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We predict the viability of organic cycloadditions of nitrenes
onto the diamond (100) surface. This new type of surface
reaction can be employed to functionalize diamond surface
at low temperature, which might introduce new function-
alities to the diamond surface for novel applications in a
diversity of fields.

Owing to its fascinating and unique mechanical,
electrical, and optical combination of material properties,
the diamond has been attracting considerable interest
and attention as a promising candidate for a wide range
of applications.1-4 The chemical functionalization of the
diamond surface can be potentially useful to tailor its
properties for specific applications.5 Hence, it is of
paramount interest both fundamentally and technologi-
cally to explore the chemistry of the diamond surface and
to seek specific methods of making controlled chemical
functionlizations of diamond surfaces. Toward this end,
we report a theoretical study of the additions of nitrenes
onto the C(100)-2 × 1 surface. Our prediction suggests
that this new type of surface reactions can be employed
to functionalize the diamond surface at low temperature.

Indeed, recently, great effort has been devoted to using
organic reactions to modify the C(100)-2 × 1 surface.6

This interest largely arises from the hope that the wide
range of functionalities of organic molecules can be
potentially added to the diamond surface. For example,
it was theoretically predicted that 1,3-dipolar cycloaddi-
tions of a series of 1,3-dipolar molecules onto the C(100)
surface are much more favorable over their molecular
analogues both thermodynamically and kinetically.6a,b

Similarly, another class of Diels-Alder reactions has
been intensively studied with regard to the surface Cd
C dimer of the C(100) surface.6c,d More fascinating is the
experimental work done at room temperature, reported
by Wang et al., that 1,3-butadiene can react with the
C(100) surface to form a Diels-Alder adduct at room
temperature.6e Very recently, we predicted that the
C(100) surface can be functionalized by the well-known
addition reactions of carbenes to olefins in organic
chemistry.7 These findings are rather encouraging and
significant because they strongly demonstrate the feasi-
bility of functionalizing diamond surfaces by means of
synthetic organic chemistry, which may consequently
lead to a breakthrough in the fabrication of diamond films
at low temperature.

It is well-known that, in organic chemistry, nitrenes
are a fascinating class of highly reactive species.8 The
representative organic reaction of nitrenes is their ad-
dition to olefins (as shown in Scheme 1), and the
so-formed aziridine is very versatile for further chemical
transformations.8

Like singlet carbenes, singlet nitrenes are highly
electron-deficient,7,8 whereas the surface CdC dimer of
C(100) is highly nucleophilic.7 Therefore, several repre-
sentative singlet nitrenes can be used as excellent model
molecules to assess whether the C(100) surface can be
functionalized by the addition reaction of nitrenes toward
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SCHEME 1. Addition of Nitrenes to Alkenes
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the surface CdC double bond. In this note, parent nitrene
(NH), aminonitrene (NNH2), and oxycarbonylntrene
(NCOOCH3) were selected as testing model molecules.
On the other hand, it is worthwhile to note that analo-
gous nitrene addition reactions have successfully been
reported regarding the functionalization of the single wall
carbon nanotube (SWCNT) and fullerene.9 Strongly
inspired by these pioneering chemical precedents, we
naturally infer that similar cycloaddition reactions should
take place on the C(100)-2 × 1 surface. Here, we report
the computational description of the reactions of nitrenes
with the C(100) surface.

A C9H12 cluster model was employed to represent a
dimer site on the C(100) surface. Larger cluster model
C21H20 was used to confirm the results obtained from a
C9H12 cluster. This surface model was successfully used
in our recent theoretical prediction of the additions of
parent carbene, silylene, and germylene onto the C(100)-2
× 1 surface.7 Meanwhile, this surface model has been
used in the theoretical studies of the 1,3-polar cycload-
ditions and the Diels-Alder reactions on the C(100)-2 ×
1 surface.6a-d Furthermore, cluster models present the
advantage in terms of a compromise of accuracy and
computational cost if clusters are properly selected.7,10

The hybrid density functional B3LYP method11 and the
standard 6-31G(d) basis sets were employed. Recent
studies have consistently reinforced the reliability of
using this theoretical method to study surface reactions
on the C(100)-2 × 1 surface.6a-d,7 Geometry optimizations
with no constrained degrees of freedom were carried out
using analytical gradients and the Berny algorithm.
Reported energies were zero-point vibration energy (ZPVE)
corrected. Single-point calculations were done, using the
6-311G(2d,2p), to investigate the basis set effect on the
reaction energetics. In addition, these surface reactions
were compared to those of gas-phase ethylene molecular
analogue and available data for fullerene and SWCNT
in the literature. All the calculations were performed with
the Gaussian 98 program.12

Table 1 lists the reaction energies for the additions of
parent nitrene, aminonitrene, and oxycarbonylnitrene
onto the C(100) surface, respectively. The predicted
reaction energy is -144.6kcal/mol for the addition of the
prototype nitrene, NH, onto the C(100) surface, indicating
that this surface reaction is quite highly exothermic. This
is similar to that of singlet carbene (CH2) addition to the
surface dimer of C(100) surface, for which an exother-
micity of -134.0 kcal/mol is predicted at the same
theoretical level.7 What is more, the addition of NH onto
the surface CdC dimer has no activation energy barrier

that is exactly the same as that of CH2 addition to the
C(100) surface and ethylene, respectively.7,13 It is the high
reactivity of both the C(100) surface and parent nitrene-
(or carbene) that leads to the addition reaction proceeding
without energy barrier. In fact, the addition of NH to
ethylene was also predicted without energy barrier, the
same as the addition of CH2 to ethylene.13 A similar
barrierless process was observed for the hydroboration
of C(100) with borane, a strong Lewis acid.14

With regard to the addition of oxycarbonylnitrene onto
the C(100) surface, our calculations predicted an exo-
thermicity of -103.9kcal/mol, suggesting that this surface
addition reaction is still very thermodynamically favor-
able. Very interestingly, similar to that of parent nitrene,
this surface reaction is barrierless, that is, no transition
states are located. This strongly demonstrates the vi-
ability of the addition of nitrenes onto the reactive surface
CdC dimer. Previously, analogous cycloaddition of singlet
oxycarbonylnitrene onto fullerene was reported for which
an activation energy of only 3.6 kcal/mol was predicted
using the ONIOM(B3LYP/6-31G**:AM1) approach.15

Whereas, for the addition of singlet oxycarbonylnitrene
onto the sidewall of (5,5)-SWCNT, a small activation
energy barrier of 7.2 kcal/mol was predicted using the
ONIOM(B3LYP/6-31G*:AM1) level of theory.16 Our re-
sults clearly illustrate that the addition of singlet oxy-
carbonylnitrene onto the surface CdC dimer of the C(100)
surface is much more favorable both thermodynamically
and kinetically than that of the SWCNT and fullerene.
These results also suggest the much higher reactivity of
the surface CdC dimer of C(100) than that of fullerene
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TABLE 1. Calculated Activation Energies (∆Ea, in
kcal/mol) and Reaction Energies (∆Er, in kcal/mol) for
the Addition Reactions of Nitrene, Aminonitrene, and
Oxycarbonylnitrene onto the C (100)-2 × 1 Surface

system methoda ∆Ea ∆Er

NH + C9H12 B3LYP/6-31G(d) - -144.6
B3LYP/6-311G(2d,2p) -142.3

NNH2 + C9H12 B3LYP/6-31G(d) - -52.7
B3LYP/6-311G(2d,2p) -51.8

NCOOCH3 + C9H12 B3LYP/6-31G(d) - -103.9
B3LYP/6-311G(2d,2p) -101.6

NH + ethylene B3LYP/6-31G(d) - -102.9
NNH2 + ethylene B3LYP/6-31G(d) 7.7 -21.3
NCOOCH3 + ethylene B3LYP/6-31G(d) 3.5 -77.8

a The use of larger cluster C21H20 has a negligible effect on the
calculations of reaction energies and geometries of products (see
Supporting Information).
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and SWCNT which can be ascribed to the rather high
π-conjugation bonding character.

For the addition of aminonitrene onto the C(100)
surface, it was predicted to be exothermic by -52.7 kcal/
mol, which is much lower than that of the additions of
NH and oxycarbonylnitrene onto the C(100) surface. This
indicates that the different substituents should have an
important effect on the addition profile of nitrenes onto
the C(100) surface. However, detailed calculations of
searching transition state still show that this surface
addition reaction is barrierless. Hence, our calculations
strongly reinforce the viability of using nitrene addition
to functionalize the C(100) surface. More significantly,
our results strongly suggest that this kind of organic
addition reactions can be used as a new type of surface
organic reactions to functionalize the diamond surface.
In practice, nitrenes can be produced by the process of
photolysis and thermolysis at moderate temperature (for
example, oxycarbonylnitrenes can be generated by ther-
mal elimination of N2 from organic azides)8 and therefore
introduced onto the C(100) surface.

On the other hand, it can be clearly seen that the
additions of these three selected nitrenes onto the C(100)
surface are much more favorable both thermodynamically
and kinetically than their ethylene molecular analogues.
This is faithfully consistent with the much higher reac-
tivity of the surface CdC dimer than ethylene, which can
be ascribed to the reduced overlap between the p orbitals
of the surface CdC dimer of the C(100) surface.6a-d,7

Figure 1 depicts the optimized geometries of the
products. It is noteworthy that the as-formed products
have an aziridine-like (three-membered) structure that
would be subject to ring-opening reactions accompanied
with the attachment of other organic functional groups,17

hence possibly imparting other new functionalities to the
diamond surface. As is well-known, aziridine can be used
as a convenient springboard to other functionality by
ring-opening with nucleophiles, elimination, or re-
arrangement.17 Thus, in this regard, the well-established
synthetic methods for aziridine ring-opening chemistry
can be further applied to modify the diamond surface.17

In summary, we predicted the viability of using nitrene
addition reactions to functionalize the diamond (100)
surface. The high reactivity of both the diamond (100)
surface and nitrenes leads to the conclusion that the
predicted organic addition of nitrenes onto the C(100)
surface is rather facile, similar to that of carbenes.7 More
significantly, the abundance of well-established aziridine
ring-opening chemistry would provide high flexibility of
functionalizing the as-formed aziridine-like surface spe-
cies. This will contribute to develop a new organic-
inorganic functional material, which incorporates the
physical functions of diamond and the chemical functions
of organic functional groups, thus possibly leading to
novel applications of diamond films at low temperature.
Furthermore, our results strongly advance the concept
of using organic reactions to modify the solid surface.7,18,19

More detailed work is in progress to investigate in what
manner the reaction profile (including reaction energet-
ics, reaction paths, and the effect of spin multiplicity)
would change for the additions of various substituted
nitrenes onto the C(100)-2 × 1 surface.

In a broader perspective, this kind of surface organic
reactions can also be extended to modify the Si(100) and
Ge(100) surfaces featuring the bonding motif in the
surface dimer analogous to that of the C(100) surface.18,19

We look forward to experimental realization of the
reaction predicted herein and the potential applications
of as-functionalized diamond surfaces.
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FIGURE 1. B3LYP/6-31G(d) optimized geometries (units in angstroms for bond length) of the additions of nitrene, aminonitrene,
and oxycarbonylnitrene onto the C (100)-2 × 1 surface.
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