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The H + OCS potential-energy surface (PES) was used to evaluate the performance of density functional
theory by comparing the results to ab initio calculations at the QCISD(T)//UMP2 and UMP2 levels using the
aug-cc-pVTZ and 6-311+G(2df, 2p) basis sets. The two major reaction paths on this PES involve formation
of OH(2Π) + CS(1Σ) (reaction I) and SH(2Π) + CO(1Σ) (reaction II). Experimental and QCISD(T)//UMP2/
aug-cc-pVTZ activation barriers for (II) and reaction enthalpies for (I) and (II) were compared to values
calculated by several density functionals (BLYP, B3LYP, B3PW91, BPW91, BP86, and B3P86) using the
aug-cc-pVTZ basis set. All DFT/aug-cc-pVTZ predictions, except for the B3LYP prediction of the enthalpy
of reaction I, were outside the range of experimental uncertainty. B3LYP predictions were in closest agreement
with the experimental values and QCISD(T) predictions. B3LYP, BPW91, and B3PW91 predictions of the
rate-limiting barrier to reaction II are within 3.5 kcal/mol of the QCISD(T) prediction, and all DFT values
are below that of the QCISD(T). Reaction enthalpies for (I) and (II) were calculated using the BHandHLYP
density functional and the 6-311+G(2df,2p) basis set. These predictions were closer to experiment and QCISD-
(T) values than any other DFT calculations, and the predicted enthalpy for reaction I is within the range of
experimental values. The second portion of the study compared B3LYP and BLYP predictions of the 12
transition states and 6 stable intermediates within this PES with previously reported QCISD(T)//UMP2/6-
311+G(2df,2p) predictions. The complexity of this surface allows for the evaluation of barrier heights for
28 reactions involving hydrogen addition, elimination, isomerization, migration, and radical diatomic
elimination. With the exception of five reactions, all B3LYP barrier heights are within 3.7 kcal/mol of the
QCISD(T) predictions and in several cases are in as good or better agreement than the UMP2 predictions. In
addition, all but one of the B3LYP barriers lie below the QCISD(T) values. The most significant differences
between the ab initio and DFT predictions were in the saddle points for radical elimination or addition. BLYP/
6-311+G(2df, 2p) failed to find the two transition states associated with SH elimination from thecis- and
trans-HSCO species. B3LYP located the saddle point for SH elimination fromcis-HSCO, but its prediction
of a saddle-point structure for SH elimination fromtrans-HSCO has an energy (without zero-point corrections)
lower than that of the products. These transition states were subsequently optimized using the BHandHLYP
functional and the 6-311+G(2df,2p) and 6-31G** basis sets. The geometries of these saddle points were in
better agreement with UMP2/6-311+G(2df,2p) predictions than were the BLYP and B3LYP predictions.
The BLYP predictions are in overall worse agreement with the QCISD(T) results than are the B3LYP
predictions.

I. Introduction

Density functional theory (DFT) is gaining acceptance as a
standard research tool for the study of chemical reactions.
Generalized gradient approximation (GGA) DFT has been
shown to predict properties of stable covalently bound molecules
with reasonable accuracy while using a fraction of the compu-
tational resources required for other ab initio treatments at
correlated levels.1-6 Unfortunately, DFT investigations of
transition states (particularly those involving hydrogen)7-18 and
noncovalently bound complexes (i.e., hydrogen-bonded or van
der Waals species)19-30 have not shown a consistent pattern of
performance. Some studies suggest that DFT reasonably
predicts properties and energetics of critical points located along
reaction paths.9,11-14,16-18 Other studies have clearly shown that

in some cases, DFT fails at adequately describing or even
predicting the existence of extrema on a potential-energy surface
(PES).7-10,12,14-16 Given these inconsistencies in performance,
it is clear that applications of DFT to reaction paths must be
performed in order to understand and establish the limits of the
theory in the study of chemical reactions.

Toward this end, we present results of DFT predictions of
the H + OCS PES and compare them against our earlier
predictions determined by ab initio theory using levels of
correlation as high as QCISD(T) and basis sets as large as aug-
cc-pVTZ.31,32 The agreement of our earlier theoretical predic-
tions with experimental information suggests that the ab initio
predictions are suitable metrics against which a comparison with
DFT can be made. Additionally, the complexity of the H+
OCS PES makes it an attractive system for testing the
performance of GGA DFT in that several types of reactions
can be examined within the same chemical system.
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The H + OCS system has two major reaction channels

and many critical points along the two paths.31,32 These critical
points include 12 saddle points and 6 stable four-body inter-
mediates. Of the stable intermediates, five are covalently bound
species and one is a weakly bound complex of the products of
reaction I. At least 28 reactions can occur on the PES including
hydrogen addition and elimination, hydrogen migration, isomer-
ization, and elimination/addition reactions involving the diatomic
radicals OH and SH. Testing the performance of DFT within
such a system will add more data points to help determine the
types of reaction barriers that DFT can (or cannot) describe.

The earlier ab initio calculations predicted that the highest
barrier along the low-energy path for reaction II involves the
formation ofcis-HSCO from the reactants H+ OCS.31,32 Our
best prediction of the zero-point-corrected barrier is within 2
kcal/mol of the reported experimental activation energy (not
including tunneling effects). The agreement with experiment
indicates that this level of theory (QCISD(T)//UMP2/aug-cc-
pVTZ) is a satisfactory level to describe this system. Thus,
we use the QCISD(T)//UMP2/aug-cc-pVTZ energy predictions
as a standard against which to measure the performance of GGA
density functional theory for the hydrogen addition reactions.
Additionally, the reaction enthalpies calculated at QCISD(T)//
UMP2-aug-cc-pVTZ are within the range of experimental values
for reactions I and II and provide other metrics with which to
compare the performance of DFT. The QCISD(T) results were
chosen as the general metrics due to the lack of experimental
data about other parts of the PES (such as the activation energy
for reaction I or observation/characterization of the four-body
reaction intermediates).

II. Methods

DFT calculations of critical points on the PES for H+ OCS
reactions were performed using the Gaussian 94 (G94) program
package.33 Two sets of calculations will be presented. In one
set, geometry optimizations of all stable and transition-state
species were done using the 6-311+G(2df,2p)34 basis set and
the BLYP and B3LYP density functionals.35-38 These results
will be compared to earlier ab initio UMP2 and QCISD(T)//
UMP2/6-311+G(2df,2p) predictions.31,32 In the second set, the
barrier to formation of thecis-HSCO intermediate for reaction
II was determined through geometry optimizations using the
BLYP, B3LYP, BPW91, B3PW91, BP86, and B3P86 density
functionals35-40 and the aug-cc-pVTZ41 basis set. The density
functionals represent various corrections to the local spin density
approximation (LSDA) functional done with the LSDA ex-
change and the Vosko, Wilk, and Nusair correlation functional
(VWN).35 The corrections use either the gradient-corrected
exchange functional of Becke (B)36 or the hybrid three-parameter
functional proposed by Becke, which is composed of contribu-
tions from the exact Hartree-Fock, GGA, and Slater exchanges
(B3).37 The correlation functionals include corrections to VWN
proposed by Lee, Yang, and Parr (LYP),38 Perdew (P86),39 and
Perdew and Wang (PW91).40 Additionally, selected critical
points were characterized using the hybrid Becke-Half-and-Half-
LYP (denoted as “BHandHLYP”) functional,33 which contains
a larger contribution from the Hartree-Fock exchange than that

of the B3 exchange functional. Comparisons are then made to
previous ab initio predictions at the QCISD(T)//UMP2/aug-cc-
pVTZ level.31 All DFT calculations were performed using the
default grid size given in G94. All geometry optimizations met
the default convergence criteria given by G94. Normal-mode
analyses were performed on all critical points to confirm that
they were either transition states or minima.

BLYP/6-311+G(2df,2p) intrinsic reaction coordinate (IRC)
calculations leading from all transition states were attempted.
BLYP/6-311+G(2df,2p) failed to locate two of the saddle points
located at the QCISD(T) level; these are the barriers to SH
elimination reactions. These saddle points were located using
the B3LYP functional; however, one of them (elimination of
SH from trans-HSCO) had an energy that was lower than that
of the product asymptotes, and its imaginary frequency was only
38i cm-1. For these cases, IRC calculations using the B3LYP
functional were performed but were successful only for the
saddle point associated with the elimination of SH fromcis-
HSCO. The IRC calculations were terminated when minima
were reached as defined by the default convergence criteria of
the G94 set of programs. In cases where the IRC terminated
due to an inability to satisfy the convergence criteria, a geometry
optimization was attempted beginning with the final optimized
structure of the IRC in order to establish the connecting minima.

III. Results and Discussion

A. Comparisons with Experiment. Quantitative experi-
mental data for reactions of the H+ OCS system that are
available for comparison with theory are the thermal activation
energy for reaction II and enthalpies for reactions I and II. These
reaction enthalpies and barrier will be used to compare the
performance of six density functionals using the aug-cc-pVTZ
basis set. We have also included reaction enthalpies calculated
with the 6-311+G(2df,2p) basis set and the BLYP, B3LYP,
and BHandHLYP density functionals to assess the effect of the
basis set.

Experimentally measured and theoretical values for the
enthalpies of reactions I and II are given in Table 1. Values
for the experimental reaction enthalpy for I range from 45.3 to
57.2 kcal/mol. Values for the experimental reaction enthalpy
for II vary from -13.0 to -9.8 kcal/mol. The QCISD(T)//
UMP2/aug-cc-pVTZ reaction enthalpies for I and II are 57.3
and-11.5 kcal/mol, respectively. DFT/aug-cc-pVTZ enthalpies
for reaction I range from 61.3 to 69.6 kcal/mol. With the
exception of the B3LYP prediction (i.e., 61.3 kcal/mol, which
is within the error of one of the experimental values), all DFT/
aug-cc-pVTZ predictions fall outside of the range of the
measurements. The B3LYP prediction is in closest agreement
with the QCISD(T)//UMP2/aug-cc-pVTZ value, followed by
the BLYP prediction. Similarly, all DFT predictions of the
reaction enthalpy for (II) are outside the range of experimental
measurement, with the B3LYP prediction (-8.4 kcal/mol) in
closest agreement with the experimental estimates and the
QCISD(T)/aug-cc-pVTZ prediction. All other DFT/aug-cc-
pVTZ predictions for this value are∼5-10 kcal/mol smaller
than the QCISD(T) prediction.

The experimental thermal activation energy for reaction II,
which can be used as an approximate value with which to
compare the calculated barriers, was determined by two groups.
Tsunashima et al.42 reports an activation energy of 3.9 kcal/
mol, and Lee et al.43 reports an activation energy of 3.85 kcal/
mol. The zero-point-corrected QCISD(T)//UMP2/aug-cc-pVTZ
prediction of the formation barrier tocis-HSCO is 5.7 kcal/
mol without including tunneling effects. Zero-point-corrected

H(2S) + OCS(1Σ) f OH(2Π) + CS(1Σ)
∆H°298 ) 57.3 kcal/mol (I)

H(2S) + OCS(1Σ) f SH(2Π) + CO(1Σ)
∆H°298 ) -11.5 kcal/mol (II)
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DFT predictions of this barrier underestimate the QCISD(T)
value by∼3-5 kcal/mol. The B3PW91 prediction of 3.0 is in
closest agreement with the experimental values; however, it does
not include tunneling effects, which we believe contribute to
the experimental numbers. This implies that the B3PW91 value
underestimates the correct classical barrier.

Reaction enthalpies for (I) and (II) were also evaluated using
the 6-311+G(2df,2p) basis set and the density functionals
BLYP, B3LYP, and BHandHLYP. The agreements of BLYP
and B3LYP with QCISD(T) were worse than those using the
aug-cc-pVTZ basis set. However, the BHandHLYP/6-311+G-
(2df,2p) results were in closer agreement with experiment and
QCISD(T) for both reactions than all other DFT calculations
reported in this paper. Also, the BHandHLYP/6-311+G(2df,-
2p) enthalpy for reaction I is within the range of experimental
values.

B. Comparisons with QCISD(T). Although BLYP and
B3LYP show no clear superiority to the other DFT methods in
predicting the rate-limiting barrier for reaction II, they remain
popular functionals that are being utilized by many groups.
Additionally, there is evidence that indicates that B3LYP is a
better functional for the description of critical points in some
reactions.18 Therefore, we evaluate their performance (as
opposed to the remaining density functionals) in the second
portion of this study. We will compare DFT/6-311+G(2df,-
2p) critical points on the H+ OCS potential-energy surface
using the BLYP and B3LYP density functionals with the
previously reported (QCISD(T)//MP2/6-311+G(2df,2p)) results.
Also, a few critical points on the PES (structuresa-c, e-g, i,
r , s, andu) were characterized using the BHandHLYP density
functional. Structures located using the UMP2/6-311+G(2df,-
2p) basis set are illustrated in Figure 1; corresponding geometric
parameters at the BLYP, B3LYP, BHandHLYP, and UMP2
levels are presented also. The BHandHLYP and UMP2 values
are given in parentheses and brackets, respectively. Structures
r ands could not be characterized using the BLYP functional.
Calculated harmonic vibrational frequencies and geometric
parameters for all of the critical points on the PES will be
included in supplemental tables with limited discussion of this
information. These properties have been analyzed in our
previous studies;31,32 therefore, this study will focus on the
prediction of relative energies, with an emphasis on transition
states, using DFT. The only substantial disagreements in
geometric parameters from the earlier ab initio predictions31,32

are in transition-state structures for the addition/elimination

reactions (saddle pointsj , l, n, r , and s in Table 2) and
correspond to the distances between the doublet and singlet
fragments. These distances are 0.24-0.74 Å larger than the
UMP2 predictions.

Six four-body stable intermediates have been located on the
two paths for the H+ OCS reactions and are described in Table
2. Saddle points leading to and from each local minima are
also listed in Table 2 and characterized as one of the following
reactions: (1) hydrogen addition or elimination, in which a new
hydrogen bond is formed or broken; (2) isomerization, in which
no bond is broken or made; (3) hydrogen migration, in which
the hydrogen forms a new bond with another atom while
breaking its bond with one atom in the complex; (4) radical
diatomic addition or elimination, in which the fragments OH
or SH are formed. Critical pointu is described as a radical
diatomic addition/elimination but has an element of an isomer-
ization reaction. This transition state leads from thetrans-HOCS
minimum to that of a weakly bound linear intermediate with
atomic arrangement SC‚‚‚HO. The SC and HO moieties have
bond lengths that are almost identical to those of the isolated
diatomic products, and the C-H distance is∼2.1 Å. The barrier
to the formation of this intermediate is near the reaction
endothermicity.

Table 2 gives zero-point-corrected energies of all of the
critical points on the PES relative to the reactants H+ OCS
calculated using the 6-311+G(2df,2p) basis set and the QCISD-
(T)//UMP2, UMP2, B3LYP, and BLYP levels. The relative
energies of the critical points on the reaction paths are illustrated
in Figure 2. BHandHLYP/6-311+G(2df,2p) geometry optimi-
zations and normal-mode analyses were performed for stable
structuresa, b, c, e, f, g, andi; relative energies are also given
in Tables 2 and 3. The BHandHLYP relative energies for the
stable structures are in worse agreement with the QCISD(T)
results than the B3LYP and BLYP predictions. The geometric
parameters are similar to the MP2 values and are also provided
in supplemental Tables 1 and 2. These structures were also
optimized at the BHandHLYP/6-31G** level; all geometric
parameters are within 2% of the BHandHLYP/6-311+G(2df,-
2p) results. B3LYP predictions of the diatomic species are in
much better agreement with QCISD(T)//UMP2 than both UMP2
and BLYP, and BLYP outperforms UMP2 by∼5 kcal/mol or
more. However, the BLYP predictions of the relative energies
of the tetraatomic stable species are in better agreement with
QCISD(T) predictions, except for speciesi. However, as noted
above, speciesi is a weakly bound complex of the SC and HO

TABLE 1: Reaction Enthalpies and Zero-Point-Corrected Barrier to Formation of cis-HSCO (kcal/mol) Predicted Using the
aug-cc-pVTZ Basis Set

expt
(kcal/mol) ref

QCISD(T)//
UMP2b BLYPb B3LYPb

BHand
HLYPb BP86 BPW91 B3PW91 B3P86

∆H°298 (I) 45.3 44 57.3 63.7 61.3 67.2 69.6 65.6 65.0
47.1 45 [59.8] [64.7] [62.2] [56.4]
53.42 46
55 + 3.1 47
57.2+ 6.0 48

∆H°298 (II) -9.8 42 -11.5 -4.4 -8.4 -0.8 1.9 -3.5 -4.6
-9.8 49 [-8.8] [-3.3] [-7.2] [-14.0]

-10.3+ 3.0 47
-10.45 45
-11.0 43
-11.3 44
-12.1+ 1.2 48
-13 46

H + OCSf cis-HSCO 3.90+ 0.370a 42 5.7 0.7 2.2 0.1 2.4 3.0 1.0
3.85+ 0.110a 43 5.7 0.7 2.2 0.1 2.4 3.0 1.0

a Activation energy extracted from rate measurements, includes tunneling effects.b Values in brackets correspond to results using the
6-311+G(2df,2p) basis set.
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moieties and closely resembles the separated diatomic products
of (I). Thus, the better agreement of the B3LYP prediction for
this point is consistent with the behavior shown for the diatomic
species. MP2 gives the worst agreement with the QCISD(T)
energies for the tetraatomic speciesd-i.

Table 2 also gives the〈S2〉 values for the critical points using
the 6-311+G(2df,2p) basis set. Open-shell molecules, such as
those presented here, can often be adequately described by post-
Hartree-Fock methods if the spin contamination of the unre-
stricted Hartree-Fock zeroth-order wave function is small. In
our earlier study, the largest UHF spinS2 value of a critical
point on the UMP2/6-311+G(2df,2p) PES is 0.89 compared to
0.75, the value associated with a doublet state.31 As in the

earlier study, we have used the spinS2 value as a metric for the
applicability of DFT to this system and have reported theS2

values in Table 2. TheS2 values obtained from the DFT electron
densities are no greater than 0.77, verifying that the converged
densities are representative of doublet states.

Although the energies of the saddle point species relative to
the reactants H+ OCS are also given in Table 2, such
information would be more useful in assessing the accuracy of
the barrier heights if they were calculated relative to the
minimum from which each reaction proceeds. This information
is provided in Table 3. For the hydrogen addition reactions,
UMP2 is in closest agreement with the QCISD(T) predictions,
followed by B3LYP. As seen previously,8,17,18B3LYP under-

Figure 1. Structures and geometric parameters of stable and transition-state species on the H+ OCS PES calculated using the 6-311+G(2df,2p)
basis set. In each column of parameters, the uppermost value corresponds to the BLYP prediction and the second value corresponds to the B3LYP
prediction. Structuresr andscould not be characterized using the BLYP functional; thus, the uppermost values correspond to the B3LYP predictions.
The values of the geometric parameters of structures optimized at the BHandHLYP and UMP2 levels are given in parentheses and brackets,
respectively.
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estimates the barriers, while MP2 overestimates the barriers.
The BLYP predictions were lower than the QCISD(T) values
by 4.3 kcal/mol or more. For two of the three hydrogen
elimination reactions, both B3LYP and BLYP outperformed
UMP2, with B3LYP being within 0.5 kcal/mol of QCISD(T).
For the remaining reaction, in whichcis-HOCS decomposes
into H + OCS, UMP2 was in the best agreement with QCISD-
(T), followed by B3LYP.

There are two types of isomerization reactions. Transition
statesk andm describe the isomerization of thetrans-HSCO
and HOCS species to the cis isomers while keeping the four-
body species planar (in-plane isomerization), whereas transition
statesq andt describe isomerization to the cis species through
an out-of-plane rotation about the X-C (X ) S or O) bond
(out-of-plane isomerization). For the in-plane isomerizations,
UMP2 is in closer agreement with QCISD(T), followed by
B3LYP. For the out-of-plane isomerizations, UMP2, B3LYP,
and BLYP are all within∼1.0 kcal/mol of the QCISD(T)
barriers. The absolute error of the MP2 predictions for both
in-plane (structuresk and m) and out-of-plane isomerization
reactions (structuresq and t) is approximately constant and

within 1.2 kcal/mol of the QCISD(T) values. The absolute
errors of the DFT predictions for the in-plane isomerization
reactions are significantly larger than those for the out-of-plane
isomerizations and differ from the QCISD(T) results by 2.2-
3.3 kcal/mol. Such a distinction suggests that the transition-
state structures corresponding to the in-plane isomerizations
might have a larger dispersion interaction (which cannot be
adequately treated using GGA DFT) than those corresponding
to the out-of-plane isomerizations.

For the hydrogen migration reactions, UMP2 and B3LYP are
comparable; for some reactions, UMP2 is a slightly better
performer, and for others, B3LYP is better. Both levels predict
barriers in closer agreement to QCISD(T) than BLYP, which
underestimate the barriers by 2.2-5.5 kcal/mol.

Saddle pointsr ands corresponding to the SH elimination/
addition reactions could not be located at the BLYP level. Also,
the prediction of saddle pointr using the B3LYP functional is
questionable. Its energy, without corrections for zero-point
energy, is lower than that of the products SH+ CO. Also, the
magnitude of the imaginary frequency is only 38 cm-1. The
distance between the doublet and singlet fragments at the saddle
point is 2.8 Å at the B3LYP level, while the UMP2 prediction
is 2.3 Å. If corrected for zero-point energy, however, this barrier
is 1.6 kcal/mol relative to the products.

For all other barriers associated with diatomic elimination,
all three methods give essentially the same results and tend
toward overestimating these barrier heights. We have also
included the energy differences between the products of reaction
I and the OH‚‚‚CS complex andcis-HOCS; these are assumed
to proceed without traversing a saddle point. For decomposition
of the OH‚‚‚CS complex, B3LYP is in exact agreement with
QCISD(T), followed by BLYP, which is within 0.1 kcal/mol
of the QCISD(T). All three levels overestimate the decomposi-
tion energy ofcis-HOCS to form HO+ CS by 7-8 kcal/mol,
with B3LYP being in closest agreement with QCISD(T).

Finally, for radical SH addition reactions with CO, the UMP2
barrier heights are in closest agreement with QCISD(T), but
the DFT predictions of the barrier to formation oftrans-HOCS
from the OH‚‚‚CS complex are in closer agreement to QCISD-
(T) than UMP2 by fractions of a kcal/mol.

TABLE 2: Zero-Point-Corrected Energies and 〈S2〉 of Critical Points on the PES Relative to H+ OCS (kcal/mol) Using the
6-311+G(2df,2p) Basis Set

MP2 B3LYP BLYP BH and HLYP

critical point description
QCISD

(T) energy (diff)a <S2> energy (diff)a <S2> energy (diff)a <S2> energy (diff)a <S2>

b SH + CO products of reaction II -10.6 -0.3 (10.3) 0.76 -9.0 (1.6) 0.75 -5.0 (5.6) 0.75 -15.9 (-5.3) 0.76
c OH + CS products of reaction I 58.0 72.2 (14.2) 0.76 60.4 (2.4) 0.75 63.0 (5.0) 0.75 54.6 (-3.4) 0.75
d HCOS stable intermediate -8.1 -0.8 (7.3) 0.76 -11.7 (-3.6) 0.75 -10.5 (-2.4) 0.75
e trans-HSCO stable intermediate -10.0 -3.5 (6.5) 0.77 -14.2 (-4.2) 0.76 -12.8 (-2.8) 0.75 -15.6 (-5.6) 0.76
f cis-HSCO stable intermediate -7.9 -1.1 (6.8) 0.77 -12.1 (-4.2) 0.75 -10.7 (-2.8) 0.75 -13.5 (-5.6) 0.76
g trans-HOCS stable intermediate 5.2 11.4 (6.2) 0.80 0.9 (-4.3) 0.76 2.7 (-2.5) 0.75 -0.4 (-5.6) 0.76
h cis-HOCS stable intermediate 5.8 12.3 (6.5) 0.80 1.4 (-4.4) 0.76 3.1 (-2.7) 0.75
i SC‚‚‚HO stable intermediate 55.0 68.4 (13.4) 0.76 57.4 (2.4) 0.75 59.9 (4.9) 0.75 51.4 (-3.6) 0.75
j H + OCSf HCOS H addition/elimination 10.2 12.9 (2.7) 0.82 7.0 (-3.2) 0.76 5.9 (-4.3) 0.76
l H + OCSf cis-HSCO H-addition/elimination 6.8 9.4 (2.6) 0.85 2.1 (-4.7) 0.76 1.0 (-5.8) 0.76
n H + OCSf cis-HOCS H addition/elimination 25.1 28.9 (3.8) 0.84 16.5 (-8.6) 0.76 13.6 (-11.5) 0.76
k cis-HSCOf trans-HSCO planar isomerization 10.1 15.9 (5.8) 0.78 2.6 (-7.5) 0.76 2.6 (-7.5) 0.75
m cis-HOCSf trans-HOCS planar isomerization 24.7 30.3 (5.6) 0.79 18.1 (-6.6) 0.76 19.4 (-5.3) 0.75
q cis-HSCOf trans-HSCO nonplanar isomerization -3.2 3.8 (7.0) 0.79 -6.9 (-3.9) 0.76 -5.7 (-2.5) 0.75
t cis-HOCSf trans-HOCS nonplanar isomerization 15.2 22.6 (7.4) 0.89 10.0 (-5.2) 0.76 11.9 (-3.3) 0.75
o HCOSf trans-HSCO H-migration 21.5 25.8 (4.3) 0.79 16.8 (-4.7) 0.76 15.5 (-6.0) 0.75
p HCOSf trans-HOCS H-migration 37.5 43.0 (5.5) 0.80 31.6 (-5.9) 0.76 29.6 (-7.9) 0.75
v cis-HSCOf cis-HOCS H-migration 40.3 45.9 (5.6) 0.76 36.7 (-3.6) 0.75 35.3 (-5.0) 0.75
r trans-HSCOf SH + CO SH elimination/addition -7.2 1.3 (8.5) 0.81 -8.6 (-1.4) 0.76 -12.0 (-4.8) 0.77
s cis-HSCOf SH + CO SH elimination/addition -5.2 3.0 (8.2) 0.81 -7.3 (-2.1) 0.76 -9.7 (-4.5) 0.77
u trans-HOCSf SC‚‚‚HO OH elimination/addition 55.3 69.6 (14.3) 0.84 58.1 (2.8) 0.75 60.0 (4.7) 0.75 53.3 (-2.0) 0.76

a Energy difference from QCISD(T)//UMP26-311+G(2df,2p) value (kcal/mol).

Figure 2. Energy level diagram for the H+ OCS potential surface
showing the minima and saddle points at the QCISD(T)//UMP2/6-
311+G(2df,2p) level. Zero-point energy corrections are included.

6954 J. Phys. Chem. A, Vol. 102, No. 35, 1998 Rice et al.



Since transition statesr ands were poorly described using
the popular BLYP and B3LYP functionals, we investigated
whether these points could be better described with a hybrid
exchange functional that had a larger contribution from the exact
Hartree-Fock than from the B3 functional. This was ac-
complished using the BHandHLYP density functional given in
in the G94 suite of programs. The BHandHLYP/6-311+G-
(2df,2p) geometric parameters for transition-state structuresr ,
s, andu are given in parentheses in Figure 1, and the relative
energies are given in Tables 2 and 3. The BHandHLYP
geometries are in closer agreement with the MP2 values, with
the largest disagreement being the CO bond in saddle-point
structureu. The BHandHLYP value is 0.3 Å larger than that
from MP2, while the BLYP and B3LYP values are 0.74 and
0.64 Å larger, respectively. Additionally, the COH angle
predicted by BHandHLYP is 7° smaller than MP2, while BLYP
and B3LYP predictions are 51° and 37° smaller, respectively.
We have included the zero-point-corrected BHandHLYP/6-
31G** barriers in Table 3. These barriers are within 1.3 kcal/
mol of the BHandHLYP/6-311+G(2df,2p) predictions and, with
one exception, are closer to the QCISD(T) value than the results
found using the larger basis set. This seems contrary to the
usual basis set dependence one would expect for a true first-
principles calculation.

Conclusions
The work presented here details an investigation into the

performance of GGA density functional theory on systems

involving radical addition, elimination, and migration reactions.
The H + OCS system was chosen for several reasons. First,
the PES describes a variety of bonds being made and broken.
Second, benchmark data exists in the form of experimental
results for several points on the PES and high-level ab initio
data31,32for these same critical points and the remaining features
along the PES. Finally, this is a radical-to-radical reaction,
which can pose special problems when treated with the very
popular MP2 method due to spin contamination.50

This study has two parts. The first compares six DFT
functionals using the large aug-cc-pVTZ basis with the experi-
mental values for the heats of reaction for (I) and (II) and the
barrier height for the rate-limiting step in (II). The six
functionals are BLYP, BP86, B3P86, BPW91, B3PW91, and
B3LYP. With the exception of the B3LYP predictions for
reaction I, all DFT calculations predict reaction enthalpies that
are outside the ranges of experimental measurements. For both
reactions, B3LYP/aug-cc-pVTZ is in closest agreement with the
measurements and the QCISD(T) predictions. All DFT/aug-
cc-pVTZ predictions underestimate both the QCISD(T) forma-
tion barrier and the measured activation energy for reaction II.
However, three of the DFT predictions (B3LYP, BPW91, and
B3PW91) are within 1.7 kcal/mol of the experimental activation
energy and 3.5 kcal/mol of the QCISD(T) prediction. BHandH-
LYP/6-311+G(2df,2p) predictions of the reaction enthalpies for
both reactions are closer to experiment and QCISD(T) values
than all other DFT predictions.

TABLE 3: Zero-Point-Corrected Barriers a (kcal/mol) for Various Reactions on the H+ OCS PESa

TS
label description of the reaction QCISD(T) MP2 (diff)b B3LYP (diff)b BLYP (diff) b BHandHLYPc (diff) b,c

Hydrogen Addition
j H + OCSf HCOS 10.2 12.9 (2.7) 7.0 (-3.2) 5.9 (-4.3)
l H + OCSf cis-HSCO 6.8 9.4 (2.6) 2.1 (-4.7) 1.0 (-5.8)
n H + OCSf cis-HOCS 25.1 28.9 (3.8) 16.5 (-8.6) 13.6 (-11.5)

Hydrogen Elimination
j HCOSf H + OCS 18.3 13.7 (-4.6) 18.7 (0.4) 16.4 (-1.9)
l cis-HSCOf H + OCS 14.7 10.5 (-4.2) 14.2 (-0.5) 11.7 (-3.0)
n cis-HOCSf H + OCS 19.3 16.6 (-2.7) 15.1 (-4.2) 10.5 (-8.8)

Isomerization
k cis-HSCOf trans-HSCO (in-plane) 18.0 17.0 (-1.0) 14.7 (-3.3) 13.3 (-4.7)
k trans-HSCOf cis-HSCO (in-plane) 20.1 19.4 (-0.7) 16.8 (-3.3) 15.4 (-4.7)
m cis-HOCSf trans-HOCS (in-plane) 18.9 18.0 (-0.9) 16.7 (-2.2) 16.3 (-2.6)
m trans-HOCSf cis-HOCS (in-plane) 19.5 18.9 (-0.6) 17.2 (-2.3) 16.7 (-2.8)
q cis-HSCOf trans-HSCO (out-of-plane) 4.7 4.9 (0.2) 5.2 (0.5) 5.0 (0.3)
q trans-HSCOf cis-HSCO (out-of-plane) 6.8 7.3 (0.5) 7.3 (0.5) 7.1 (0.3)
t cis-HOCSf trans-HOCS (out-of-plane) 9.4 10.3 (0.9) 8.6 (-0.8) 8.8 (-0.6)
t trans-HOCSf cis-HOCS (out-of-plane) 10.0 11.2 (1.2) 9.1 (-0.9) 9.2 (-0.8)

Hydrogen Migration
o HCOSf trans-HSCO 29.6 26.6 (-3.0) 28.5 (-1.1) 26.0 (-3.6)
o trans-HSCOf HCOS 31.5 29.3 (-2.2) 31.0 (-0.5) 28.3 (-3.2)
p HCOSf trans-HOCS 45.6 43.8 (-1.8) 43.3 (-2.3) 40.1 (-5.5)
p trans-HOCSf HCOS 32.3 31.6 (-0.7) 30.7 (-1.6) 26.9 (-5.4)
v cis-HSCOf cis-HOCS 48.2 47.0 (0.6) 48.8 (1.8) 46.0 (-2.2)
v cis-HOCSf cis-HSCO 34.5 33.6 (-0.9) 35.3 (0.8) 32.2 (-2.3)

Radical Diatomic Elimination
r trans-HSCOf HS + CO 2.8 4.8 (2.0) 5.6 (2.8) 3.6, 2.6 (0.8, 0.2)
s cis-HSCOf HS + CO 2.7 4.1 (1.4) 3.5 (0.8) 3.8, 3.0 (1.1, 0.3)
u trans-HOCSf OH‚‚‚CS 50.1 58.2 (8.1) 57.2 (7.1) 57.3 (7.2) 53.7, 55.0 (3.6, 4.9)
no TS OH‚‚‚CSf OH + CS 3.0 3.8 (0.8) 3.0 (0.0) 3.1 (0.1) 3.2, 3.9 (0.2, 0.9)
no TS cis-HOCSf OH + CS 52.2 59.9 (7.7) 59.0 (6.8) 59.9 (7.7)

Radical Diatomic Addition
r SH + CO f trans-HSCO 3.4 1.6 (-1.8) 0.4 (-3.0) 3.6, 3.5 (0.2, 0.1)
s SH + CO f cis-HSCO 5.4 3.3 (-2.1) 1.7 (-3.7) 6.2, 6.0 (0.8, 0.6)
u OH‚‚‚CSf trans-HOCS 0.3 1.2 (0.9) 0.7 (0.4) 0.1 (-0.2) 1.9, 1.5 (1.6, 1.2)

a All results calculated using 6-311+G(2df,2p) basis set unless otherwise indicated.b Energy difference from QCISD(T) value (kcal/mol).c First
value corresponds to 6-311+G(2df,2p) result; second value corresponds to 6-31G** result.
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The second part of the study compared B3LYP and BLYP
predictions of properties for all of the critical points located on
the PES with the QCISD(T)//UMP2/6-311+G(2df,2p) and
UMP2/6-311+G(2df,2p) results. Additionally, a few critical
points on the PES were characterized using the BHandHLYP
density functional and 6-31G** and 6-311+G(2df,2p) basis sets.
The relative energies of the diatomic products are better
described by B3LYP than BLYP, BHandHLYP, and UMP2,
with BLYP and BHandHLYP outperforming UMP2. With the
exception of the weakly bound SC‚‚‚HO complex, relative
energies of the four-body intermediates predicted by BLYP were
in closest agreement with QCISD(T), followed by B3LYP,
BHandHLYP, and then UMP2. The B3LYP prediction of the
energy of the weakly bound SC‚‚‚HO complex was in the closest
agreement to the QCISD(T) predictions.

For 23 out of the 28 barrier heights that were calculated,
B3LYP is within 3.7 kcal/mol of the QCISD(T) predictions.
Two of the barriers that deviated from QCISD(T) by more than
3.7 kcal/mol were also poorly described by UMP2, and in those
cases, B3LYP outperformed UMP2. BLYP barrier height
predictions had an overall higher deviation from the QCISD-
(T) values than B3LYP or UMP2 but, in some cases, were in
very good agreement with the QCISD(T) values. There were
two saddle points that could not be located at the BLYP level,
one of which was not adequately described by the B3LYP
functional. These correspond to elimination or addition of the
SH radical from/to the HSCO complex. The same saddle points
were optimized using the BHandHLYP density functional and
the 6-31G** and 6-311+G(2df,2p) basis sets. Geometric
parameters were in better agreement with UMP2 predictions
than the B3LYP values. Also, BHandHLYP barrier heights
were in closer agreement with QCISD(T) predictions than
B3LYP values.

This study shows that DFT outperforms MP2 in predictions
of some critical points and that B3LYP is in reasonable
agreement with all but one of the ab initio predictions. The
erratic behavior of DFT in describing saddle points, including
the BHandHLYP density functional, corresponding to radical
elimination/addition reactions renders this theoretical method
somewhat unreliable for systems such as these. The results of
this study suggest that the treatment of transition-state energies
with DFT should be approached cautiously, since the results
can vary widely with choice of functionals. There appears to
be a need for further benchmarking of the existing functionals
on the prediction of transition-state energies with ensuing
refinements before any can be used with confidence.

Supporting Information Available: Tables giving the
geometric parameters and harmonic vibrational frequencies of
critical points on the H+ OCS PES (7 pages). Ordering
information is given on any current masthead page.
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