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Abstract

We present a systematic analysis of the accuracy and efficiency of several computational quantum chemistry models for
studying reactions involving aromatic systems. In particular, we have examined different multi-layer ONIOM models in
which the whole system is divided into subsystems that can be treated at different levels of theory. The carbonaceous surface
is modeled by a graphene layer that has unsaturated carbon atoms to represent active sites and has different shapes to
simulate the local environment of the active sites of a carbonized material. We emphasized the model performance in
predicting geometrical parameters, interaction energies and infrared spectra of carbon–oxygen complexes. We found that any
attempt to partition the graphene layer into subsystems for employing different levels of theory yields considerable errors.
However, it is possible to obtain reasonable accuracy by using the same level of theory for the whole system at different
basis sets. This computational strategy can predict accurate geometrical parameters, interaction energies and infrared spectra
of common oxygen complexes at lower computational cost.
 2002 Elsevier Science Ltd. All rights reserved.
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1 . Introduction niques. However, the drastic experimental conditions at
which the aromatic network is decomposed make it

Carbon is an important industrial element that exists in difficult to study the detailed mechanism of reactions at the
2different sp -network assemblies, such as graphite, ful- molecular level. Therefore, to obtain such information,

lerenes, single-shell nanotubes and char structures. Unlike state-of-the-art quantum chemistry methods are viable
the others, which have regular structures, char surfaces alternatives and have been recently applied to study the
obtained from coal have random orientations and transla- mechanism of reactions that take place in gasification and

2tions of sp -bound subunits. Properties of these materials combustion [1–4].
are highly dependent on the network organization of the Chemical reactions on these carbonaceous surfaces take
carbon atoms. Thus, success in most industrial applications place mainly on the edge of the graphene layer, especially
depends crucially on the atomic level understanding of the on single-shell nanotubes [5–8] and char surfaces [9,10]
chemical reactions occurring on the carbonaceous surface. where some carbon atoms at the edge of the aromatic unit
There has been a long history in research on the car- remain unsaturated. Experimental techniques such as X-ray
bonaceous materials, especially on the combustion and diffraction, electrical resistivity, and electron microscopy
gasification of char using different experimental tech- have been used to elucidate physical structures of these

2materials [11–14]. In general, the sp -carbon network is
conceived as a macrostructure that contains five- and*Corresponding author. Tel.:11-801-581-7272; fax:11-801-
six-member rings in armchair and zigzag shapes. On char581-4353.
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[15] are bonded together in random orientation to form a actions on the carbonaceous solid surface. A previous
three-dimensional network. The unsaturated carbon atoms study has found that the ONIOM approach, particularly the
on the edge of the aromatic unit are the active sites in the integrated molecular orbital1molecular orbital (IMOMO)
chemisorption of gasifying agents [9]. Also, the open part method, can accurately predict chemical properties of
of a single-shell nanotube structure contains unsaturated reactions involving aliphatic hydrocarbons [20], although
carbon atoms and dangling bonds that are the active sites larger errors were observed for breaking the C=C bond
for growing the carbon network [5]. completely due to delocalization/conjugation of the molec-

To model chemical reactions in gasification, combustion ular system studied [21]. For this study, due to resonance
and single-shell nanotubes where chemical bonds are structures in aromatic systems, it is difficult to select an
broken or formed, one requires accurate quantum chemis- appropriate model system. Several different partition
try methods. The computational demand, however, has schemes for doing so are examined.
limited the physical models of char to a single-layer
graphene consisting of four to nine six-member rings
where some carbon atoms are unsaturated to simulate the2 . Computational details
active sites. Previous theoretical studies have employed
both Hartree–Fock (HF) and density functional theory 2 .1. Physical models
(DFT) methods to study these models [1,16,17].

Due to the large number of possible reactions occurring Two carbon models as shown in Fig. 1 were selected.
at the carbon surface, it is still computationally quite They represent finite carbon models in armchair and zigzag
demanding to accurately model reactions on different shape as can be found in a carbonized surface. The
aromatic units with three to seven member rings. Thus, boundary conditions are capped with hydrogen atoms and
determining a more cost-effective computational strategy is several unsaturated carbon atoms are used to represent the
particularly important for future studies of the mechanism active sites. Because we want to compare different theoret-
of coal gasification or formation of single-wall nanotubes. ical levels, these models are sufficient for the purpose of
Since only the active sites are directly involved in re- this study.
actions with gaseous species, can we treat the remaining Since not all CC bonds or CCC angles are the same due
region of the carbon surface using a lower level of theory to the finite graphene layer, Fig. 1 shows the unique bonds
without losing much accuracy in the calculated chemical and angles by their topology. The unique bonds are defined
properties? This is the main question to be addressed in by the nature of the carbon atom type. For instance,
this study. The ONIOM approach developed by Morokuma unsaturated carbon atoms, namely ‘a’, are the carbon
and co-workers is well suited for investigating this prob- atoms without hydrogen atom termination and are located
lem [18,19]. In this approach, the real system is divided at two-edge vertices. The inactive exposed carbons, name-
into several subsystems that can be treated at different ly ‘ie’, are the carbon atoms located at three-edge vertices.
levels of theory. The small region that is most sensitive The inactive buried carbons, namely ‘ib’, are the carbon
and critical to the calculated properties can be treated at a atoms also located at three-edge vertices but they are
very accurate level of theory. The spectator regions, differentiated from the ‘ie’ carbons in that they are not
according to their relative importance, can be modeled at exposed to the plane of adsorption of the gas molecule.
different lower levels of theory. The goal of this study is to The word ‘active’ or ‘inactive’ refers to the unsaturated or
examine the accuracy of this approach and to establish a saturated carbon atom. Active carbons are the active sites
cost-effective computational strategy for modeling re- of the caronaceous surface. The unique bond lengths and

Fig. 1. Selected models of a carbonaceous structure. Letters denote the nature of the selected carbon atoms. (a) Active site; (ie) inactive
exposed site; (ib) inactive buried site.
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angles represented in Fig. 1 were selected in order to MIDI! is the minimal basis set with a set of d polarization
discuss the performance of different theoretical methods. functions [24]. The ab-initio Hartree–Fock level was used

because it has been previously used for estimating geomet-
2 .2. Theoretical method ries of graphene models [16]. Semiempirical calculation at

the AM1 level was also included due to its simplicity and
In this study, electronic ground states were used for all low computational cost to model larger carbonaceous

molecular systems. These ground states were determined model structures [25].
from single-point energy calculations at the B3LYP/6- In addition to the traditional electronic structure methods
31G(d) level of theory for several low-lying electronic mentioned above, we also examined several schemes using
states and the lowest energy state was selected for each the multi-layer ONIOM approach. The molecular struc-
molecular system. We used the B3LYP/6-31G(d) as the tures were divided into real and model systems as shown
reference level since it can provide accurate potential in Fig. 2. In all cases, the real system corresponds to the
energy surface information as shown in our previous study full molecular structure; it was studied with a low level of
[22]. In particular, the B3LYP [23] functional usually theory. A small part of the real system was studied with a
produces fairly accurate bond energies and accurate higher level of theory and it represents the model system.
geometrical parameters. The 6-31G(d) basis set was the In Fig. 2a the model system corresponds to the first row of
largest basis set considered here. It includes a set of ‘d’ carbon atoms, which was studied with the highest level of
functions on the carbon atoms to allow polarization on the theory to describe the electron reorganization of the active
carbon orbitals during adsorption/desorption of gaseous sites during the interaction with a gas. Notice that all active
species. From this reference point, we examine the accura- sites of the real system belong to the small system and they
cy of several less computationally demanding (also less are treated at a high level of theory. In Fig. 2b the model
accurate) methods, namely the Hartree–Fock (HF) and the system was selected in a different way. In this case, it
semiempirical AM1 methods with several smaller basis corresponds to the central six-member ring of the real
sets, namely the STO-3G, 3-21G and MIDI! basis sets. system. Notice that not all active sites of the real system

Fig. 2. Schematic representation of the different systems in the multiple-layer ONIOM model for the armchair and zigzag carbonaceous
models.



1866 A. Montoya et al. / Carbon 40 (2002) 1863–1872

Table 1
Selected optimized geometrical parameters of the unique bonds and angles for the C H armchair model at different level of theory. Bond16 6

lengths in pm and bond angles in degrees

Parameter B3LYP HF AM1

6-31G(d) MIDI! 3-21G STO-3G 3-21G 6-31G(d)

a–a 123.33 0.06 0.04 0.77 8.76 23.00 8.16
a–ie 141.79 20.02 0.16 2.57 0.00 1.50 22.30
ie–ib 146.54 0.37 0.78 1.75 21.57 22.16 20.79
ib–ib 143.80 20.24 0.05 2.62 20.56 2.82 20.72
,a–a–ie 128.18 0.00 0.09 0.28 24.28 0.27 22.86
,a–ie–ib 109.88 0.03 20.04 20.51 5.27 20.23 3.61
,ie–ib–ib 121.94 20.06 20.09 0.16 21.21 20.11 20.87

are studied at a high level of theory. Instead, the six- open-shell cases. All calculations were performed using
member ring that interacts with a gas is studied at a high the GAUSSIAN 98 program [26].
level of theory. Partitioning the carbonaceous model into
real and model systems yields the two-layer ONIOM
method. However, since hydrogens in the real system are 3 . Results and discussion
the boundary-capped atoms of the molecular models, they
can be studied at a lower level of theory in a three-layer 3 .1. Geometrical parameters
ONIOM method. The nomenclature of the two-layer
ONIOM method will be given in the following order: 3 .1.1. Carbonaceous models
‘Model system: Real system’. Similarly, ‘Model system: The geometrical parameters of the unique bonds and
Real system: capped atoms’ is for the three-layer ONIOM angles predicted by the different methods are shown in
method. Tables 1 and 2. Unfortunately, there are no experimental

The first ONIOM model selected was named OL2- data for the geometry of carbonaceous surfaces that can
BH(L) (O, ONIOM; L2, two-layer ONIOM method; B, differentiate between the a–a and a–i bonds. Thus, we rely
B3LYP; H, Hartree–Fock; (L), Linear chain in the active on the geometry obtained at the highest theoretical level as
region). It corresponds to the B3LYP/6-31G(d):HF/3-21G the reference point. Table 1 presents the data for the C H16 6

level of theory. The second ONIOM model was named armchair model and Table 2 presents the data for the
OL3-B(L). It corresponds to B3LYP/6-31G(d):B3LYP/3- C H zigzag model. In all cases, optimizations of both19 8

21G:B3LYP/STO-3G. This level uses the B3LYP func- models yield planar geometries. Bond lengths and angles
tional for the whole system but uses three different basis obtained from the B3LYP/6-31G(d) level are shown in
sets for different regions. The third ONIOM model was column 2. The other columns show the differences with
named OL2-BA(L). It corresponds to the B3LYP/6- respect to the geometrical parameters at the B3LYP/6-
31G(d):AM1 level of theory and the model system is 31G(d) level. For instance, the a–a bond length in Table 1
shown in Fig. 2a. The final ONIOM model, OL2-BA(R), at the B3LYP/MIDI! level is 0.06 pm longer than that at
corresponds to the B3LYP/6-31G(d):AM1 level of theory the B3LYP/6-31G(d) level.
where the model system is the central six-member ring as By arranging them according to the bond type, we can
shown in Fig. 2b. In all cases, including the ONIOM see some trends; for instance, the active–active bonds are
methods, unrestricted wave functions were used in all shorter than the active–inactive bonds which in turn are

Table 2
Selected optimized geometrical parameters of the unique bonds and angles for the C H zigzag model at different level of theory. Bond19 8

lengths in pm and bond angle in degrees

Parameter B3LYP HF AM1

6-31G(d) MIDI! 3-21G STO-3G 3-21G 6-31G(d)

a–ie 139.37 20.11 0.09 2.93 0.58 0.58 21.50
ie–ib 145.38 0.01 0.48 1.62 20.71 20.71 0.14
ib–ib 142.70 20.19 0.08 2.10 20.42 0.02 20.08
,a–ie–ib 116.82 0.04 0.18 0.58 0.37 0.55 21.40
,ie–ib–ib 119.71 21.06 0.04 0.09 0.09 0.09 20.14
,ib–ib–ib 120.75 0.06 0.01 20.15 20.16 25.59 0.30
,ie–a–ie 126.18 20.10 20.26 1.68 21.12 20.32 2.76
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Table 3
Optimized geometrical parameters of the unique bonds and angles at different ONIOM levels for the armchair model. Bond lengths in pm
and bond angles in degrees

Parameter B3LYP/6- OL3-B(L) OL2-BH(L) OL2-BA(L) OL2-BA(R)
31G(d)

a–a 123.33 0.02 0.01 1.24 13.66
a–ie 141.77 20.03 20.21 0.97 20.01
ie–ib 146.55 20.02 0.22 21.03 20.44
ib–ib 143.80 0.06 1.42 0.15 0.06
.a–a–ie 128.18 0.01 0.02 22.30 25.50
.a–ie–ib 109.88 20.02 0.36 0.82 7.48
.ie–ib–ib 121.94 0.00 20.39 0.16 21.85

shorter than the inactive–inactive bonds. This indicates consistent with the B3LYP results. The OL3-B(L), OL2-
that there are significant interactions between the unpaired BH(L) and OL2-BA(L) levels predicted almost the same
electrons in the two in-plane sigma orbitals of the neigh- bond lengths and bond angles as those obtained from the
boring active sites. The angle is also opened up in the B3LYP/6-31G(d) calculations. The percentages of devia-
armchair model to facilitate this type of bonding. The tion are not more than 1.0% in the bond lengths and 1.5%
parameters predicted at the B3LYP using the 6-31G(d), in the bond angles. However, the best agreement is
MIDI! and 3-21G basis set for the armchair and the zigzag obtained from the OL3-B(L) model. The geometrical
models are almost the same. A small deviation is found at results predicted with the OL2-BA(L) level are much
the STO-3G basis set. This indicates that the geometrical better than those from the HF/3-21G and B3LYP/STO-3G
parameters are not sensitive to the basis sets beyond the methods. The geometrical parameters from the OL2-
minimal one. The geometrical parameters at the HF levels BA(R) model are not as good as those obtained with the
have considerable deviations from our reference point, in other ONIOM methods. Considerable deviations of 11 and
particular for the a–a bond in the armchair model. These 7% in the a–a bond length and a–ie–ib angle, respectively,
large differences between the B3LYP and HF geometries for the armchair model were observed. This suggests that
may be due to the lack of electron correlation in the HF the neighboring unsaturated carbons have a strong effect
wavefunctions. Thus, electron correlation is important for on the overall geometry of the complete molecular model
geometrical parameters. Large deviations in the AM1 and they should be studied at the highest level of theory.
results were also found for the active–active bond, al-
though the deviations were smaller for other geometrical 3 .1.2. Carbon–oxygen complexes
parameters. These results suggest that the B3LYP/6- We used the interaction of carbon monoxide and atomic
31G(d) level should be used for the active part of the oxygen with the carbonaceous models to test the accuracy
model, the 3-21G basis set for the remaining carbon atoms of different ONIOM methods. For carbon monoxide,
and B3LYP/STO-3G or AM1 for the boundary hydrogen although there are different possible interaction configura-
atoms. tions, we restricted ourselves to examine only the forma-

The geometrical parameters of the unique bonds and tion of a carbonyl group as shown in Fig. 3. Similarly, for
angles predicted using the four ONIOM methods are atomic oxygen, we restricted our study to the formation of
shown in Tables 3 and 4. All ONIOM methods predict a semiquinone group.
planar geometries for the carbonaceous structures, which is Several important optimized geometrical parameters of

Table 4
Optimized geometrical parameters of the unique bonds and angles at different ONIOM levels for the zigzag model. Bond lengths in pm and
bond angles in degrees

Parameter B3LYP/6- OL3-B(L) OL2-BH(L) OL2-BA(L) OL2-BA(R)
31G(d)

a–ie 139.37 0.14 0.49 0.81 1.44
ie–ib 145.38 0.63 0.91 21.33 2.68
ib–ib 142.70 0.09 20.10 0.09 21.50
,a–ie–ib 116.82 0.03 0.17 20.72 0.92
,ie–ib–ib 119.71 0.00 0.05 0.25 0.67
,ib–ib–ib 120.75 0.02 0.07 0.23 20.38
,ie–a–ie 126.18 20.10 20.52 0.70 22.80
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model is the least affected one upon interaction. Since CO
has a three-center bond to the armchair model, one can
expect the corresponding C–O bond length to be longer
than that of the zigzag model, which has the typical
two-center bond with the C=O group. It was found that all
ONIOM methods predict the surface carbonyl and semi-
quinone complexes to be planar, consistent with the full
B3LYP/6-31G(d) results. Furthermore, all ONIOM meth-
ods predict acceptable geometrical parameters. However,
similar to the geometrical parameters of the purely car-
bonaceous structures, the OL3-B(L) method gives the best
performance on carbon–oxygen complexes and keeps the
same trend on the C–O bond lengths at different active
sites as was found with our reference point. The OL2-
BA(L) method predicts much better results than the OL2-
BH(L) and OL2-BA(R) methods.

3 .2. Energetic features

The interaction energies of carbon monoxide and atomic
oxygen in the armchair and the zigzag models at different
levels of theory were obtained with special emphasis on

Fig. 3. Carbon–oxygen surface complexes formed after inter- the performance of the ONIOM methods. Because we want
action with carbon monoxide and atomic oxygen. The carbon to compare the performance of different theoretical
atom of the carbonyl group is numbered to facilitate the discus- models, the absolute interaction energy is not important at
sion.

this point. Thus, the interaction energy obtained at differ-
ent theoretical levels is compared with that obtained at the

the carbon–oxygen complexes are shown in Table 5. B3LYP/6-31G(d) level chosen as the reference point.
Optimized B3LYP/6-31G(d) bond lengths are shown in Table 6 shows the interaction energy at different levels of
column 2. The other columns show the differences in the theory, namely the B3LYP/6-31G(d), ONIOM methods,
geometrical parameters similar to the previous tables. First HF/3-21G, B3LYP/6-31G(d) / /HF/3-21G, and OL3-B(L) /
of all, it was found at the B3LYP/631-G(d) level that the /B3LYP/STO-3G. The last two levels of theory calculate
bond length of the carbonyl C–O group varies depending the interaction energy from single-point energy calcula-
on the shape of the local active site, while the bond length tions at B3LYP/6-31G(d) and OL3-B(L) levels using the
of the semiquinone C–O group is less affected. Models in optimized HF/3-21G and B3LYP/STO-3G structures,
zigzag have the shortest C–O bond length. Compared to respectively.
the experimental value of 112.8 pm for an isolated carbon The interaction energy of atomic oxygen at the B3LYP/
monoxide [27], the carbonyl C–O bond in the zigzag 6-31G(d) level is approximately three times that of a CO

Table 5
Optimized geometrical parameters of selected carbon–oxygen complexes. Bond lengths are in pm

Level of theory

B3LYP/6- OL3-B(L) OL2-BA(L) OL2-BH(L) OL2-BA(R)
31G(d)

Armchair semiquinone
C–O 123.48 20.48 20.03 2.87 0.40

Armchair carbonyl
C–O 120.45 20.02 20.30 20.12 24.27
C–C 144.16 20.05 0.53 0.08 5.821

Zigzag semiquinone
C–O 122.54 0.31 1.20 28.73 2.93

Zigzag carbonyl
C–O 116.64 20.07 1.02 1.24 3.51
C–C 133.53 0.23 5.15 22.46 22.501
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Table 6 single determinant HF wavefunction of char models as was
Interaction energy (in kcal /mol) of carbon monoxide and atomic discussed elsewhere [28]. Thus, we discard this level of
oxygen in armchair and zigzag carbon models at different levels theory for energetic prediction in subsequent discussions.

aof theory For comparison purposes, Table 6 also shows results from
Method Armchair Zigzag the traditional approach, namely single-point energy calcu-

lations at a high level of theory using optimized structuresCO O CO O
at a lower level of theory. It is seen that the B3LYP/6-

B3LYP/6-31G(d) 238.1 2111.1 254.6 2161.7 31G(d) / /HF/3-21G and OL3-B(L) /B3LYP/STO-3G
OL3-B(L) 238.8 2115.8 256.2 2166.6 levels have a small interaction energy deviation. However,
% dev 1.8 4.2 2.9 3.0 as pointed out in the previous section, lower levels of
OL2-BH(L) 238.7 2121.0 242.4 2130.2

theory tend to predict erroneous geometrical parameters% dev 1.6 8.9 22.3 19.4
and extra care should be taken for transition states whereOL2-BA(L) 237.5 2104.3 251.2 2128.9
electron correlation is important and spin contamination is% dev 1.6 6.1 6.2 20.3
often large.OL2-BA(R) 263.7 2117.1 248.1 2190.6

% dev 67.2 5.4 11.9 17.8
HF/3-21G 125.2 239.7 125.9 225.2 3 .3. Frequency calculations
% dev 166.1 64.3 147.4 84.4
B3LYP/6-31G(d) / / Now we consider the calculated IR spectra of carbon–
HF/3-21G 238.9 2105.2 253.1 2160.0 oxygen complexes. Three different levels of theory were

% dev 2.1 5.3 2.7 1.1 selected, namely B3LYP/6-31G(d) as the reference point,
OL3-B(L) / /B3LYP/

OL3-B(L) because it is the ONIOM method that givesSTO-3G 235.8 299.0 254.2 2163.9
accurate geometries and interaction energies, and OL2-% dev 6.0 14.5 3.6 1.6
BA(L) for its fairly good performance at a low computa-

a % dev is relative to the B3LYP/6-31G(d) level. tional cost. Figs. 4 and 5 show the predicted IR spectra for
the semiquinone and carbonyl models in zigzag and

molecule. The interaction energy for the armchair model is armchair structures, respectively.
lower than for the zigzag model. The OL3-B(L) method B3LYP frequencies in Fig. 4a at 1613, 1650, and 1741

21predicts interaction energies with a deviation of less than cm are due to the.C=O stretching in the semiquinone
213%. The OL2-BH(L) method predicts fairly good results group. Frequencies over 3000 cm are the.C–H stretch-

21with a maximum deviation of 22% in the interaction ing, and frequencies between 1400 and 1600 cm are due
energy in the zigzag model. Although the OL2-BA(L) to the.C=C, stretching bonds. The most intense fre-

21method has a maximum deviation of 20% in the atomic quency is obtained at 1741 cm for the.C=O stretching.
oxygen interaction, it predicts much better energetic results The OL3-B(L) IR spectrum in Fig. 4b resembles very well
than the OL2-BH(L) and the OL2-BA(R) methods. Con- that obtained at the B3LYP/6-31G(d) level. In particular, it
trary to the geometrical parameter results discussed earlier, has.C=O stretching frequencies at 1602, 1651, and 1740

21all of the two-layer ONIOM methods yield large errors in cm , which are very close to those of the B3LYP/6-
21the interaction energy of carbonaceous models with oxy- 31G(d) spectrum. Frequencies over 3000 cm are the

21gen. These results indicate that partitioning a highly .C–H stretching and those between 1400 and 1600 cm
conjugated or aromatic system into different systems for are due to the.C=C, bonds. The intensity patterns and
treating them at different levels of theory would disrupt the the frequency values resemble those obtained at the
delocalization effects of thep-bond network. Consequent- B3LYP/6-31G(d) level. Fig. 4c shows the IR spectrum
ly, inaccurate interaction energies are predicted for the obtained at the OL2-BA(L) ONIOM level. It was found

21interaction of oxygen with the carbonaceous models. that frequencies at 1584 and 1677 cm are due to the
However, the three-layer OL3-B(L) ONIOM method (i.e. a .C=O stretching in the semiquinone group. The frequency

21small basis set for the boundary conditions, a large basis values deviate at most 65 cm from the frequency values
set for the model system and a medium basis set for the obtained at the B3LYP/6-31G(d) level of theory. The
remaining carbon atoms at the B3LYP level) is able to .C=O stretching mode does not correspond to the highest
give accurate interaction energies. intensity and the general pattern of the spectrum is

Although some of the ONIOM methods deviate from different from that obtained at the other two levels of
our reference point, they predict an exothermic interaction theory.

21in all cases. A different trend is found at the HF/3-21G Fig. 5a shows carbonyl –C=O stretching at 1963 cm
21level. The interaction energy of atomic oxygen has a large at the B3LYP/6-31G(d) level; frequencies over 3000 cm

deviation and the interaction energy of CO is predicted to are due to the C–H stretching and those between 1400 and
21be an endothermic process. The large deviation in the 1600 cm to the.C=C, bonds. The most intense

21interaction energy of the HF level can be due to electron frequency is obtained at 1963 cm for carbonyl –C=O
correlation effects and to the spin contamination on the stretching. We found that OL3-B(L) gives similar results
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Fig. 4. Predicted IR spectra for the semiquinone–zigzag surface
Fig. 5. Predicted IR spectra for the carbonyl–armchair surfacecomplex using different computational levels. (a) B3LYP/6-
complex using different computational levels. (a) B3LYP/6-31G(d); (b) OL3-B(L); (c) OL2-BA(L).
31G(d); (b) OL3-B(L); (c) OL2-BA(L).

for this complex. In particular, frequencies in Fig. 5b
21centered at 1963 cm correspond to carbonyl –C=O method, i.e., the OL2-BA(R) method. It was found that the

21stretching. Frequencies over 3000 cm are the.C–H computational cost increases in the order OL2-
21stretching and those between 1400 and 1600 cm are due BA(R)(OL2-BA(L),OL2-BH(L),OL3-B(L),B3LYP/

to the .C=C, bond. The intensity patterns and the 6-31G(d). The computational costs of OL2-BA(R) and
frequency values resemble those obtained at the B3LYP/6- OL2-BA(L) were the less time-demanding, while our
31G(d) level. Fig. 5c shows the predicted IR spectrum reference point, the B3LYP/6-31G(d) level, is about 12
obtained at the OL2-BA(L) level of theory. Frequencies at times more expensive in some cases. The OL3-B(L) model

211942 and 1958 cm are due to –C=O stretching. The is about a factor of two times faster than the B3LYP/6-
frequency values are close to the carbonyl –C=O stretch- 31G(d) level.
ing obtained at B3LYP/6-31G(d). However, the highest Besides the computational time demand, we found that
intensity in the OL2-BA(L) spectrum was obtained at 2455 any attempt to partition the system into subsystems and

21cm , which is assigned to the.C=C, stretching mode. treat them at different levels of theory would lead to large
The general pattern of the OL2-BA(L) spectrum does not errors. This is because such partitions would disrupt the
resemble the spectrum obtained at the B3LYP/6-31G(d) electron delocalization of thep-bond network. However,
level. we found that it is possible to treat different regions with

Finally, we examine the computational cost for the different basis sets and still maintain a reasonable level of
ONIOM methods. Table 7 lists the average time per accuracy. Given its performance on the geometry, inter-
optimization cycle (hour /cycle) of the carbonaceous action energy and IR spectra, the OL3-B(L) method can be
models and their corresponding surface carbon–oxygen used in future studies of adsorption or chemical processes
complexes. These results are relative to the least expensive on large carbonaceous surfaces.
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Table 7
aRelative time per cycle during the optimization of the armchair and zigzag models at different levels of theory

Level of theory Armchair Zigzag

Carbon Semiquinone Carbonyl Carbon Semiquinone Carbonyl
model model

OL2-BA(R) 1.0 1.0 1.0 1.0 1.0 1.0
OL2-BA(L) 1.2 1.0 0.9 1.0 1.0 1.0
OL2-BH(L) 1.7 6.4 1.6 2.0 1.7 2.5
OL3-B(L) 3.4 6.0 4.4 5.8 2.5 3.6
B3LYP/6-31G(d) 9.1 10.2 7.8 12.6 3.9 10.6

a All values are relative to the O-BA(R) level.
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