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We present a theoretical prediction of the facile cycloaddi-
tions of carbene, silylene, and germylene onto the diamond
(100) surface, a new type of surface reaction that can be
employed to functionalize diamond surface at low temper-
ature. This finding renders the plausibility that the diamond
surface can be chemically modified by the well-known
carbene addition chemistry, which might introduce new
functionalities to the diamond surface for novel applications
in a diversity of fields.

Diamond has been attracting tremendous attention as
a promising candidate for a wide range of technological
applications because of its unique combination of mate-
rial properties, including high hardness, a large band
gap, high saturation carrier velocity, high thermal con-
ductivity, and multispectral optical transparency.'* The
chemical functionalization of the diamond surface might
be potentially useful to tailor its properties for specific
applications,’ for example, surface conductivity, metal-
lization, and electron emission. Hence, it is of paramount
interest both fundamentally and technologically to ex-
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plore the chemistry of the diamond surface and to seek
specific methods of making controlled chemical function-
alizations of diamond surfaces. Toward this end, in this
letter, we report a theoretical study of the additions of
carbene, silylene, and germylene to the C (100)-2x1
surface. Our prediction indicates that the well-known
addition reaction of carbenes to olefins in organic chem-
istry might be a new type of surface reactions that can
be employed to functionalize the diamond surface at low
temperature. Our results further advance the concept of
using organic reactions to modify the solid surface in a
controlled fashion.®

Indeed, recently, much effort has been made focusing
on the chemical modification of the C (100)-2x1 surface
both experimentally and theoretically.” For example, it
was found that 1,3-dipolar cycloadditions of a series of
1,3-dipolar molecules onto the C (100)-2x1 surface are
more favorable over their molecular analogues both
thermodynamically and kinetically.™P Similarly, another
class of Diels—Alder reactions have intensively been
studied with regard to the surface dimer of the C (100)-
2x1 surface.”™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)-2x 1 surface
to form a Diels—Alder adduct at room temperature.” This
finding is rather encouraging because it demonstrates the
plausibility of functionalizing diamond surfaces by means
of synthetic organic chemistry, which might consequently
lead to a breakthrough in the fabrication of diamond films
at low temperature.

Carbenes have remained a fascinating class of mol-
ecules in organic chemistry and been regarded as a highly
reactive species.? For instance, methylene (CHy), the so-
called parent carbene, is extremely reactive, and there
are few organic compounds able to resist attack by this
substance. It is generally deemed that, perhaps, the most
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SCHEME 1. Addition of Carbenes to Alkenes

X X
CTC + CXe A

important and characteristic reaction of a carbene is its
addition to an olefin to form a cyclopropane (Scheme 1).89

Meanwhile, note that single state carbenes are in
general highly electrophilic species® and therefore can be
used as an excellent model molecules to test whether the
C (100)-2x 1 surface can be functionalized by the addition
reaction of carbenes toward the surface C=C double bond,
hence providing much valuable and instructive informa-
tion to experiments. Furthermore, note that analogous
carbene addition reactions were reported with fullerene
and single wall carbon nanotube.'%!! Strongly inspired
by these chemical precedents, we naturally infer that a
similar process should proceed on the C (100)-2x1
surface. The present theoretical calculations reported
herein are to confirm this inference.

As previously done, a C9H;2 cluster model (Figure 1)
was employed to represent a dimer site on the C (100)
surface. This surface model has been used previously in
the theoretical studies of the 1,3-polar cycloadditions and
the Diels—Alder reactions on the C (100)-2x 1 surface.”™ 4
The hybrid density functional B3LYP method and the
standard 6-31G(d) basis sets were employed.'® It has been
shown previously that this theoretical method can pro-
vide a reliable description of surface reaction mechanism
on the C (100)-2x 1 surface.”»~4 Furthermore, it has been
shown that the optimized geometries and calculated
reaction energetics are almost independent of cluster
sizes. That is, the dimer—dimer interaction does not play
much effect on the predicted conclusions.’2~4 More im-
portantly, it is worthwhile to note that the difference in
the reaction energetics predicted by the BSLYP method
and the much higher level but more expensive G3(MP2)
approach, is marginal.” Hence, these reinforce the valid-
ity of study using the BSLYP/6-31G(d) theoretical method
together with a CyHj; cluster model. In addition, cluster
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FIGURE 2. B3LYP/6-31G(d) optimized geometries (units in
A for bond length and deg for angle) of singlet carbene (CHs),
silylene (SiHy), and germylene (GeHb).

TABLE 1. Calculated Reaction Energies (with/without
zero-point vibrational energy corrected) (AE,, in kcal/
mol) for the Addition Reactions of Singlet Carbene,
Silylene, and Germylene to the C (100)-2x1 Surface and
Ethylene at the B3LYP/6-31G(d) Level

reaction system AE. AE, (+ZPVE)*
CHy+CoHj2 —142.4 —134.0
CHz+C15Hig —141.5 —133.3
CHy+C21Hyg —141.6 —133.4
SiHo+CgoHio -79.6 -75.2
SiHs+C15H16 —78.7 —-74.4
SiHy+Cg1Hgo —-78.7 —-74.5
GeH2+CgH12 —68.2 —64.1
G6H2+C15H15 —68.6 —64.6
GeHa+Cg1Hgg —68.7 —64.5
CHg+ethylene —112.6 —103.8
SiHg+ethylene —43.0 —38.7
GeHgatethylene —274 —23.4

@ Reaction energies with zero-point vibrational energy corrected.

models present the advantage with a compromise of
accuracy and computational cost if clusters are properly
selected.!? In our calculations, C15H1¢ and Co1Hyg clusters
were also used to investigate the effect of cluster size to
confirm the predictions using a small C9H;. cluster.
Geometry optimizations with no constrained degrees
of freedom were carried out using analytical gradients
and the Berny algorithm. No geometry constraint was
imposed on the clusters. Harmonic vibrational frequen-
cies were calculated to confirm that the optimized
products are truly local minima; the stationary points
were positively identified as minima (number of imagi-
nary frequencies, NIMAG = 0). Zero-point vibrational
energy was calculated. Three kinds of highly electrophilic
molecules, singlet carbene (CHy), silylene (SiHy), and
germylene (GeHy) as shown in Figure 2, were selected
to study the viability that they can react with the C (100)-
2x1 surface so as to prove that this new kind of surface
reactions can be used to modify the diamond surface at
low temperature. At the same time, these surface reac-
tions were compared to those of gas-phase ethylene
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FIGURE 3. B3LYP/6-31G(d) optimized geometries (units in A for bond length) of the additions of singlet carbene, silylene, and

germylene to the C (100)-2x 1 surface using a CyoH;s cluster.

analogue in previous studies.!?*14 All of the calculations
were performed with the Gaussian 98 program.!®
Table 1 and Figure 3 list the reaction energies and
optimized geometries respectively predicted at the BSLYP/
6-31G(d) theoretical level for the addition reactions of
carbene, silylene, and germylene to the C (100)-2x1
surface. Clearly, the calculated reaction energy is —134.0
kcal/mol for the addition reaction of the prototype car-
bene, CH;, onto the C (100) surface, indicating that this
surface reaction is quite highly exothermic. As compared
to that of ethylene molecular analogue in the gas phase,
the exothermicity for the addition of carbene to the C
(100) surface is significantly increased, that is, more than
30 kcal/mol higher than that of the gas-phase addition
reaction of CHy+CoH,, suggesting the reactivity of the
C=C bond dimer of the C (100)-2x1 surface is much
higher than ethylene. This remarkable enhancement of
the reactivity was also found in previous studies regard-
ing the 1,3-dipolar additions”? and Diels—Alder ad-
ditions™d onto the C (100) surface, which can be ascribed
to the reduced overlap between the p orbitals of the
surface C=C dimer.” In analogy, our calculations pre-
dicted an exothermicity of —75.2 and —64.1 kcal/mol
regarding the addition reactions of silylene and ger-
mylene onto the C (100)-2x 1 surface, respectively, which
is much higher than that of ethylene molecular analogue
in the gas phase (as shown in Table 1).1%¢£14 Noteworthily,
the reaction energies of the addition of silyene and
germylene to the C (100)-2x1 surface are much lower
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than that of carbene. This can be attributed to the
weakness of Ge—C and Si—C bonds as compared to C—C
bonds.!% Alternatively, it can be understood on the basis
of a configuration mixing model.’%6 The calculated
results using larger clusters (see Table 1 and Supporting
Information) show that the calculated geometries and
reaction energies are insensitive to the size of clusters,
which are in faithful accordance with previous theoretical
predictions.”d

More interestingly, these surface reactions are unac-
tivated; that is, no transition states have been located
with regard to the additions of carbene, silylene, and
germylene to the C (100)-2x1 surface. This is not
surprising at all considering the gas-phase reaction
profile of the additions of carbene, silylene, and ger-
mylene to ethylene, respectively. Regarding the addition
of silylene to ethylene (SiHo+CyH,), the overall reaction
is barrierless predicted by ab initio calculations'*2—¢ and
density functional calculations.!%f For the reaction of the
additions of carbene to ethylene (CHy+CoH,4) and ger-
mylene to ethylene (GeHy+CoHy), previous theoretical
calculations predicted that the overall additions of car-
bene and germylene to ethylene have no activation
energy barrier, although a rather weak z-complex pre-
cursor and a transition state are identified, but both
lower than free reactants in energy.'%14d As is well
known, due to the reduced overlap between the p orbitals
of the surface C=C dimer, the z-bonding in the surface
C=C dimer is weaker than that in ethylene, giving rise
to higher reactivity on the surface dimer of the C (100)-
2x1 surface.®72=d Hence, the additions of carbene, si-
lylene, and germylene to the C (100)-2x 1 surface should
be much more favorable both thermodynamically and
kinetically as compared to their molecular analogues. Our
theoretical calculations have apparently confirmed this
inference. More significantly, our results strongly suggest
that this kind of addition reactions can be used as a new
type of surface reactions to functionalize the diamond
surface. In practice, carbenes (or silylenes and ger-
mylenes) can be produced via the process of photolysis
and thermolysis at moderate temperature.® For example,
carbenes can be generated by photolyzing dizoalkanes
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and diazirines. In addition, the as-formed cyclopropane-
like surface species would be subject to further chemical
manipulations, such as ring opening accompanied by the
attachment of other chemical functional groups,!’ there-
fore possibly imparting other new functionalities to the
diamond surface.

In summary, we have predicted the viability of the
additions of parent carbene, silylene, and germylene to
the diamond (100)-2x1 surface, which is much more
favorable over their molecular analogues and is as well
in complete accordance with previous studies regarding
the modification of the diamond (100) surface using other
organic reactions, 1,3-dipolar additions and Diels—Alder
reactions. More significantly, the facileness of this new
type of surface reactions demonstrates that the well-
known addition reactions of carbenes to alkenes in
organic chemistry can be applied to functionalize the
diamond surface at low temperature, and in addition the
as-formed cyclopropane-like surface species would un-
dergo further chemical modifications, hence imparting
other new functionalities to the diamond surface, which
might lead to novel potential applications of diamond
films. Our results strongly advance the concept of using
organic reactions to modify the solid surface, particularly
to modify the diamond (100) surface because it behaves
very much like molecular olefins.%” In a broader perspec-
tive, this new type of surface reaction in combination with
the wide variety of carbenes, silylenes, and germylenes
would provide high flexibility of functionalizing and
fabricating the diamond films at low temperature. More
detailed work is underway to investigate in what manner
the reaction profile (including reaction energetics and
reaction paths) regarding the additions of various sub-

(17) Franz, A. K.; Woerpel, K. A. Acc. Chem. Res. 2000, 33, 813 and
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stituted carbenes,? silylenes,'® and germylenes'® to the
C (100)-2x 1 surface would change, given the well-known
abundance of the chemistry of carbenes, silylenes, and
germylenes.®1819

What is more, this kind of surface organic reactions
can also be extended to modify the Si (100) and Ge (100)
surfaces, which feature the bonding motif in the surface
dimer analogous to that of the C (100) surface.®"?° In the
meantime, we look forward to experimental realization
of the reaction reported herein and hope that our study
stimulates further research into this subject.
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