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Theoretical studies are reported for conformational energies and bond energies of compounds X-H, X-O,
X-OH, X-NO, X-NO2 X-ONO, XO-NO, and XN(O)-O with X ) CH3, tert-butyl, and C13H21, which
are templates for a radical site of a hydrogen-terminated diamond C(111) surface. All structures are fully
optimized using density functional theory (DFT) based on the B3LYP functional. For X) CH3 calibration
calculations are done in detail using the coupled-cluster approach (CCSD(T)) and do support use of the B3LYP
functional for rotational barriers and bond energies. Bond energies X-O and X-OH for X ) tert-butyl are
close to those computed for X) C13H21, but bond energies X-NO, X-NO2, X-ONO, and XO-NO differ
by 5-11 kcal/mol and show that the effect of second nearest neighbors of the surface is significant in these
cases. Combining the trends observed for the small cluster models yields our best values for adsorption
energies on an active site of hydrogenated C(111): Bond energies decrease in the sequence C-H (98 kcal/
mol)> C-OH (95 kcal/mol)> C-O (94 kcal/mol)> trans C-ONO (53 kcal/mol)> C-NO2 (53 kcal/mol)
> cis C-ONO (45 kcal/mol)> C-NO (30 kcal/mol). Dissociation energies of cis CO-NO and trans CO-
NO are small (26 kcal/mol, 33 kcal/mol). All barriers computed for internal rotation along C-N and C-O
are less than 1 kcal/mol, which shows that the rotation of adsorbed species is essentially free.

1. Introduction

With the need for faster computers several ideas have been
proposed. One idea is to build electronic devices based on thin
sheets of diamond, which may be many times faster than their
silicon counterparts. Further, the unique properties of diamanoid
materials such as wide band gap, high thermal conductivity
radiation and chemical inertness, high C-C bond energies, and
negative electron affinity1 envisage diamond materials for
challenging applications in high-temperature electronics, for
harsh conditions or long time stability of electronic devices.
For example, robust, cold diamanoid cathodes2 could increase
the lifetime of satellites since the (conventional) high-power
traveling wave tubes tend to wear out with time.3

In silicon etching, reactive fluorine plasmas are primarily used
to etch away a silicon surface. For carbon materials other
techniques are required. Oxygen atoms or oxygen-containing
molecules are commonly used etchants for graphite,4 polymers,5

and diamond films,4,6-9,11removing layers of carbon atoms from
the surface while forming volatile compounds such as CO(g)
and CO2(g). Further, the presence of oxygen in the plasma is
of interest in the CVD synthesis of diamond since it has been
shown that a portion of oxygen added to the supply gases
strongly affects the growth process and quality and can reduce
surface defects.12-14 Accurate chemisorption energies and
adsorbate-surface potential parameters are required for simulat-
ing plasma surface interactions and obtaining structural relation-
ships for etching and processing diamanoid semiconductors.
It is known that the adsorption energy of O2 on diamond is

small and requires much energy to start the etching process,
which requires harsh conditions that may damage the device.
Therefore it has been argued to use NO2 instead of O2, which
is known to have a higher adsorption energy and has been

reported to yield a 10 times larger etching rate under mild
conditions (T) 298 K).6 It is clear that in principle all species
of an oxygen plasma reacting with a diamond surface (products
CO, CO2, H2O, ‚‚‚, free radicals H, O, OH,‚‚‚, metastable
species, ions), reactive or nonreactive, can participate in the
etching process, under the conditions of being chemisorbed on
the surface with a reasonable rate.16,17 Neglecting the ions, we
expect strong surface bonding for atomic H, O, and oxygen-
containing radicals such as OH and NO2.

We should note that there is also a need for data of the
interaction of radicals such as NO2 and also NO with silicon or
similarly diamond surfaces to build NANO devices for storage
of data.18 Recently Bauschlicher et al.19 have suggested using
strong covalent bonds for atomwise storage of data and have
focused on surface-H and surface-F bonds. Starting with a
hydrogen-passivated surface, the data could be written by
selectively replacing H by F atoms, whereby in the first step
individual H atoms could be removed via an STM tip.20

However, the big problem in the subsequent F deposition is
the formation of destructive radicals, which may destroy the
data integrity, as is expected if strong fluorination agents such
as F2 or XeF2 are used. Therefore, we have looked for milder
fluorination agents.21 For FNO221 and FNO22 we have shown
that these species will be dissociatively adsorbed on C(111) with
a sufficiently small barrier of less than about 10 kcal/mol.
Nevertheless, the presence of NO or NO2 interacting with the
surface will create appropriate conditions and speed data
collection primarily to circumvent unwanted surface reactions.
Thus, in addition to etching there is potential tribology interest
for accurate data on C-NO2, C-ONO, and C-NO.
Since experimental data are unavailable, ab initio calculations

must be used. We report conformational energies and bond
energies C-Y with Y ) H, O, OH, NO, ONO, and NO2 for
the hydrogenated diamond C(111) surface.
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2. Model

In practice, the amount of etching will depend on the number
of dangling bonds, the angle of the terminating H bonds, and
the roughness of the surface, i.e., the preparation23 and cleaning
of the surface and properties of the interacting plasma. It is
known that for a hydrogenated diamond C(111) surface the
position of carbon atoms at the surface is close to the position
for bulk terminated C(111).24 Further, though the C-H bond
energies are not known, it has been shown that high temperatures
(1000-1300 K) are required to desorb the hydrogens.24,25 For
bonding sites of a diamond surface, one ideally would use a
code that includes translational symmetry, but this is less ideal
for localizing stationary points of the potential hypersurface,
and determining C-Y bond energies and frequencies since it
is in general based on SCF or DFT methods and we want to be
able to use higher levels of theory that are computationally
affordable if we use cluster models. It is known that for metals
there are large edge effects, and large clusters are required for
studying chemisorption. On the contrary, if we are interested
in surface bonding of diamond, we expect, similar to covalent
bonding of substituted hydrocarbons,26 rapid convergence with
increasing size of the cluster model, thus making the cluster
approach very well-suited.
The simplest model for a radical site of C(111) with aσ

dangling orbital is CH3, and it is sufficiently small to allow
accurate calibration calculations. The biggest effect missing is
the effect of neighboring CnHmgroups. The possible magnitude
of this effect on C-Y bond energies can be estimated from
accurate data for hydrocarbons, when available. For example,
C-H bond energies decrease by 3-8 kcal/mol27,28 when
substituting the H atoms of the CH3model by small alkyl groups
and show that the radical is stabilized relative to the corre-
sponding C-Y compound for Y) H due to charge donation.
The next cluster istert-butyl, where the bonding site has three

neighboring CH3 groups. On the basis of alkane C-H bond
energies we expect similarly to atomic hydrogen that for atomic
oxygen the C-O bond energy fortert-butyl is close to the
adsorption energy on a C(111) radical site. However, for
molecules Y) OH, NO, and NO2 thetert-butyl model neglects
any steric effects between the surface and Y. This limitation
is removed for our largest cluster model C13H21 (Figure 1),
where neighboring surface atoms of hydrogenated diamond
C(111) are also included.

3. Methodology

The geometries are fully optimized and the frequencies
computed at the optimal geometry using DFT based on the
B3LYP29 functional. The B3LYP calculations are calibrated
using the coupled-cluster singles and doubles approach30 includ-
ing a correction for unlinked triple excitations,30CCSD(T). Most
calculations are performed using the basis sets developed by
Pople and co-workers.32 Some calculations are performed using

the correlation-consistent polarized valence (cc-pVnZ) sets
developed by Dunning and co-workers33 of double, triple, and
quadruple zeta quality denoted as cc-pVDZ, cc-pVTZ, and cc-
pVQZ. While the CCSD(T) method is known to yield a very
accurate description of the correlation problem, it is also known
to require very large basis sets to reach the one-particle basis
set limit. To overcome this limitation, we use a modified G234

approximation, namely, the G2(B3LYP/MP2/CC) approach.34

For simplicity, we denote this as G2′(MP2). In this approach
the geometry and zero-point energy (ZPE) are determined at
the B3LYP level of theory using the 6-31G* basis set; to
calculate the zero-point energy, the B3LYP harmonic frequences
are scaled by 0.98.34 At this geometry, the energies are
calculated at the MP2/6-311G**, MP2/6-311+G(3df,2p), and
CCSD(T)/6-311G** levels of theory. The final energy,E(G2′-
(MP2)), is obtained asE(CCSD(T)/6-311G**)+ E(MP2/6-
311+G(3df,2p))- E(MP2/6-311G**)+ ZPE+ HLC, where
HLC is the higher level correction, which is based on the number
of valenceR and â electrons and determined by minimizing
the computed error in the atomization energies of 55 molecules
where the experimental values are well-known. For simplicity,
we will denote the MP2 estimate for the basis set incomplete-
ness,E(MP2,extended basis)- E(MP2,6-311G**), as∆MP2.
The present study is based on the GAUSSIAN 94 package

of computer programs;36 in some cases when employing the
Dunning basis sets the calculations have been performed using
the MOLPRO code.37,38

4. Results and Discussion

4.1. CH3 + O, OH, NO, and NO2. The geometries are
optimized and harmonic frequencies are computed at the B3LYP
level of theory. B3LYP geometries were found in good
agreement with experimental data, when available, as has been
found in many other cases.39 Energies are calibrated using more
accurate levels of theory (Tables 1 and 2). The available
experimental data26,41,48-55 is also included in the tables. B3LYP
has better agreement with G2′(MP2) values than CCSD(T)
results for these compounds (Table 1). This is encouraging,
since the B3LYP calculations are significantly less costly. The
differences between the CCSD(T) and CCSD(T)+ ∆MP2
results are between 5 and 10 kcal/mol and indicate that the MP2
estimate for basis set incompleteness is important for the bond
energies considered. Major computational effort is necessary
to achieve an accuracy beyond the G2′(MP2) level of theory.
For the bond energy CH3-O we also have performed some
CCSD(T) calculations increasing the size of the one-particle
basis employing Dunning’s correlation consistent sets cc-pVnZ
up to quadruple-ú quality, cc-pVQZ (Table 2). Using basis set
extrapolation to cc-pV∞Z, as described in ref 40, yields our
bestDe value of 92.0 kcal/mol, in good agreement with the G2′-
(MP2) result (93.3 kcal/mol). We estimate a remaining
uncertainty less than 2 kcal/mol, where the primary source could
be typically40 due to the neglect of core correlation rather than
spin-orbit effects or taking B3LYP geometries or the error in
reaching basis set completeness within the CCSD(T) approach
for treating the electron correlation. The cc-pV∞Z value is 1.5
kcal/mol larger than the CCSD(T)+ ∆MP2 result and suggests
that the MP2 basis set incompleteness correction to the G2′-
(MP2) approach is somewhat too small. However, the G2′ result
is larger by 1.3 kcal/mol. Thus the semiempirical higher level
correction (HLC) to the G2′ approach lowers this deficiency in
some way.
The direct computation of bond energies to chemical accuracy

is costly even for a small molecule like CH3O. However, as

Figure 1. The C13H21 cluster, which is our most accurate model for
the hydrogenated diamond (111) surface. The radical site is denoted
by a star.
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an alternative, more accurate bond energies can often be
obtained with less computational expense computing the heat
of reaction for an isodesmic reaction, since errors tend to cancel
when the number of bonds is equal and the character of chemical
bonding on the left- and right-hand side of the equation is close.
This is what we have done for the example of cis CH3O-NO.
The isodesmic reaction to be considered is

which probes internal consistency of bond energy data available
for HO-NO compared with CH3O-NO. The heats of reaction
computed improving the single-particle basis set using the
CCSD(T) approach are also summarized in Table 2. The
method of convergence suggests that a value of 5.6 kcal/mol
for this reaction is close to the basis set limit and gives our
best estimateDe(CH3O-NO,cis) of 46.2 kcal/mol. This value
is only 1.3 kcal/mol smaller than the G2′(MP2) result obtained
directly and 1.4 kcal/mol larger than the CCSD(T)+ ∆MP2
result. Including the zero-point correction, we obtain 42.8 kcal/
mol for D°298(CH3O-NO,cis) and 41.8 kcal/mol for the trans
conformer, in good agreement with kinetic measurements of
41.8 kcal/mol,41 which must be interpreted at room temperature
as a mixture of cis and trans.
Thus while for CH3-O and CH3O-NO the best theoretical

values are between the CCSD(T)+ ∆MP2 and the G2′(MP2)

result, we find it reasonable to calibrate the B3LYP bond
energies using the CCSD(T) level of theory with the MP2 basis
set correction. If also the HLC to the G2′(MP2) approach is
employed, the remaining sources of errors of 1-2 kcal/mol are
not easy to interpret for these compounds.
Computed barriers for internal rotation about C-O and C-N

bonds are summarized in Table 3. The experimental
values43-47,59-62 are also included. Thereby all coordinates are
optimized at the B3LYP level. The saddle points were verified
to carry one imaginary frequency. The B3LYP rotational
barriers are in reasonable agreement with the CCSD(T) results.
In particular nitromethane has a very weak potential barrier at
all levels of theory and shows that internal rotation is nearly
free, as has also been found in microwave studies.42-45 At the
CCSD(T) level the MP2 correction for one-particle basis set
incompleteness is small, suggesting that the barrier height is
not strongly affected by further improvements of the basis set
for these compounds. However, this effect is largest for CH3-
OH with a∆MP2 of 0.4 kcal/mol.
For cis CH3ONO experimental work46-48 suggests that the

staggered rotational conformer is the ground state with a barrier
for internal rotation of 2 kcal/mol, in good agreement with the
CCSD(T) results. On the contrary, trans CH3ONO has a much
smaller barrier, less than 0.2 kcal/mol, which has made the
determination of the equilibrium conformation and structural
parameters from the microwave46 and infrared measurements47

difficult. The B3LYP structural data in comparison with
experimental derived data46,47 are summarized in Table 4 and
show that there are significant changes of bond length and angles
of both movements (1) when going from the cis to the trans
conformer and (2) upon internal rotation from the staggered to
eclipsed arrangement. The latter effect is important even for
nearly free internal rotors such as trans CH3ONO and CH3NO2

(Table 5). It is interesting to observe that for trans CH3ONO
our data yield the eclipsed structure as the ground state at all
levels of theory. This can be interpreted to be stabilized due
to the interaction of the lone pair of nitrogen with H-C (N-H

TABLE 1: Calibration Calculations for Bond Energies
CH3-O, -OH, - ONO, and -NO2. The B3LYP Values
Are Computed with the 6-31G* Basis Set, Whereas the
6-311G** Set and cc-pVTZ Are Used in the CCSD(T)
Calculations. ∆MP2 Is the MP2 Basis Set Incompleteness
Contribution to the G2 ′ (MP2) Approach

De (kcal/mol)

structure B3LYP
CCSD(T)
6-311G**

CCSD(T)
+∆MP2

G2′
(MP2)

CCSD(T)
VTZ

H3C-NO2 62.02 60.87 66.45 69.16
H3C-NO 42.62 38.75 42.25 44.96 41.14
H3C-O 95.10 82.95 90.55 93.26 87.71
H3C-ONO cis 61.16 60.69 64.12 66.83 62.82
H3C-ONO trans 59.58 59.27 63.08 65.79
H3C-OH 95.80 92.37 97.80 100.51 95.44
H3CN(O)-O 96.85 84.21 95.46 98.17
H3CO-NO cis 43.51 39.82 44.83 47.54 43.81
H3CO-NO trans 41.94 38.55 43.79 46.50
∆E(cis-trans) 1.58 1.42 1.04 1.04
∆E(XNO2-XONO) 0.86 0.19 2.33 2.33

D0 andD298 (kcal/mol)

B3LYP G2′(MP2)
expt

structure 0 K 298 Ka 0 K 298 Ka

H3C-NO2 54.93 56.57 62.07 63.71 60.1(298 K)b

H3C-ONO cis 54.89 56.53 60.55 62.19 58.2(298 K)b,c

H3C-ONO trans 53.53 54.98 59.74 61.19 (57.2(298 K))
H3C-NO 37.01 38.67 39.35 41.01 40.0( 0.8(298 K)d

H3C-O 90.82 91.92 88.99 90.09 88.7(0 K), 90.8(298 K)e

H3C-OH 87.59 89.55 92.31 94.27 90.2(0 K), 92.2(298 K)e

H3CN(O)-O 92.74 93.49 94.06 94.72 93.5(298 K)b

H3CO-NO cis 38.87 40.08 42.91 44.12 41.8(298 K)f

H3CO-NO trans 37.53 38.62 42.09 43.18
∆E(cis-trans) 1.35 1.54 0.82 1.01 0.62g, 0.90h, 0.75i, 1.00j

a Temperature corrections in the present work are restricted to the
rigid rotor harmonic oscillator model.b Kinetic measurement ref 49.
c From the difference in heats of formation of CH3NO2 (-17.76 kcal/
mol) and CH3ONO (-15.85 kcal/mol), ref 50.dReference 26.eFrom
∆H (kcal/mol) values for (0 K, 298 K): CH3OH (-45.42,-48.04)
from ref 51, CH3O (5.9( 1.0, 4.0( 1.0) from ref 52, and CH3 (35.6,
34.8( 0.3), OH (9.3, 9.39), H (51.63, 52.64), O (59.0, 60.04) from
ref 53. f Reference 41.g Effusive beam ref 54.hMicrowave ref 55.
i Infrared spectrum ref 47.j Gas-phase NMR ref 56.

HONO(cis)+ CH3Of CH3ONO(cis)+ OH (1)

TABLE 2: Summary of Calibration Calculations of Bond
EnergiesDe (kcal/mol) for CH 3-O and CH3O-NO. Values
for the Latter Obtained via Computing Heat of Isodesmic
Reaction∆rH, Eq 1, Are also Summarized

De

CH3-O CH3O-NO

B3LYP/6-31G* 95.10 43.51
CCSD(T)/6-311G** 82.95 39.82
CCSD(T)/6-311G**+∆MP2 90.55 44.83
G2′(MP2) 93.26 47.54
CCSD(T)/cc-pVDZ 81.06 39.54
CCSD(T)/cc-pVTZ 87.77 43.81
CCSD(T)/cc-pVQZ 90.46
CCSD(T)/cc-pV∞Za 92.02

De(CH3O-NO)b

∆H CH3O-NO

CCSD(T)/6-311G** 5.84 45.89
CCSD(T)/6-311G**+∆MP2 5.56 46.17
G2′(MP2) 5.56 46.17
CCSD(T)/cc-pVTZ 5.90 45.83

a Extrapolated value using the form A+B/(l+1/2)4 as described in
ref 40. bUsing heat of reaction∆rH: HONO+ CH3O f CH3ONO+
OH. For the best estimate ofDe(CH3O-NO) from the calculated heat
of reaction, eq 1, we useDe (HO-NO,cis)) 51.73 kcal/mol. (D0(HO-
NO,cis)) 47.61 kcal/mol from JANNAF tables.53 ZPEs are obtained
from ref 57 for OH, NO including anharmonic corrections and for cis
HONO from refs 58, 59, who report fundamentals.
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distance 2.32 Å), which is impossible for the eclipsed structure
of the cis conformer.
The B3LYP bond energies and stationary points of the

potential hypersurfaces considered for CH3 + O, OH, NO, and
NO2 are sufficiently accurate (a few kcal/mol forD298 and 1
kcal/mol for Erot) and can be used to establish the trends for
the larger cluster models for a diamond surface.
4.2. tert-Butyl and C13H21 + O, OH, NO, and NO2. All

structures have been fully optimized using B3LYP. Changes
in geometry of the adsorbed species with the size of the cluster
model are given in Table 6. C13H21 (Figure 1) is our best cluster
model for a diamond (111) surface. C-C distances in C13H21

are in general longer than found fortert-butyl (larger distances
from the central C atom to the C1C2C3 plane) and show that
tert-butyl structures are more planar without second-shell carbon
atoms constraining the geometry. All angles C-X-Y for
adsorbed molecules are larger in C13H21 than for tert-butyl by
1.2° (C-OH), 2.0° (C-NO), 3.9° (C-ONO,trans), 1.0° (C-
NO2), and 8.8° for C-ONO(cis). These changes indicate the
importance of interactions between the surface atoms and
adsorbed species, which is a limitation of thetert-butyl model
but included in the C13H21 cluster model. As expected C-ONO-
(cis) shows the largest effect. Both angles C-O-N and
O-N-O increase; that is, the terminal O atom is pushed away
from the surface.
Bond energy data are summarized in Table 7. Bond energies

C-O and C-H for C13H21 and tert-butyl are similar, but
neighboring CmHn bonds destabilize bonds of adsorbed mol-
ecules in the sequence C-OH (0.3 kcal/mol)< C-ONO,trans
(4.6 kcal/mol),< C-NO (5.2 kcal/mol)< C-NO2 (6.9 kcal/
mol) < C-ONO,cis (9.4 kcal/mol). This is consistent with
increasing repulsive interaction of the terminal atoms with
second shell neighbors of the surface, hence depend mainly on
sterical requirements. Thus in agreement with earlier theoretical
work for C-H48 and also C-F,21 accurate parameters for
molecular dynamics simulations such as geometrical, thermo-
chemical data, and activation energies for abstraction of C atoms
can advantagously be deduced using thetert-butyl model. On
the other hand for an accurate description of the surface
interaction of the molecules studied here, it is necessary to go
beyond data derived from thetert-butyl-molecule potential
hypersurface or from gas-phase experimental data.
Comparing the B3LYP value of 92.7 kcal/mol for thetert-

butyl-H bond energy with the accurately known recommended
value of 96.5 kcal/mol27 indicates an error of 3.8 kcal/mol in
absolute energies oftert-butyl-H (isobutane) relative to thetert-
butyl radical. This slight error is expected to be also present
for the results of the various directly calculated B3LYP bond
energiestert-butyl-Y (Table 7), since it is clearly a defect of
the relative description of thetert-butyl skeleton, irrelevant for
C-Y bonds, and suggests the simple correction of adding 3.8
kcal/mol for tert-butyl-Y and similarly for C13H21-Y bond
energies. In fact this shows that C-O and C-OH bond energies
are significantly larger fortert-butyl (1.7, 3.2 kcal/mol) and
C13H21 (3.7, 2.9 kcal/mol) than for CH3, which indicates that
the neighboring CnHm groups stabilize C-O and C-OH bonds
more than the radical. Further, the bond energies C-NO,
C-ONO, and C-NO2 for tert-butyl are now closer to those
for CH3: about 1.2 kcal/mol lower for C-NO, 0.8 kcal/mol
larger for C-ONO(trans), 2.7 kcal/mol lower for C-ONO(cis),

TABLE 3: Calibration Calculations for Rotational Barriers ∆Erot. The B3LYP Values Are Computed with the 6-31G* Basis
Set. In the CCSD(T) Calculations, the 6-311G** and VTZ Sets Are Used.∆MP2 Denotes the Basis Set Extension Contribution
to the G2′(MP2) Approach. The Ground-State Rotational Conformer Staggered (s) or Eclipsed (e) Is Denoted in Parentheses

∆Erot (kcal/mol)

structure B3LYP CCSD(T)/a6-311G** CCSD(T)+∆MP2 CCSD(T)/aVTZ expt

CH3-NO2 (e) 0.003 -0.011 0.016 0.006b

CH3-ONO cis (s) 1.42 2.16 2.03 1.99 2.26c, 2.09d, 1.91e

CH3-ONO trans (e) 0.69 0.26 0.15 0.029d, 0.061d, 0.188e

CH3-NO (e) 1.50 0.96 1.12 1.16 1.159g, 1.4( 0.3h

CH3-OH (s) 1.43 1.44 0.98 1.10 1.07f

aComputed at the B3LYP/6-31G* optimized geometry. Rotational transition states carry one imaginary frequency.bRefs 43, 44, 45.cRef 47.
dRef 46.eRef 60. f Ref 61.gRef 62.hRef 63.

TABLE 4: Summary of B3LYP Structural Data (Bond
Lengths in Å, Angles in deg) for Conformers of Methyl
Nitrite in Comparison with Measurements (Experimental
Uncertainties in Parentheses)

CH3ONO

B3LYP expt

parameter stag ecl Aa Bb Cb

cis CH3-ONO
N-O1 1.191 1.186 1.182(5) 1.179(6) 1.181(5)
O2-N 1.397 1.414 1.398(5) 1.420(8) 1.418(8)
C-O2 1.439 1.438 1.437(5) 1.437(6) 1.436(6)
C-H1 1.090 1.092 (1.09)c 1.090(3) 1.089
C-H2,3 1.094 1.093 1.102(10) 1.090(3) 1.094
O2NO 114.4 115.8 114.8(5) 114.5(6) 114.3(5)
CO2N 115.5 118.1 114.7(5) 114.2(4) 114.5(4)
O2CH1 104.5 110.8 101.8(15) 102.4(4) 102.6(6)
O2CH2,3 110.8 107.6 109.9(5) 112.7(6) 110.4(3)

trans CH3-ONO
N-O1 1.182 1.179 1.164(5) 1.168(15) 1.170(15)
O2-N 1.422 1.425 1.415(5) 1.452(8) 1.451(8)
C-O2 1.435 1.432 1.436(5) 1.435d 1.435d

C-H1 1.094 1.095 1.09c 1.092(19) 1.099(18)
C-H2,3 1.094 1.094 1.09c 1.092(19) 1.099(18)
O2NO 110.5 110.8 111.8(5) 110.3(13) 110.2(13)
CO2N 109.7 110.3 109.9(5) 107.8(5) 107.8(5)
O2CH1 105.4 109.8 109.5c 101.3(22) 102.6(18)
O2CH2,3 111.0 108.7 109.5c 111.8(10) 111.0(10)

aRef 46.bRef 47.c Assumed.d Fixed.

TABLE 5: Geometry of Nitromethane in Comparison with
Experiment (Bond Lengths in Å, Angles in deg)

CH3-NO2

B3lYP

parameter stag ecl expta

C-N 1.499 1.499 1.489
N-O1 1.227 1.226 1.224
N-O2 1.227 1.227 1.224
C-H1 1.092 1.087 (1.089)
C-H2,3 1.089 1.091 (1.089)
CNO1 117.0 117.7 117.35
CNO2 117.0 116.4 117.35
O1NO2 125.9 125.9 125.3
NCH1 106.8 108.5 107.5
NCH2,3 108.1 107.2 107.5
CO1NO2 177.9 180.0

a Experimental data measured as an average over torsional angle of
the methyl group from refs 43, 45.
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and 0.1 kcal/mol larger for C-NO2. It is interesting to observe
that fortert-butyl-ONO our theoretical result predicts the trans
conformer to be about 2 kcal/mol lower in energy than cistert-
butyl-ONO, contrary to methylnitrite, where the cis conformer
is the ground state.
Major computational effort is necessary for achieving more

accurate bond energies beyond the B3LYP approach, employing
higher levels of theory like the coupled-cluster method (CCSD-
(T) used in the calibration calculations for CH3. However, as
an alternative to direct calculation of bond energies, we always
may compute the heat of an isodesmic reaction∆rH, where the

number and character of the bonds on the left- and right-hand
side of the equation are close. This is what we do for thetert-
butyl and C13H21 cluster models. For the example of thetert-
butyl-Y bond energies the reaction we suggest is

Our smallest cluster model CH3 has common features in
bonding with tert-butyl. The heats of (isodesmic) reaction
computed for the various bond energies oftert-butyl and C13H21

are summarized in Table 8. The bond energies obtained using
these values are the corrected ones, also summarized in Table
7. The most accurately known experimental datum fortert-
butyl bond energies is the value of 39.8( 0.1 kcal/mol from
predissociation dynamical studies fortert-butyl-NO,64 in excel-
lent agreement with the value 39.5( 1.5 kcal/mol from ref 26
and the value of 40.9 kcal/mol for the dissociation oft-C4H9O-
NO from kinetic measurements41,65 (assuming no activation
barrier). Fortert-butyl the corrected B3LYP bond energies are
in good agreement with these values, which shows good internal
consistency of the level of theory describing the bonds.
Our largest cluster model gives the best estimate for adsorp-

tion energies on diamond C(111). Bond energies decrease in

TABLE 6: Summary of B3LYP Structural Data for
Adsorption of O, OH, NO, and NO2 on Diamond, for the X
) CH3, tert-Butyl, and C13H21 Cluster Models (Bond Length
in Å, Angles in deg). K Denotes the Distance from the
Central Carbon Atom C to the C1C2C3 Plane (Figure 1)

compound parameter CH3 (CH3)3C C13H21

X κ 0.158 0.231
X-H C-H 1.083 1.101 1.106

κ 0.469 0.458
X-O C-O 1.368 1.381 1.362

κ 0.485 0.520
X-OH C-O 1.419 1.439 1.443
stag O-H 0.969 0.971 0.969

C-O-H 107.6 107.3 108.1
κ 0.474 0.494

X-OH C-O 1.423 1.444 1.448
ecla O-H 0.966 0.968 0.967

C-O-H 108.3 108.3 108.9
X-ONO C-O 1.439 1.489 1.512
cis O-N 1.397 1.385 1.383
stag NdO 1.191 1.194 1.191

O-NdO 114.4 116.4 118.1
C-O-N 115.5 122.6 131.4
κ 0.460 0.498

X-ONO C-O 1.438 1.496 1.513
cis O-N 1.414 1.394 1.387
ecla NdO 1.186 1.189 1.190

O-NdO 115.8 117.8 118.6
C-O-N 118.1 128.4 134.3
κ 0.474 0.496

X-ONO C-O 1.435 1.473 1.475
trans O-N 1.422 1.408 1.411
staga NdO 1.182 1.187 1.186

O-NdO 110.5 110.5 109.8
C-O-N 109.7 112.3 118.1
κ 0.454 0.492

X-ONO C-O 1.432 1.471 1.477
trans O-N 1.425 1.410 1.407
ecl NdO 1.179 1.186 1.186

O-NdO 110.8 110.3 109.9
C-O-N 110.3 115.2 119.1
κ 0.465 0.494

X-NO C-N 1.487 1.520 1.507
ecl NdO 1.211 1.210 1.213

C-NdO 113.2 114.8 116.8
X-NO C-N 1.503 1.538 1.520
staga NdO 1.210 1.210 1.214

C-NdO 112.1 113.2 115.8
X-NO2 C-N 1.499 1.550 1.553
stag N-O 1.227 1.227 1.230

O-N-O 125.9 124.7 122.7
C-N-O 117.0 117.6 118.6
κ 0.450 0.505

X-NO2 C-N 1.499 1.550 1.555
ecl N-O1 1.226 1.226 1.229

N-O2 1.227 1.229 1.230
O-N-O 125.9 124.7 122.6
C-N-O1 117.7 118.6 119.7
C-N-O2 116.4 116.7 117.7
k 0.449 0.507

aRotational transition state.

TABLE 7: Summary of B3LYP Bond Energies (kcal/mol).
Corrected Values D298 (Corr) Are Obtained Using B3LYP
Values for Isodesmic Reactions (Table 8)

De D0 D298 D298(Corr)a D298(Expt)

H3C-H 113.15 103.68 104.53 104.8b

(H3C)3C-H 100.53 91.29 92.72 96.5b,c

C13H21-H 101.82 97.79
H3C-NO2 62.02 54.93 56.57 60.1d

(H3C)3C-NO2 57.10 51.47 52.91 59.95 58.51e

C13H21-NO2 50.17 53.02
H3C-NO 42.62 37.01 38.67 40.0( 0.8e

(H3C)3C-NO 36.61 32.42 33.74 38.58 39.8( 0.1l,
39.51( 1.5e

C13H21-NO 31.38 33.35
H3C-O 95.10 90.82 91.92 90.8f

(H3C)3C-O 92.39 88.86 89.81 92.19 93.99g

C13H21-O 94.43 94.23
H3C-ONO trans 59.58 53.53 54.98 (57.2)h

(H3C)3C-ONO trans 55.08 50.84 51.99 57.72
C13H21-ONO trans 50.51 53.15
H3C-ONO cis 61.16 54.89 56.53 58.2h

(H3C)3C-ONO cis 53.18 48.78 50.02 55.21
C13H21-ONO cis 43.75 45.78
H3C-OH 95.80 87.59 89.55 92.2i

(H3C)3C-OH 93.61 87.02 88.91 95.07 96.35j

C13H21-OH 93.34 94.80
H3CN(O)-O 96.85 92.74 93.40 93.5k

(H3C)3CN(O)-O 97.94 93.87 94.67 94.77
C13H21N(O)-O 96.24 93.07
H3CO-NO trans 41.94 37.53 38.55 (40.8)h,k

(H3C)3CO-NO trans 40.15 36.80 37.68 39.93 40.9( 0.8k

C13H21O-NO trans 33.55 33.03
H3CO-NO cis 43.51 38.87 40.08 41.8k

(H3C)3CO-NO cis 38.24 34.73 35.70 37.12
C13H21O-NO cis 26.79 25.67

a For obtaining the corrected values for the B3LYPtert-butyl bond
energies using reactions 1-3 we take the recommended value for
t-C4H9-H (refs 27, 28) and chose to take the experimental bond energy
data for the CH3 cluster model since this is close to the CCSD(T)+MP2
and G2′(MP2) results (Tables 1, 2). Our best estimate of C13H21 bond
energies, eqs 4-6, use the corrected values for thetert-butyl cluster of
this table.bRef 28.cRef 27.dRef 49.eRef 26. f From ∆fH°298 for
CH3O (4.0( 1.0), ref 52, and CH3 (34.8( 0.3), O (60.04).g From
∆fH°298 (kcal/mol) for t-C4H9 (12.26), ref 27, andt-C4H9O (-21.70),
ref 26. h From difference in∆fH°298 (kcal/mol) for CH3NO2 (-17.76),
CH3ONO (-15.85) from ref 50. (The cis isomer is more stable than
trans by 0.7-1.0 kcal/mol, refs 54, 55, 47, 56.)i From∆fH°298 (kcal/
mol) for CH3OH (-48.04), OH (9.39), refs 51, 53.j From∆fH°298 (kcal/
mol) for t-C4H9OH (-48.04), ref 66.kRefs 41, 65.l Ref 64.

CH3-Y + t-C4H9-H f CH4 + t-C4H9-Y (2)
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the sequence C-H (98 kcal/mol)> C-OH (95 kcal/mol)>
C-O (94 kcal/mol)> C-ONO,trans (53 kcal/mol)> NO2 (53
kcal/mol)> C-ONO,cis (45 kcal/mol)> C-NO (30 kcal/mol).
The energy of dissociation

is 33.0 kcal/mol for the trans and 25.7 kcal/mol for the cis
conformer, i.e., much smaller than fortert-butyl or CH3.
Barriers for internal rotations arround the C-N and C-O

bonds are summarized in Table 9. The values for C13H21 are
smaller than fortert-butyl. This is consistent with the trend
that the C-NO2, C-ONO, C-NO, and C-OH bond energies
are smaller. In fact all the computed barrier heights for C13H21

are less than 1 kcal/mol and only about 0.3 kcal/mol for C-NO2.
This means that internal rotation is almost free. For C-NO all
3-fold rotors CX3-NO studied so far have eclipsed ground-
state geometries, which is also the case for C13H21-NO. In
good agreement with experimental work,64 the rotational B3LYP
barriers for CH3-NO andtert-butyl-NO are very close. It is
interesting to observe that our data suggest a large barrier of
5.0 kcal/mol for cistert-butyl-ONO. For all clusters employed
for C-ONO(cis) we found the staggered rotational conformer
as the ground state. Fortert-butyl the distance of the terminal
O atom with the two closest symmetrical identical H atoms is
2.42 and 2.52 Å for CH3. This may indicate that the interaction
of terminal O with H-C stabilizes the staggered compound
relatively more fortert-butyl but primarily depends on sterical
requirements, largest for eclipsedtert-butyl-ONO(cis), which
has O-N-O and C-O-N angles 2° and 10° larger than for

CH3ONO(cis,eclipsed) and 1° and 4° larger than for staggered
tert-butyl-ONO(cis) (Table 6).

5. Summary and Conclusion

It is anticipated that these data for hydrocarbons Y-CH3,
Y-C(CH3)3, and Y-C13 H21 will be used to calibrate the
parameters of the potential energy functions ofσ bonds C-Y
required to model the interaction of the oxygen-containing
species Y with a diamond surface for simulation of plasma-
surface interaction and etching.
The calibration studies show that bond dissociation energies

for C-O, C-OH, C-NO2, C-ONO, C-NO, CO-NO, and
CN(O)-O and rotational barriers can accurately be derived using
the B3LYP approach. For Y-C13H21 these have been deter-
mined at the B3LYP level to model the surface bonding of small
oxygen-containing radicals on an active site of a hydrogenated
diamond C(111) surface. The C-O bond energy for C13H21 is
2 kcal/mol larger than fortert-butyl. On the contrary, the values
for C-NO2, C-ONO, C-NO, and CO-NO are lower by about
6-10 kcal/mol compared withtert-butyl. This shows that the
effect of the second nearest neighbor is large in these cases and
the significance of steric effects between the surface and Y.
For an accurate description of the interaction of molecules with
the diamond surface it is necessary to go beyond small
hydrocarbon models. Rotational barriers for chemisorbed OH,
NO2, ONO, and NO are computed to be less than about 1 kcal/
mol and show that rotation is essentially free. Combining the
trends observed for the small cluster models yields our best
absolute values for adsorption energies on a radical site of
hydrogen-terminated diamond (111): Bond energies decrease
in the sequence C-H (98 kcal/mol)> C-OH (95 kcal/mol)>
C-O (94 kcal/mol)> C-ONO,trans (53 kcal/mol)> C-NO2

(53 kcal/mol)> C-ONO,cis (45 kcal/mol)> C-NO (30 kcal/
mol). Dissociation energies of cis CO-NO and trans CO-
NO are small (26 kcal/mol, 33 kcal/mol). The value for
CN(O)-O is 93 kcal/mol, hence 20 kcal/mol larger than for
N(O)-O.
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