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The 1,3-dipolar cycloadditions (1,3-DCs) of a series of 1,3-dipolar molecules onto the C(100)-2 x 1
surface have been investigated by means of hybrid density functional BSLYP method in combination
with cluster model approach. It was found that 1,3-DCs on the C(100)-2 x 1 surface are more
favorable over their molecular analogues both thermodynamically and Kinetically. The enhancement
of the reactivity on the surface due to the reduced overlap between the p, orbitals of the surface
C=C dimer should be important for the semiconductor industry because it might lead to a
breakthrough in the fabrication of diamond films at low temperature.

Introduction

Diamond is promising as an electronic-device material
owing to its superlative optical, mechanical, and elec-
tronic properties such as high hardness, a large band gap,
high saturation carrier velocity, and high thermal
conductivity.!™* The chemical modification of diamond
surfaces might introduce new physical and chemical
properties for specific applications, e.g., metallization,®
surface conductivity,®~8 and electron emission.® ! Ac-
cordingly, it is of interest to explore the chemistry of the
diamond surface and to seek specific ways of making
controlled chemical modifications of diamond surfaces.
In this paper, we report a systematic theoretical inves-
tigation of 1,3-dipolar cycloaddition (1,3-DC) reactions
between 1,3-dipoles and the C(100)-2 x 1 surface. Our
results indicate that 1,3-DC might be a new type of
surface reactions that can be used to functionalize the
diamond surface at low temperature.

The reconstructed C(100)-2 x 1 surface has a bonding
motif where the adjacent surface carbon atoms are paired
up to form symmetric dimers.*23 The bonding within the
surface dimer can be described in terms of a strong o
bond and a weaker & bond, analogous to the bonding
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within the C=C double bond of simple alkenes. This
implies the chemistry of the C(100)-2 x 1 surface might
show some similarity to the chemistry of simple alkenes.
Furthermore, due to the nonplanar geometry on the
surface dimer, the overlap between the p, orbitals of the
surface dimer is reduced, and consequently, the z-bond-
ing within the surface dimer is weaker than that in
ethylene, giving rise to the possibility of a higher reactiv-
ity of the surface dimer. Indeed, previous experimental
and theoretical studies revealed that on the C(100)-2 x
1 surface, a surface dimer, working as a dienophile,
undergoes Diels—Alder cycloaddition reaction with an
incoming conjugated diene (1,3-butadiene) to form a six-
membered ring surface species,*~1” and analogous sur-
face reaction occurs readily on the Si(100) and Ge(100)
surfaces,*®~23 which exhibit similar 2 x 1 reconstructions.
This surface reaction is similar to, but more facile than,
its well-known molecular precedent, i.e., Diels—Alder
cycloaddition reaction between a simple alkene and a
conjugated diene.?* Needless to say, the latter is remark-
ably useful and has been widely employed in modern
organic synthesis.

Apart from the famous Diels—Alder cycloaddition
reactions, another class of pericyclic reactions in organic
chemistry is the so-called 1,3-diploar cycloaddition (1,3-
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DC) reaction.?®> The 1,3-DC is the union of a 1,3-dipolar
molecule with a multiple bond system (a dipolarophile).
The 1,3-dipole is a triad of atoms that has a 7 system of
four electrons and can be represented by a zwitterionic
octet resonance structure.?® The great majority of 1,3-
dipoles are isoelectronic with either 16- (e.g., diazo-
methane) or 18-valence-electron (e.g., 0zone) compounds.
The dipolarophiles are usually olefins or acetylenes, but
other multiple bonds, such as the C=N bond of imines
and the C=O0 bond of aldehyde, also can act as dipolaro-
philes.?>26 Considering the weaker z-bonding within the
surface dimer on the C(100)-2 x 1 surface, one infers that
with the surface dimer working as a dipolarophile,
analogous 1,3-DC reactions would occur between 1,3-
dipolar molecules and the surface dimer and such surface
1,3-DC reactions should require lower activation energies
than do their molecular analogues. This type of surface
reactions, if facile, in combination with the large variety
of 1,3-dipoles should be very useful for the functional-
ization of the diamond(100) surface at low temperature.
It is noteworthy that analogous 1,3-DC reactions have
been successfully employed to functionalize the highly
conjugated C60 and C70 fullerenes,?” and recent DFT
studies predicted that 1,3-dipoles should strongly adsorb
to the Si(100)-2 x 1 surface without a significant activa-
tion barrier.?8:2°

To confirm the above inference, we have systematically
investigated the 1,3-DC reactions of a series of 1,3-dipolar
molecules with the C(100)-2 x 1 surface by means of first-
principle density functional (DFT) cluster model calcula-
tions. The 1,3-dipoles considered are those 16-valence-
electron ones including nitrile ylide (HCNCH,), nitrile
imine (HCNNH), nitrile oxide (HCNO), diazomethane
(H2CNN), methyl azide (CH3NNN), and nitrous oxide
(N20) and those 18-valence-electron ones including ni-
tromethane (CH3NO,) and ozone (O3). In addition, the
gas-phase 1,3-DC reactions of these 1,3-dipoles with
ethylene have also been studied and compared with the
surface reactions. The results clearly revealed the facile-
ness of the surface reactions as well as a large enhance-
ment of 1,3-DC reactivity on the surface.

Computational Details

The hybrid density functional theory B3LYP method, i.e.,
Becke's three-parameter nonlocal exchange functional®® with
the correlation functional of Lee—Yang—Parr,3 with the
standard 6-31+G* basis set has been used for geometry
optimizations with no constrained degrees of freedom. It has
been shown in the previous theoretical studies that the B3LYP
approach with a basis set of double-¢ quality plus polarization
functions can provide a reliable description for the gas-phase
1,3-DC reactions.®23% Vibrational frequencies, calculated at the
B3LYP/6-31+G* level, have been used for characterization of
stationary points. All of the stationary points have been
positively identified as minima (number of imaginary frequen-
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cies, NIMAG = 0) or transition states (NIMAG = 1). Reported
energies are zero-point corrected, unless otherwise specified.
In addition, single-point calculations have been done at the
selected critical points, using the 6-311+G(2df,p) basis set, to
investigate the basis set effect on the reaction energetics.

A CgHj, cluster model has been employed to represent a
dimer site on the C(100)-2 x 1 surface. This cluster model in
combination with the B3LYP density functional method was
also used in the theoretical studies of the Diels—Alder cycload-
dition of 1,3-butadiene on the C(100)-2 x 1 surface'®” and the
reaction of HN3 with the C(100)-2 x 1 surface.®* For some
cases, a C;Hz, cluster representing three adjacent dimers from
a single dimer row® has been used to investigate the effect
of cluster size. All calculations were performed with the
GAUSSIAN 94 package of programs.3®

Results and Discussion

For the 1,3DCs of the 1,3-dipoles on the CgH;, surface
model, the fully optimized geometries of the reactants,
transition states, and products are presented in Figures
1-4, respectively. The corresponding relative energies
predicted at the B3LYP/6-31+G™ level are given in Table
1. For comparison, the reaction energies and activation
energies for the corresponding molecular reactions pre-
dicted at the same level of theory are also included in
Table 1.

Transition-State Structures and Barrier Heights.
The optimized transition states, TS_n (n = 1-7), for the
1,3-DCs on CgH3;, are shown in Figures 1—4, except for
the case of Oz, which has no transition state. These are
TS_1 for nitrile ylide, TS_2 for nitrile imine, TS_3 for
nitrile oxide, TS_4 for diazomethane, TS_5 for methyl
azide, TS_6 for nitrous oxide, and TS_7 for nitromethane.
Each transition state has been confirmed by vibrational
analysis that reveals the single imaginary frequency (i.e.,
82icm1for TS 1, 85icm tfor TS 2,220icm 1 for TS_3,
247i cm™t for TS_4, 205i cm™! for TS 5, 300i cm™* for
TS_6 and 232i cm™! for TS_7). Further examination of
the calculated imaginary normal mode of the transition
states and more elaborate IRC (intrinsic reaction coor-
dinate) calculations indicate that these transition states
connect the corresponding reactants, 1,3-dipoles + CgHj»,
to the 1,3-DC products, and these 1,3-DC processes are
concerted in nature.

The feature that the 1,3-DC follows a concerted path-
way is also evidenced by the geometries of the transitions
states. The lengths of the two newly forming bonds in
each transition state are not deviated from each other
too much, as shown in Figures 1—4. Further detailed
comparison of the seven transition structures leads to the
following remarks:

(i) All transition states are very early, as evidenced by
the very large values of the two newly forming bond
lengths that range from 2.223 A for the C—0 bond length
in TS_7 to 2.903 and 2.968 A for the two C—C bond
lengths in TS_1.

(i) The two newly forming bond lengths decrease in
the following order: TS_1 of nitrile ylide (2.903 and 2.968
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Figure 1. B3LYP/6-31+G*-optimized geometries (in A and
deg) of the reactants, transition states, and products of (a)
nitrile ylide/CgHi, and (b) nitrile imine/CgoHj>.

A) > TS_2 of nitrile imine (2.880 and 2.889 A) > TS_3 of
nitrile oxide (2.572 and 2.824 A) > TS_4 of diazomethane
(2.537 and 2.701 A) > TS_5 of methyl azide (2.445 and
2.580 A) and > TS_6 of nitrous oxide (2.327 and 2.475
A) > TS_7 of nitromethane (2.223 and 2.223 A).

(iii) Due to the approach of the 1,3-dipoles, the C=C
bond length of the surface dimer in TS_n (n = 1-7) is
slightly elongated, given the trend that the closer the 1,3-
dipoles is, the longer the C=C bond length in the
transition state. The extent of C=C bond elongation
ranges from 0.010 A for the nitrile imine case to 0.044 A
for the nitromethane case.

The above structural features indicate that the transi-
tion structures for the 1,3-dipoles with more electropos-
itive atoms lying at the terminal positions are more
reactant-like. This is consistent with the Hammond
postulate,®® which associates an earlier transition state
with smaller reaction barrier and a larger exothermicity.
As will be shown below, the 1,3-DC surface reaction with
a more reactant-like transition structure does have a
smaller activation barrier and a larger exothermicity.

The barrier heights predicted at the B3LYP/6-31+G*
level for these 1,3DCs are given in Table 1. In accordance
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Figure 2. B3LYP/6-31+G*-optimized geometries (in A and
deg) of the reactants, transition states, and products of (a)
nitrile oxide/CgH1, and (b) diazomethane/CgHj».

with the trends of transition-state structures, the barrier
heights for the 16-valence-electron 1,3-dipoles increase
in the order: TS_2 of nitrile imine (1.4 kcal mol™) ~ TS1
of nitrile ylide (1.6 kcal mol~t) < TS_3 of nitrile oxide
(4.8 kcal mol™') and TS 4 of diazomethane (5.3 kcal
mol~1) < TS_5 of methyl azide (5.7 kcal mol™%) < TS_6 of
nitrous oxide (9.4 kcal mol™?), indicating that the more
electronegative the atom lying at the terminal positions
of the 1,3-dipoles, the higher activation barrier for the
1,3-diploar cyclocation. More specifically, it can be seen
that the activation barriers for the azo-type reactions are
larger than those for the nitrile-type reactions, namely,
diazomethane (CH,;NN) > nitrile ylide (HCNCHy,), methyl
azide (CH3NNN) > nitrile imine (HCNNH), and nitrous
oxide (NNO) > nitrile oxide (HCNO). Previous theoretical
study on the molecular 1,3-DC reactions revealed that
the 16-valence-electron 1,3-dipole with more electropos-
itive substituents at the terminals has a smaller HOMO—
LUMO gap as well as a smaller energy splitting between
its singlet and triplet states, which in turn facilitates its
1,3-DC reaction with a smaller activation barrier and a
larger exothermicity.3® The barrier height for the 1,3-DC
of 18-valence-electron nitromethane is 7.8 kcal mol—?

(36) Hammond, G. S. J. Am. Chem. Soc. 1954, 77, 334.
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Figure 3. B3LYP/6-31+G*-optimized geometries (in A and
deg) of the reactants, transition states, and products of (a)
methyl azide/CgH1, and (b) nitrous oxide/CgoHa.

predicted at the same level, while the 1,3-DC of another
18-valence-electron 1,3-dipole, ozone, is found to be
barrierless. The barrier heights calculated by single-point
B3LYP/6-311+G(2df,p) calculations are also given in
Table 1. As it can be seen, the use of larger basis sets
does not have a significant effect on the prediction of
barrier height and does not alter the order of barrier
height predicted at the B3LYP/6-31+G* level.

For the sake of comparison, we have also calculated
the transition states for the 1,3-DCs of the eight 1,3-
dipoles with ethylene at the B3LYP/6-31+G* level. The
optimized transition states, which are not given here,
resemble those of the surface reactions but have shorter
intermolecular bond lengths than have those of the
surface reactions. As such, the transition states for the
molecular 1,3-DCs are later than their surface reaction
analogues. Another evidence of this remark is that the
calculated imaginary frequencies for the transition states
of the molecular 1,3DCs are far larger than those of the
surface 1,3-DCs, as shown in Table 1.

Lu et al.

o2

Ozone

a) b)

Figure 4. B3LYP/6-31+G*-optimized geometries (in A and
deg) of the reactants, transition states, and products of (a)
nitromethane/CqH1, and (b) ozone/CgH12.

So far as the barrier height is concerned, the molecular
1,3-DCs have far larger values of barrier heights than
have the surface 1,3-DCs. As shown in Table 1, the
difference in the barrier height of the molecular and
surface 1,3-DCs ranges from 6.6 kcal mol~! for the ni-
trile imine case to 20.1 kcal mol~* for the nitromethane
case. Hence, it is evidenced that the surface 1,3-DCs
are kinetically more favorable than their molecular
analogues. Conclusively, the reactivity of the 16-val-
ence-electron 1,3-dipoles toward the surface dimer follows
the same order of reactivity that they display toward
ethylene: nitrile ylide ~ nitrile imine > nitrile oxide >
diazomethane > methyl azide > nitrous oxide. A similar
trend is followed by the 18-valence-electron 1,3-dipoles,
i.e., ozone > nitromethane. Among all the 1,3-dipoles
concerned, ozone is the most reactive with the surface
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Table 1. Reaction Energies (AE, in kcal mol~') and Energy Barriers (AE, in kcal mol1) of the 1,3-DC Reactions of
1,3-Dipoles with the CgH;, Surface Model and C,H, (the Imaginary Frequencies (vi in cm™1) of Transition States Are Also

Presented)
CoHi2 CoHy

1,3-dipole method AE, AE, Vi AE, AEL Vi AE2 AEa°

HCNCH; B3LYP/6-31+G* —106.7 1.6 82i —63.2 8.7 382i 43.5 7.1
B3LYP/6-311+G(2df,p) —103.3 1.5

HCN2H B3LYP/6-31+G* —100.8 1.4 85i —55.2 8.0 353i 45.1 6.6
B3LYP/6-311+G(2df,p) —96.4 1.7

HCNO B3LYP/6-31+G* —86.4 4.8 220i —38.7 13.0 401i 47.7 8.2
B3LYP/6-311+G(2df,p) —81.7 5.6

CH2N32 B3LYP/6-31+G* —75.1 5.3 2471 —30.1 16.1 451i 45.1 10.8
B3LYP/6-311+G(2df,p) —-70.0 6.0

CH3N3 B3LYP/6-31+G* —69.7 5.7 205i —22.9 17.7 406i 46.8 12.0
B3LYP/6-311+G(2df,p) —64.7 7.2

N2O B3LYP/6-31+G* —56.9 9.4 300i —=7.0 24.2 458i 49.9 14.8
B3LYP/6-311+G(2df,p) -51.7 11.4

CH3NO> B3LYP/6-31+G* —46.9 7.8 232i +1.9 27.9 522i 48.8 20.1
B3LYP/6-311+G(2df,p) —44.1 9.2

O3 B3LYP/6-31+G* —109.9 -- -- —56.6 —1.8¢ 150i 53.3 - -
B3LYP/6-311+G(2df,p) —-107.7

aAE, = AE.—(CzH4) — AEr(Cngz) (kcal mol‘l). b AEa = AEa(CzH4) —

predicted with a binding energy of —2.6 kcal mol~1,

dimer, as demonstrated by its barrierless 1,3-DC on the
CyH1» surface model.

1,3-DC Products and Energies. All 1,3-DCs studied
here produce five-membered ring surface species. The
optimized geometries for the 1,3-DC products, LM_n (n
= 1-8), are also depicted in Figures 1—4, respectively.
These are LM_1 for nitrile ylide, LM_2 for nitrile imine,
LM_3 for nitrile oxide, LM_4 for diazomethane, LM _5
for methyl azide, LM_6 for nitrous oxide, LM_7 for
nitromethane, and LM_8 for ozone.

In the 1,3-DC products, the two newly formed inter-
molecular bond lengths vary with the nature of the bonds,
i.e., the C—C bond length ranges from 1.493 A in LM_3
to 1.543 A in LM_1, the N—C bond length ranges from
1.449 Ain LM _5t0 1.470 A in LM_4, and the O—C bond
length ranges from 1.420 A for LM_8 to 1.440 A for LM_6.
These bond lengths are typical for the X—C (X = C, N,
0) single bonds and follow the trend that the more
electronegative of the X atom, the shorter the X—C bond.
In particular, the C—C bond with a C atom adopting the
sp? hybridization (~1.50 A) is by ~0.4 A shorter than the
one with both C atoms adopting the sp® hybridization
(~1.54 A). On the other hand, it is known that the bond
order of the dipolarophile decreases upon 1,3-DC. As a
result, the C=C bond length of the surface dimer
increases considerably due to the 1,3-DCs. In the 1,3-
DC products, the C—C bond length of the surface dimer
ranges within 1.578—1.599 A, which is typical fora C—C
single bond.

At the B3LYP/6-31+G* level, the 1,3-DCs of the eight
1,3-dipoles on the CoHj, are predicted to be highly
exothermic, in accordance with the presence of much
earlier transition states. The exothermicity ranges from
—46.9 kcal mol~ for the nitromethane case to —109.7 kcal
mol~1 for the ozone case. For the 16-valence-eletron 1,3-
dipoles, the 1,3-DC exothermicity follows the order nitrile
ylide (—106.7 kcal mol™t) > nitrile imine (—100.8 kcal
mol~?) > nitrile oxide (—86.4 kcal mol~?) > diazomethane
(—75.1 kcal mol~t) > methyl azide (—69.7 kcal mol~?1) >
nitrous oxide (—56.9 kcal mol~?), in good accordance with
the reverse order of their barrier heights. That is, the
1,3-DC with lower barrier height has higher exothermic-
ity, in agreement with the Hammond postulate.3® Single-
point B3LYP/6-311+G(2df,p) calculations do not alter the

AE4(CoH12) (kcal mol=1). ¢ A precursor complex of (Os+ CoHy) is

above trend. As shown in Table 1, the exothermicity
predicted at the B3LYP/6-311+G(2df,p) level is only 2—5
kcal mol~! lower than that predicted at the B3LYP/
6-31+G* level.

We have also calculated the exothermicity for the gas-
phase 1,3-DCs of these eight 1,3-dipoles with ethylene.
The reaction energies predicted at the B3LYP/6-31+G*
level are given in Table 1. It can be seen that for each
1,3-dipole concerned, the surface 1,3-DC is thermody-
namically much favorable over its molecular analogue;
the difference in the reaction energy of the surface and
molecular 1,3-DCs, AE,, ranges from 43.5 kcal mol~* for
nitrile ylide to 55.3 kcal mol~* for ozone. Meanwhile, the
difference in activation energy of the surface and molec-
ular 1,3DCs, AE,,, ranges from 6.6 kcal mol~ for nitrile
imine to 20.1 kcal mol~? for nitrous oxide, except for the
case of ozone. The facileness of the surface reactions with
respect to their molecular analogues can be attributed
to the weaker z-bonding in surface dimer than that in
ethylene. Note that the 7-bond strength on C(100) (~28
kcal mol=1)%7 is ~30 kcal mol~! smaller than that for
ethylene (~56 kcal mol~1).38 Such a concept can be readily
extended to the understanding of the quite high reactivity
of the Si(100)-2 x 1 surface toward 1,3-dipoles,?® as the
m-bond strength on Si(100) is estimated to be only 5~10
kcal mol~1,3° even weaker than that of the C(100)-2 x 1
surface. Theoretically, it was predicted that the 1,3-DC
of diazomethane onto the Si(100)-2 x 1 surface is barri-
erless.?® In addition, it should be noted that in organic
chemistry, the 1,3-DC products sometimes might undergo
further isomerization or decomposition.?>4° For example,
the 1,3-DC product of (diazomethane + ethylene) can be
easily decomposed into N, and cyclopropane, due to the
high stability of N,.254! Similar N, elimination was also
found from the 1,3-DC product of (methyl azide +
ethylene).?®> Even more complex decomposition products

(37) Hukka, T. J.; Pakkanen, T. A.; D'Evelyn, M. P. J. Phys. Chem.
1994, 98, 12420.

(38) Mchurry, J. Organic Chemistry, 4th ed.; Brooks/Cole Publishing
Co.: Pacific Grove, 1996; p 23.

(39) Doren, D. J. Adv. Chem. Phys. 1996, 95, 1.

(40) March, J. Advanced Organic Chemistry, 4th ed.; Wiley: New
York, 1992; p 1045 and references therein.

(41) Neeb, P.; Horie O.; Moortgat G. K. J. Phys. Chem. A 1998, 102,
6778.
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a) b)

Figure 5. B3LYP/6-31+G*-optimized geometries (in A and
deg) of the reactants, transition states, and products of (a)
nitrile ylide/C21H,, and (b) methyl azide/Cz1Ha..

were encountered from the 1,3-DC product of (ozone +
ethylene).*%42 For the 1,3-DC reactions on C(100) surface,
one expects that somewhat similar decomposition or
isomerization processes might occur on the 1,3-DC prod-
ucts. For methyl azide and diazomethane on C(100)
surface, the 1,3-DC products, i.e., LM_5 for methyl azide
and LM_3 for diazomethane, may be thermally decom-
posed, leading to N, elimination and the formation of
three-membered ring surface species. For ozone, the 1,3-
DC product, LM_8, may be decomposed to produce
0,(*Aq) and epoxy surface species. Details of the decom-
position mechanism for the 1,3-DC products are being
explored and will be reported elsewhere.

(42) Anglada, J. M.; Crehuet, R.; Bofill, J. M. Chem. Eur. J. 1999,
5, 1809.

Lu et al.

Cluster Size Effect. To show how the predicted
reaction energetics depend on the size of cluster, we have
also investigated the 1,3-DC reactions of, for example,
nitrile ylide and methyl azide with the middle dimer of
the triple-dimer model, C,;H,,, at the B3LYP/6-31+G*
level of theory. However, no significant size effect on the
reaction energetics is found for either case. For methyl
azide on Cy;Hj,, the predicted activation energy and
reaction energy are 5.7 and —64.0 kcal mol~!, respec-
tively, agreeing well with the values of 5.7 and —69.7 kcal
mol~! obtained by using CgHj, cluster. For nitrile ylide
on C,Hy,, the predicted activation energy and reaction
energy are 1.0 and —102.6 kcal mol~?, respectively, in
accordance with the values of 1.6 and —106.7 kcal mol~*!
predicted for nitrile ylide on CgH;,. The optimized
geometries for transition states and products of the nitrile
yilide/C,;H,, and methyl azide/C,;H,, systems are given
in parts a and b, respectively, of Figure 5, which are
comparable with those depicted in Figures la and 3a.

Conclusion

The 1,3-dipolar cycloadditions of a series of 1,3-dipolar
molecules onto the C(100)-2 x 1 surface have been
investigated by means of hybrid density functional
B3LYP method in combination with cluster model ap-
proach. It was found that 1,3-DCs on the C(100)-2 x 1
surface are much favorable over their molecular ana-
logues both thermodynamically and kinetically. The
enhancement of the reactivity on the surface can be
attributed to the reduced overlap between the p, orbitals
of the surface C=C dimer. The facileness of this new type
of surface reactions should be important for the semi-
conductor industry because it might lead to a break-
through in the fabrication of diamond films at low
temperature.
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