−0 at 6.579 eV with a
possible emission energy at 6.487 eV.
In addition, with −NH2 functionalized adamantane, which is
UV photoluminescent, upon functionalization with the −SH
group, the photoluminescence is quenched. The results
obtained using DFT are also validated by performing the
optimization of the ground and excited states of −SH as well as
the −NH2 & −SH functionalized adamantane using the SOSRI-CC2 method (see the Methodology Section). We then
calculated the ΔEvert, ΔE0−0, and ΔEemis for the functionalized
diamantane and triamantane, and the results are shown in
Table 3. Upon functionalization, the spectra are red-shifted, and
the computed values, ΔEvert, ΔE0−0, and ΔEemis decrease.
However, there is no signiﬁcant change in the absorption
spectrum (and ΔEvert) with the size. Similar results have been
reported for the thiol-functionalized diamondoids37 showing
the size independence of the absorption spectra. Akin to
adamantane, the −NH2 functionalized diamantane and
triamantane shows UV photoluminescence, while it is
quenched in the −SH as well the −SH & −NH2 functionalized
diamantane and triamantane. As a consequence, the lowest
emission energy could be obtained from the S3 state.
In order to validate our results, we also considered the
optimized geometries from the DFT and employed the
CASSCF (complete active space self-consistent ﬁeld) method,
supplemented by multiconﬁgurational quasi-degenerate perturbation theory (MCQDPT2)56,57 as implemented in GamessUS and computed the ground state and lower excited states for
the ideal and functionalized adamantane. The transition
energies are calculated from equally weighted state-averaged

initial electronic state guess for the molecules of the high
symmetry point group. The computed values using B3LYP/
def2-TZVP (see Table S1) are slightly higher than the results
obtained with the RI-B3LYP/6-311G(d,p) method but show
similar trends.
A comparison of the computed absorption spectra for the
various functionalized diamondoids can be made by inspecting
Figure 7. For adamantane, upon functionalization the spectra
are relatively red-shifted with a decreased oscillator strength.
The lowest vertical excitation energy for the −NH2, −SH, and
−NH2 and −SH functionalized diamondoids along with the
allowed transitions and the irreducible representations for the
excitation states are shown in Table 3. We have also calculated
the absorption spectra and vertical excitation energies (S0 →
S1) for the ideal and functionalized adamantane using rangeseparated density functional, CAM-B3LYP/6-31+G(d,p)//
B3LYP/6-311G(d,p) as implemented in GAMESS-US.54,55
The results are included in the Figure S3 and Table S3. The
computed absorption spectra and the energies are consistent
with that obtained using B3LYP. Upon functionalization, the
energies further decrease by an order of 1 eV. Similar to ideal
adamantane, −NH2 substituted adamantane shows UV photoluminescence at ≈5 eV. The optical gap for the adamantane-1thiol was measured at 5.85 eV, and no photoluminescence had
been observed.30,38,66 The optimized geometry for the S1 state
of thiol-functionalized diamondoid could not be located due to
the high lability of S−H bond. However, the geometry
optimization yields one negative frequency at ≈700 cm−1,
which corresponds to the S−H stretching mode with the bond
length of S−H bond = 2.0 Å, indicating the dissociation of the
bond. Eventually, we performed the geometry optimization for
the next higher state (S2) and observed the dissociation of the
C−S bond having a length of 2.5 Å. Hence, photoluminescene
is observed to be quenched in the thiol-functionalized
diamondoids, and this could be attributed due to the strong
nonadiabatic coupling between the two lowest excited
electronic states. To understand this feature, we have
considered the methanethiol (CH3−SH), cyclohexanethiol
(C6H11−SH), and adamantanethiol (C10H15−SH) as test
cases. We computed the nonadiabatic coupling matrix elements
and searched for the conical intersection for the two lowest
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This is based on the fact that the HOMO of the NHC which is
−5.690 eV lies above the HOMO of the ideal diamondoids (see
Figure 4). Additionally, the electronic properties of the NHC is
well-preserved in the functionalized diamondoids, which could
be further used for metal-binding aﬃnity in the context of
diamondoid-based SAM applications.
For completeness, we also calculated the absorption spectra
for the NHC-functionalized diamondoids for the S0 → S1
transition. Figure 10 shows the computed absorption spectra

wave function with an active space consisting of 12 valence
electrons distributed over 10 active orbitals [CASSCF(12,10)].
MCQDPT2 method has been shown to yield results in
excellent agreement with the ones obtained by full CI or
multireference CI.57 Table S3 shows the vertical excitation
energies obtained using CASSCF and more accurate
MCQDPT2 methods. The MCQDPT2 energies show
signiﬁcantly better agreement with the TD-DFT values than
the respective CASSCF energies. To verify the UV photoluminescence nature of these diamondoids, we have performed
additional excited state optimization using CASSCF method. A
graphical unitary group approach (GUGA)70 with the statespeciﬁc wave function and an active space of 10 valence
electrons distributed over 10 reference orbitals is considered for
our investigation. The results reveal bond breaking of S−H and
C−S bond for adamantane-thiol in the ﬁrst and second excited
states, respectively, similar to the results that obtained using
TD-DFT and RI-CC2.
Carbene-Functionalized Diamondoids. As a supplementary study, we turn to the functionalization of the diamondoids
with N-heterocyclic carbene (NHC) by considering the
benzimidazole-derived carbene. Figure 8 shows the optimized
geometries of the isolated NHC and the NHC mediateddiamondoids. Carbene possesses a lone pair of electrons
localized on a carbon atom. This electron-pair can be visualized
through ESP surfaces showing the higher electron density at the
carbene carbon atom in both NHC and NHC-mediated
diamondoids (see Figure 8). Note that throughout our
calculations, we considered the singlet state for NHC which
often has electrophilic or nucleophilic character. The singletreference character of NHC is also conﬁrmed by computing the
multireference character and the fractional occupation number
weighted density (see the Supporting Information for more
details).
We have also performed the frontier molecular orbital
analysis to investigate the spatial distribution of HOMO and
LUMO. Figure 9 shows the HOMO, LUMO, and the H-L gaps
for the NHC and NHC-mediated diamondoids. Molecular
orbital analysis reveals that the electron density is localized only
on the NHC group in both HOMO and LUMO levels. From
this ﬁgure, it is evident that there is no signiﬁcant change in the
energy levels with the increase in the size of the diamondoid.

Figure 10. Absorption spectra of the NHC and NHC-mediated
adamantane, diamantane, and triamanatane.

for the NHC and NHC-mediated diamondoids. Interestingly,
at a lower energy level, the spectra of all the NHC-mediated
diamondoids resembles those of the isolated NHC. The lowest
vertical electronic transition energies (ΔEabs), 0−0 transition
energy, emission energy, IE, and EA for the NHC and NHCdiamondoids are presented in Table 4. The computed values
for the NHC-diamondoids shows a negligible change with the
increase in the size of the diamondoid and are close to the
values for the isolated NHC.
Table 4. Calculated Gas Phase Lowest S0 → S1 Transition
Energy (ΔEabs, eV), 0-0 Transition (ΔE0−0, eV), Emission
Energy (ΔEemis, eV), IE, and EA of the NHC and NHCMediated Diamondoids
NHC
NHC-adamantane
NHC-diamantane
NHC-triamantane

ΔEabs

ΔE0−0

ΔEemis

IE

EA

4.635
4.782
4.782
4.729

3.873
3.942
3.943
3.905

3.097
3.326
3.327
3.248

7.134
6.812
6.792
6.758

−0.986
−0.882
−0.874
−0.801

■

CONCLUSIONS
Driven by the numerous recent experimental and theoretical
studies on nanodiamonds, we have probed the optical
properties of the diamondoids with respect to their size and
type of functionalization. The three smallest diamondoids
(adamantane, diamantane, and triamantane) functionalized
with the −NH2, −SH, −NH2 & −SH, and N-heterocyclic
carbene were used. Employing density functional theory, we
have studied the intrinsic changes in the electronic structure
and the optical properties upon functionalization. Our results
have been veriﬁed using more accurate ab initio methods. The
decrease in the electronic gap with the increase in the size and

Figure 9. Frontier molecular orbitals of NHC-mediated adamantane,
diamantane, and triamantane computed at an isovalue of 0.01.
HOMO, LUMO, and the H-L gaps are also shown.
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the type of functionalization reﬂects the quantum conﬁnement
in the smaller diamondoids. The computed energies from the
excited state studies reveal that −NH2 functionalized diamondoids could be UV photoluminescent similarly to the ideal
diamondoid case. The UV photoluminescence nature of −NH2
diamondoids is quenched upon additional functionalization
with the −SH group. The −SH functionalized diamondoids
exhibit a signiﬁcant change in the optical band gap and
quenches the UV photoluminescence due to the lability of the
S−H bond in the ﬁrst excited state. The preserved intrinsic
properties of the NHC and the ideal diamondoid in NHCfunctionalized-diamondoids suggests the use of NHC-mediated
binding of diamondoid-based self-assembled monolayers
(SAM) on other materials.
A very important point to emphasize is that, as shown here,
all the NHC-functionalized diamondoids present a ﬂuorescent
signal corresponding to an energy larger than 3 eV. This
photon energy is in the UV region. Accordingly, if the
“ﬂuorescent diamondoids” are used in self-assembled monolayers anchored on a surface by a carbene group, this binding
group would contribute to the ﬂuorescent signal in the UV
region. As a result, the signal from ﬂuorescent diamondoids is
well preserved and can be further exploited for SAM-based
sensing applications. Our study proposes further detailed
exploration of the double functionalized diamondoids also
with NHC instead of a thiol-group. NHCs would be excellent
linkers to form SAMs or diamondoid-based materials with a
great potential for biomolecules and gas detection. Our results
can guide the research on constructing eﬃcient and functional
nanoblocks for novel optoelectronic applications. A selective
functionalization is of great importance and should provide a
binding site for attaching to other materials and a functional site
for interacting with other species. The double-functionalized
diamondoids can, thus, serve as a sensitive probe for
biomolecule binding, sensing environmental changes, and
building large-area optical devices. Additional investigations
need to be performed along these lines in order to ﬁnd the
optimal functional-group for the target applications.

■

■

obtained using various methods; and multireference
character of N-heterocyclic carbene (PDF)

AUTHOR INFORMATION

Corresponding Author

*E-mail: mfyta@icp.uni-stuttgart.de.
ORCID

Chandra Shekar Sarap: 0000-0002-8621-6800
Sheng Meng: 0000-0002-1553-1432
Frank Uhlig: 0000-0003-0877-0782
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors acknowledge support from the Juniorprofessorenprogramm funded by the Ministry of Science, Research and
the Arts Baden-Württemberg (MWK) and the German
Funding Agency (Deutsche Forschungsgemeinschaft-DFG) as
a part of the collaborative network SFB 716 “Dynamic
simulations of systems with large particle numbers”. This
research was supported in part by the bwHPC initiative and the
bwHPC-C5 project provided through associated compute
services of the JUSTUS HPC facility at the University of
Ulm. The bwHPC and bwHPC-C5 (http://www.bwhpc-c5.de)
are funded by the Ministry of Science, Research and the Arts
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fragments as building blocks of functional nanostructures. Phys. Rev. B:
Condens. Matter Mater. Phys. 2004, 70, 045401.
(13) Mansoori, G. A. Advances in Chemical Physics; John Wiley &
Sons, Inc., 2008.
(14) Mansoori, G. A.; George, T. F.; Assouﬁd, L.; Zhang, G. Topics in
Applied Physics; Springer: New York, 2007.
(15) Schwertfeger, H.; Fokin, A.; Schreiner, P. Diamonds are a
chemist’s best friend: Diamondoid chemistry beyond adamantane.
Angew. Chem., Int. Ed. 2008, 47, 1022−1036.
(16) Rander, T.; Staiger, M.; Richter, R.; Zimmermann, T.; Landt, L.;
Wolter, D.; Dahl, J. E.; Carlson, R. M. K.; Tkachenko, B. A.; Fokina, N.
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Carlson, R. M. K.; Tkachenko, B. A.; Fokin, A. A.; Schreiner, P. R.;
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