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1. INTRODUCTION

Quantum chemistry is an invaluable tool in determining details of reaction mechanisms as well as in
characterizing other properties of molecules (Schlegel 1987; Hehre et al. 1986). A proper description of
the saddle point and the reaction path through quantum chemical calculations is of great importance
because most details of these are inaccessible through experiment (Moeller 1934). Theory can give
structures, characteristics, and energies of species along the entire reaction path through transition state
and intrinsic reaction coordinate (IRC) calculations (Schlegel 1987; Hehre et al. 1986). A complete set
of such information, however, requires computation of energies and energy derivatives of many points on
the potential energy surface (PES). This can be accomplished at the Hartree Fock (HF) level for many
molecules using modest computer resources. However, HF does not perform well in predicting reaction
barriers and properties of structures with stretched bonds. Electron correlation must be introduced in order
to improve the accuracy of these calculations. One of the least expensive of the ab initio electron
correlation methods is second-order Moeller-Plesset (MP2) perturbation theory (Moeller 1934). However,
post-HF treatments such as these scale as N* or greater, where N is the number of basis functions,
effectively limiting the number of calculations, size of basis set, and size of the system studied. For
systems in which the reaction path contains a multitude of transition states and minima and/or a large

number of atoms, a complete determination of the reaction path becomes prohibitive.

‘Within the last decade, density functional theory (DFT) has offered a computationally less expensive
yet reasonably accurate alternative to ab initio methods for including correlation corrections in calculating
molecular properties such as geomeitries, frequencies, and energies (Hohenberg and Kohn 1964; Kohn and
Sham 1965; Zeigler 1991; Labanowski and Andzelm 1991; Politzer and Seminario 1995). DFT can be
applied to large polyatomic systems since the computational effort of density functional methods scales
as N°. Most of the successes of DFT have been in descriptions of stable molecules. The more
sophisticated nonlocal DFT (NDFT) methods provide reaction energies and molecular properties that are
typically better than the HF method and are closer to (and in some cases better than) the correlated
methods (e.g., MP2) (Porezag and Pederson 1995; Broclawik et al. 1995; Jursic 1995; Deng and Zeigler
1995; Johnson et al. 1994; Deng, Branchadell, and Zeigler 1994; Sosa and Lee 1993; Fan and Zeigler
1992; Andzelm, Sosa,, and Eades 1993; Fan and Zéigler 1990). If DFT can correctly describe all of the
important regions of the potential energy surfaces, such as transition states, stable intermediates, and points
along reactions paths, detailed reaction mechanisms can be extracted for systems that are not accessible

either through experiment or ab initio studies. Additionally, due to its modest computational requirements,




DFT appears to be the most promising quantum mechanical method to incorporate into dynamics
simulations for the direct calculation of forces. If DFT can be shown to be reliable in describing chemical
reactions, one of the main limitations of dynamics simulations (the use of analytic functions fitted to a
limited set of data for the description of the interatomic interactions) will be removed for many cases.
Therefore, it is imperative that studies such as those presented here compare the performance of DFT
predictions of transition states and reaction paths with well-documented ab initio methods such as MP2
and QCISD(T) to determine both advantages and limitations of the methods.

There are a feQ studies that have applied DFT to transition-state and reaction-path predictions (Deng
and Zeigler 1995; Johnson et al. 1994; Deng, Branchadell, and Zeiglér 1994; Sosa and Lee 1993; Fan and
Zeigler 1992; Andzelm, Sosa, and Eades 1993; Fan and Zeigler 1990; Baker et al. 1995). The
performances of local and NDFT methods when compared to ab initio are not consistent. In some cases,
DFT predictions of energy barriers are as good as ab initio or in closer agreement with experiment than
ab initio (Deng and Zeigler 1995). In other cases, DFT fails completely in correctly describing reactions,
such as predicting transition states as stable points (Johnson et al. 1994), or as nonexistent on the PES
(Baker et al. 1995), or as having relative energies that are lower than the minimum to which it connects
(Sosa and Lee 1993; Fan and Zeigler 1992). Also, local DFT has predicted minima on a PES that appear
to be artifacts of the local density approximation, and do not exist when the nonlocal corrections are
incorporated (Fan and Zeigler 1992). In general, DFT predicts barrier heights that are lower than
experiment, whereas ab initio calculations typically overestimate the measured values (Porezag and
Pederson 1995; Deng, Branchadell, and Zeigler 1994). The inconsistencies in performance of DFT for
different chemical systems indicate the need for metrics such as those presented here to gauge the
usefulness and suitability of DFT methods.

In this paper, we report NDFT calculations for two possible decomposition mechanisms of sym-triazine
(HyC3N,):

sym-triazine ------> (HCN); ----—-> 3HCN )
sym-triazine ------> HCN+ H, C, N, -----> 3HCN )

where (HCN); denotes a hydrogen-bonded cyclic cluster of HCN molecules, and H,C,N, is a covalently
bonded dimer. These reactions have been characterized in a previous ab initio study (Pai, Chabalowski,
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and Rice 1996). In that work, critical points along the reaction coordinates for (I) and (II) were located
through MP2 geometry optimizations using the 6-31G** (Hehre, Ditchfield, and Pople 1972; Hariharan
and Pople 1973; Gordon 1980), 6-311++G** (McLean and Chandler 1980; Krishnan et al. 1980), and
cc-pVTZ (Woon and Dunning 1993; Kendall, Dunning, and Harrison 1992; Dunning 1989) basis sets and
characterized through normal mode analyses. Energy refinements of the MP2 structures were then
performed at the QCISD(T) level. The results indicated that the low-energy path to decomposition of
sym-triazine is through the concerted triple dissociation [Reaction (I)}, in agreement with photodissociation
experiments (Ondrey and Bersohn 1984). Also, the best prediction of the decomposition barrier
(81.1 kcal/mol) is well below the experimentally measured upper limit (115 kcal/mol) (Ondrey and
Bersohn 1984). Predictions of the reaction endothermicity of sym-triazine decomposition, however, were
~8 kcal/mol less than the experimental value (Ondrey and Bersohn 1984).

The NDFT results will be compared to the previously reported ab initio predictions (Pai, Chabalowski,
and Rice, in press) and experiment, where available. In comparing quantum mechanical methods against
each other and against experiment, we will use the results calculated with the cc-pVTZ basis set.
Geometries, harmonic vibrational frequencies, and corresponding eigenvectors and relative energies of the
critical points will be compared. Additionally, we will show the basis set size dependence of these
methods.

For some properties, we are restricted to comparing the DFT results with the MP2 results due to either
a lack of experimental data or results from a higher-level correlation technique. In these comparisons, it
must be kept in mind that the MP2 results might or might not be more accurate than the DFT results.
MP2 is a widely used method, and its strengths and weaknesses have been well-documented for many
chemical properties. Therefore, MP2 serves as a useful metric. Even with our rather extensive computer
resources, MP2 was the highest level of ab initio theory that we could perform on this size of system and

still examine the basis set dependence.
2. METHODS

DFT calculations of critical points on the PES for sym-triazine reactions were performed using the
GAUSSIAN 94 program package (Frisch et al. 1995). Geometry optimizations of stable and transition
state species were done using the 6-31G** (Hehre, Ditchfield, and Pople 1972; Hariharan and Pople 1973;
Gordon 1980), 6-311++G** (McLean and Chandler 1980; Krishnan et al. 1980), and cc-pVTZ (Woon and




Dunning 1993; Kendall, Dunning, and Harrison 1992; Dunning 1989) basis sets. The density functionals
used are the various nonlocal spin density corrections to the local spin density (LSD) functional with the
LSD exchange and the Vosko, Wilk, and Nusair (VWN) correlation functional (Vosko, Wilk, and Nusair
1980). These corrections were estimated by the exchange functional of Becke (1988) and the correlation
energy function of Lee, Yang, and Parr (1988; Miehlich et al. 1989) (BLYP); the exchange functional of
Becke and the correlation functional of Perdew (1986) (BP86); the exchange functional of Becke and the
correlation functional of Perdew and Wang (1992) (BPW91); and the exchange functional described by
the fitted three-parameter hybrid of Becke (1993) and the correlation functional of Lee, Yang, and Parr
(B3LYP). All geometry optimizations met the default convergence criteria given by Gaussian 94 (Frisch
et al. 1995). All critical points were characterized through normal mode analyses. IRC calculations for
Reaction (I) using all functionals and the 6-31G** basis set were performed. The IRC calculations were
terminated when minima were reached as defined by the default convergence criteria of the Gaussian 94
set of programs (Frisch 1995). All DFT calculations were performed using the default grid size given in
Gaussian 94 (Frisch 1995).

3. RESULTS AND DISCUSSION

3.1 Geometries. The geometric parameters predicted at all levels for sym-triazine, the transition state,
the weakly bound (HCN); cluster, the dimer (H,C,N,), and the HCN molecule are listed in Table 1. Ab
initio predictions from Pai, Chabalowski, and Rice (1996) are provided for comparison. Figure 1 shows
structures corresponding to these critical points; the atom types and indices listed in Table 1 are denoted
for sym-triazine, (HCN)3, HCN, and H,C,N, in Figure 1. The intemnal coordinates used in our discussion
are shown in the transition state structure in Figure 1(b) or the (HCN); cluster [Figure 1(¢)]. Although
the atoms are not labeled on the transition state structure in Figure 1(b), the labeling of the atoms follows
the same pattern around the ring as in Figure 1(a). The internal coordinates shown in Figure 1(b) will be
discussed later and are the same for all structures illustrated in Figure 1.

3.1.1 Basis Set Dependence. The absolute percent differences of geometric parameters calculated
using the 6-31G** or 6-311++G** basis sets relative to those calculated using the cc-pVTZ basis set are
given in parentheses within the columns in Table 1 labeled "6-31G**" and "6-311++G**". The geometric
parameters predicted by all methods for all critical points are insensitive to increasing basis set size (<1%),
with two small exceptions. Firstly, the BLYP/6-31G** predictions of the elongated CN bonds in the
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Figure 1. Structures of (a) sym-triazine, (b) the transition state for the concerted triple dissociation
reaction [Reaction (D], (c) the dimer species H,C,N, associated with the stepwise
decomposition reaction [Reaction (ID], (d) the HCN molecule, and (e) the (HCN), cluster

located on the concerted triple dissociation reaction path.

transition state are 2% larger than the predictions using the cc-pVTZ basis set. Increasing the basis set
to 6-311++G** brings the BLYP predictions of this bond length to within a percent of the cc-pVTZ value.

Secondly, all DFT predictions of intermolecular geometric parameters (N-H distances and CNH and
NHC angles) in the weakly bound (HCN); cluster show a small basis set dependence (1-5%). All
DFT/6-31G** predictions of the N-H bond distance differ by at least 4% from the DFT/cc-pVTZ
predictions, but increasing the basis set size to 6-311++G** reduces the difference to within 1% for all
DFT calculations. Similarly, the DFT/6-31G** intermolecular bond angles differ by 2-4% from the
cc-pVTZ values, but are improved upon increasing the basis set to 6-311++G**. It is interesting to note
that for the MP2 results, increasing the basis set size from 6-31G** to 6-311++G** increased the percent

difference with the cc-pVTZ results in these intermolecular geometric parameters.




3.1.2 Method Comparison. Figure 2 provides a comparison of DFT structural parameters using the
cc-pVTZ basis set with experiment where available or with MP2 geometries when experiment is
unavailable. For those species for which experimental data exist, the ordinate axis label is entitled
"% Error". For those species for which experimental data do not exist, the ordinate axis label is titled
"% Deviation" and refers to the deviation from the MP2/cc-pVTZ predictions. In addition, for those
structures for which experimental data exist, MP2 predictions are provided for additional comparison. A
positive or negative percent deviation from the standard (experiment or MP2) represents an overestimation
or underestimation, respectively, of that structural parameter. The labels along the abscissa denote the
internal coordinates of the species according to the labeling of structures ili Figures 1(b) and 1(e).

_f ¢ | mMP2  «B3LYP | (d)
N * | .BP85 BPWOI
Rl . e BLYP
-2
1
S 0.5 $ 8 (®)
cool 2 2 2
I.Llos [~ [ ‘
°\c:-:‘!- * > ‘
-1.5
5 (c)
= 4 :
8 + '
3 0 ¢
[m] s 9 e
o\°_4 x
5 6 : (d)
.§ 3 * A
2 0 & A §
" . ’ ¢ .
C T ©
S 1 .
- *»
"E 0 a 4 ° N
@ *
3 L . ? 2
o -
> o =z =
Z S 5258832 2 9
@] o =2 I o =

Figure 2. Percent error from experiment for the structural parameters of (a) HCN and (b) sym-triazine for
all methods using the cc-pVTZ basis set. Percent deviation of DFT/cc-pVTZ methods from
MP2/cc-pVTZ for (c) the transition state, (d) the (HCN), cluster, and (¢) HyC,N,. Method is
denoted by symbols in the legend in Figure 2(a). See Figure 1(b) and (¢) for definition of
internal coordinates shown along the abscissa.

Geometric parameters of HCN and sym-triazine [Figures 2(a) and 2(b), respectively,] predicted by all
methods are within 2% of experiment. DFT predictions of structural parameters for the transition state
[Figure 2(c)] are within 4% of the MP2 predictions, except for the CN2 bond, which is being broken as




the sym-triazine proceeds along the reaction path. For that parameter, the B3LYP prediction is in closest
agreement to the MP2 prediction. The BPW91 and BP86 values overestimate the MP2 value by ~5%
(~0.1 A). Similarly, all of the DFT predictions of structural parameters of the (HCN); cluster
[Figure 2(d)] are within 3% of the MP2 values, except for the weak N-H hydrogen bond. The BP86
prediction of this bond distance is in closest agreement with the MP2 (1%), followed by the B3LYP
prediction (~3%). The BPW91 prediction of the N-H bond exceeds the MP2 prediction by ~6% (0.16 A).
DFT predictions of the structure of the dimer species agree with MP2 to within 1.5%.

The good agreement of DFT with experiment suggests that the DFT predictions of structural
" parameters for stable, covalently bonded structures on the sym-triazine PES are as good as MP2. Also,
the small basis set dependence of the DFT geometries indicates that reasonably accurate structural
parameters can be obtained using a small basis set (6-31G*¥*). The agreement of DFT with MP2 is better
for HCN, sym-triazine, and the dimer than for the transition state and loosely bound cluster. However,
the DFT predictions differ from MP2 by no more than 7%.

3.2 Vibrational Analyses. Normal mode analyses of all critical points on the sym-triazine PES using
DFT methods and the 6-31G**, 6-311++G**, and cc-pVTZ basis sets were performed, and the harmonic
vibrational frequencies at all levels are reported in Table 2. MP2 eigenvectors corresponding to the

frequencies listed in Table 2 for sym-triazine, the transition state, the (HCN), cluster, and the H,C,N,

dimer are shown in Figures 3-6, respectively.

The assignment of the MP2 modes for sym-triazine to experiment is discussed extensively in Pai,
Chabalowski, and Rice (1996). The assignments to experiment are based upon visual inspection of the
MP?2 eigenvectors of sym-triazine (Figure 3) and the description of the atomic motions given in the
experimental paper by Lancaster, Stamm, and Colthup (1961). DFT mode assignments are based upon
comparison of the DFT eigenvectors with the MP2 eigenvectors rather than simply matching the harmonic
frequencies. The comparison is accomplished by projecting the DET eigenvectors onto all choices of MP2

eigenvectors subject to similarity apparent from visual inspection and within a reasonable energy range.

Assigning some of the low-frequency (<150 cm“l) DFT-vibrational modes of the (HCN), cluster to
the MP2 modes was difficult. For example, Figure 7 shows three pairs of MP2/cc-pVTZ and BPW91/
cc-pVTZ eigenvectors that we were unable to match through visual inspection. The MP2/cc-pVTZ
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Figure 3. MP2/cc-pVTZ eigenvectors corresponding to hammonic vibrational frequencies (given in
Table 2) for sym-triazine. Positive and negative signs denote out-of-plane motion.

Figure 4. MP2/cc-pVTZ eigenvectors corresponding to harmonic vibrational frequencies (given in
Table 2) for the transition state for Reaction (I). Positive and negative signs denote out-of-
plane motion.
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Figure 5. MP2/cc-pVTZ eigenvectors corresponding to _harmonic vibrational frequencies (given in
Table 2) for the (HCN), cluster. Positive and negative signs denote out-of-plane motion.

Figure 6. MP2/cc-pVTZ eigenvectors corresponding to _harmonic vibrational frequencies (given in
Table 2) for the H,C,N, dimer. Positive and negative signs denote out-of-plane motion.
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Figure 7. Comparison of MP2 eigenvectors to BPW91/cc-VTZ eigenvectors for (a) mode S, (b) mode 8,
and (c) mode 9 of the (HCN). cluster.

eigenvectors correspond to modes 5, 8, and 9 (See Table 2.) It is clear that there are significant
differences between the BPW91 and MP2 eigenvectors. The assignments we made that are listed in
Table 2 are based solely on the combinations that provided the largest projection value of the eigenvectors.
For the MP2 and BPW91 pairs shown in Figure 7, the projections of the BPW91 onto the MP2 are 0.41,
0.74, and 0.72, respecﬁveiy.

In order to compare effects of basis sets and methods on the  harmonic vibrational frequencies, we
calculated the difference of the prediction with some standard. In the case of basis set size dependence,
the standards are the cc-pVTZ calculations. For determination of the effect of the theoretical method, the
standard is experiment, where available, and MP2 theory where experimental data do not exist.
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The theoretical frequencies neglect anharmonicity, therefore, the best thebretical calculations should
in principle lie above the exact experimental frequencies. Simply because one theoretical technique lies
closer to the exact experimental value than another does not necessarily mean that this method is a better
reproduction of the vibrational modes. ‘

3.2.1 Basis Set Size Dependence. The differences in harmonic frequencies calculated using the
6-31G** and 6-3114++G** basis sets relative to those calculated using the cc-pVTZ basis set are given in
parentheses within the columns in Table 2 labeled "6-31G**" and "6-311++G**". DFT predictions of
frequencies of the critical points have small basis set dependencies. Iﬁcreasing the basis set from 6-31G**
10 6-311++G** brings most modes to within ~10 cm™! of the cc-pVTZ predictions for all species; no
frequency differs by more than 25 cm™l. In contrast, the MP2 predictions of harmonic vibrational
frequencies show significant basis set dependencies, and some 6-311++G** frequencies are in significantly

poorer agreement with cc-pVTZ than the 6-31G** values.

3.2.2 Method Comparison. Figure 8 provides a comparison of predicted harmonic vibrational
frequencies using the cc-pVTZ basis set with experiment for HCN and sym-triazine. Figure 9 compares
DFT-harmonic vibrational frequencies with MP2/cc-pVTZ frequencies for the transition state, the (HCN),

cluster, and the dimer.

For HCN and sym-triazine, BPW91, BP86, and BLYP provide best overall agreement with experiment
[to within 50 cm™ for all modes except for sym-triazine modes 13 [(1251 cm™!)] and 18 [(1617 cm™ 1))
However, modes 13 and 18 correspond to two A', fundamentals which are inactive and not observed. The
values for these fundamentals given in the experimental paper are from "estimated force constants and
hence are only very approximate" (Lancaster, Stamm, and Colthup 1961). MP2 agrees with the
experimental value given for sym-triazine mode 13 to within 8 cm™1. However, the good agreement could
be fortuitous. MP2 and B3LYP predictions for all HCN and sym-triazine modes with energies less than
2000 cm™! (except for mode 18, discussed previously) agree with experiment to within 50 cm™;

agreement with modes of higher energy is not as good.

All DFT-frequency predictions for the transition state, the (HCN), cluster, and the dimer are within
200 cm™! of the MP2 predictions. For bound modes up to 1300 cm™?, all DFT predictions are within
100 cm™! of the MP2 values. B3LYP provides the best agreement with MP2 for the transition state and
the dimer. BLYP gives the best agreement with MP2 for the (HCN); cluster.
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Figure 8. Error from experiment for the harmonic vibrational frequencies of (a) HCN and (b) sym-triazine
for all methods using the cc-pVTZ basis set. Method is denoted by symbols in the legend in

Figure 8(a).
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Figure 9. Difference in DFT/cc-pVTZ frequencies from MP2/cc-pVTZ for (a) the transition state, (b) the
(HCN); cluster, and (c) the H,C,N, dimer. Method is denoted by symbols in the legend in

Figure 9(a).
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A single vibration of the (HCN), cluster has been measured and assigned as the doubly degenerate
C-H asymmetric stretch (Jucks and Miller 1988). The vibrational frequency is 3274 cm™! and contains
rotationally resolved bands (Jucks and Miller 1988). DFT predictions of the frequency of this vibrational
mode are in closer agreement to experiment than MP2. BP86 provides the closest agreement and is 1.3%
- larger than the experiment. Fits of the bands to rotational transitions assuming a planar oblate symmetric
top result in rotational constants A"=B"=2C"=0.0822 cm™! (Jucks and Miller 1988). DFT predictions of
the rotational constant deviate from experiment by 1-6%, with BP86 and B3LYP having the best
agreement with experiment (0.0814 and 0.0815 cm™, respectively). MP2/cc-pVTZ predictions are within
2% (0.0840 cm™1) and BLYP and BPW91 predictions are 0.0791 and 0.0770 cm™, respectively.

The projection of DFT eigenvectors onto the MP2 eigenvectors is not used only to assign vibrational
modes. The magnitude of the projections of the DFT eigenvectors onto the MP2 eigenvectors is a
measure of the agreement in the description of the atomic motions of the molecules for each vibration.
A projection that has a magnitude of approximately one indicates similarity in the DFT and MP2
predictions of atomic motions of the molecule corresponding to that vibrational mode. A projection that
has a magnitude near zero indicates that the two theoretical methods describe significantly differently the

motions for that vibration.

Since the details of atomic motions corresponding to each normal mode of vibration cannot be
determined through experirnént without assuming some sort of model (as in the experimental work on
sym-triazine) (Vosko, Wilk, and Nusair 1980), we have used the MP2 eigenvectors as the standard against
which to compare the goodness of the DFT predictions.

Figure 10 shows the projection of the DFT/cc-pVTZ eigenvectors onto MP2/cc-pVTZ eigenvectors
corresponding to vibrational modes for sym-triazine, the transition state, the (HCN); cluster, and the dimer.
The eigenvectors have little dependence on the quality of the basis set for all of the critical points on the
PES. DFT eigenvectors of sym-triazine are in excellent agreement with MP2 predictions except for
degenerate modes 34, 16-17, and 20-21 [Figure 10(a)].

This lesser agreement between the DFT and MP2 eigenvectors for these pairs of degenerate modes
is probably due to the nonuniqueness of the eigenvectors for each degenerate pair which arises from the
three-fold rotational symmetry of the molecule. Such a comparison for degenerate modes is valid only

if some attempt is made to rotate the degenerate DFT eigenvectors so as to maximize their agreement with
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Figure 10. Projection of DFT/cc-pVTZ eigenvectors corresponding to harmonic frequencies onto MP2/cc-
PVTZ eigenvectors for (a) sym-triazine, (b) the transition state for Reaction (I), (c) the (HCN),
cluster, and (d) the H,G,N, dimer. Symbols in the legend shown in Figure 10(a) denote the
method.

the MP2 eigenvectors. Due to the good agreement with the nondegenerate modes, we assumed that the
lack of exact agreement for these modes is most likely an artifact of the "nonuniqueness" of the
eigenvectors for these double degenerate modes rather than any differences in the predictive quality of
either theory. Thus, we did not attempt to rotate the degenerate DFT eigenvectors into coincidence with
the MP2 eigenvectors. Excluding the degenerate modes, all of the DFT predictions are in equally good
agreement with the MP2 vibrational eigenvectors of sym-triazine.

Excellent agreement exists among all DFT and MP2 calculations for modes 1-10 of the transition state
[Figure 10(b)] as evidenced by the magnitude of the DFT projections for those modes. However, the
magnitudes of the projections for the higher frequency modes of the transition state are not as large, and
have values as low as 0.7. In those cases, the atomic motions predicted by DFT for those vibrational
modes are not the same as the MP2 predictions, although the DFT frequencies are within 10% of the MP2
values. Conversely, the DFT predictions of the imaginary frequency of the transition state ranged from
10 to 30% disagreement with the MP2 value while the magnitude of the projections of the DFT
eigenvectors on the MP2 eigenvector for this mode are all ~1. It appears that all of the DFT methods
perform equally well in predicting the vibrational eigenvectors for the transition state.
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For the (HCN), cluster, the BP86 eigenvectors have the largest projections onto the MP2 eigenvectors
[Figure 10(c)] over the entire spectrum. Significant scatter exists in the projections for the remaining
methods, with BPW91 showing the most notable disagreement with MP2 (see Figure 7 and previous
discussion). Finally, for the dimer, all DFT eigenvectors project almost equally well onto the MP2
eigenvectors over the entire spectrum {Figure 10(d)].

3.3 IRC. Figure 11 shows DFT/6-31G** and MP2/6-31G** energies along the reaction coordinate
for concerted triple decomposition of sym-triazine [Reaction (I)]. Figure 12 shows corresponding
geometric parameters along the path. The energies in Figure 11 are relative to three isolated HCN
molecules. Zero-point corrections are not included in Figure 11. The sym-triazine minimum is located
on the right side of Figure 11, and the (HCN); cluster minimum is on the lcft-hand side. Although we
conducted a thorough search, we were unable to find a transition state connecting minima for the (HCN),
cluster and isolated HCN molecules. |
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Figure 11. Energies along the reaction path for Reaction (I) determined from IRC/6-31G** calculations
using all methods. Every tenth point along the reaction path from the IRC calculations is
shown. In addition to the (HCN), cluster (illustrated at the leftmost portion of this figure),
the transition state structure, and sym-triazine (illustrated at the rightmost portion of the
figure), three additional structures along the reaction path have been shown to enable the
reader to visualize the mechanism of concerted dissociation of sym-triazine. The method is
denoted by the symbols defined in the legend. Energy is relative to three isolated HCN
molecules.
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The energy profiles of the reaction paths calculated by all the methods have the sanie shape but differ
in the magnitude of the barrier and relative well depths of sym-triazine and the (HCN); cluster.
B3LYP/6-31G** predicts the largest classical barrier to decomposition of sym-triazine (94.1 kcal/mol), and
BLYP/6-31G** predicts the smallest (81.0 kcal/mol). The BP86 and BPW91 values (89.6 and
90.2 kcal/mol, respectively) are within 3 kcal/mol of the MP2/6-31G** prediction (87.2 kcal/mol). For
the reverse reaction, the association of three HCN molecules to form sym-triazine, MP2 predicts the largest
classical barrier (47.4 kcal/mol) and BP86 predicts the smallest (23.3 kcal/mol).

Our calculations indicate that the structures maintain three-fold symmetry throughout the reaction path,
as can be seen in the series of snapshots of the atoms at points along the reaction path shown in Figure 11.
The changes in internal coordinates for all methods, illustrated in Figure 12, are quantitatively similar.
Therefore, DFT predictions of geometric changes along the reaction path are as good as MP2, and energy
profiles are in qualitative agreement with MP2.

3.4 Energetics. Table 3 lists the DFT and ab initio absolute and relative energies, and Table 4 lists
DFT and ab initio energy differences of critical points (zero point corrected) on the potential energy
surface for sym-triazine reactions. The deviation of energy differences calculated using the 6-31G** or
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6-311++G** basis sets from those calculated using the cc-pVTZ basis set are given in parentheses within
the columns in Table 4 labeled "6-31G**" and "6-311++G**." Figure 13 is an energy-level diagram
based on the values given in Table 4. This diagram illustrates the two assumed decomposition
mechanisms for sym-triazine. The minimum for the isolated HCN molecuies is located at the center of
the figure and is labeled "3 HCN." Critical points to the left of this minimum represent features along
the step-wise decomposition pathway [Reaction (I)]. Critical points to the right of the minimum labeled
"3 HCN" represent features along the concerted triple-decomposition pathway [Reaction (I)].

3.4.1 Basis Set Size Dependence. Except for the energy difference between isolated HCN and the
(HCN); cluster, DFT/6-31G** values differ from the DFT/cc-pVTZ values by 4.4-12.4 kcal/mol. The
DFT/6-311++G** differences, however, are within 1.2 kcal/mol of the DFT/cc-pVTZ differences. For the
reaction barriers, the differences between DFT/6-311++G** and DFT/cc-pVTZ are no greater than
0.6 kcal/mol. While both the 6-311++G** and the cc-pVTZ basis sets are considered triple zeta in the
valence space, one very significant difference between them is in the number of polarization functions in
each set. For hydrogen, the former has a single-primitive p-type polarization function, and a single-
primitive d-type on the first-row atoms. The cc-pVTZ has two p-type and one d-type function on
hydrogen, while the first-row atoms have two d-type and one f-type polarization functions, where all are
single uncontracted primitive functions. The DFT results show very little dependence on the quality of
the basis set used to define the polarization space. Except for the energy difference between the isolated
HCN molecules and the (HCN), cluster, ab initio/6-311++G** values are in poorer agreement with the
cc-pVTZ values than the 6-31G** values. For the ab initio calculations, one would expect the polarization
functions to play a significant role in correcting correlation error (Woon and Dunning 1993; Kendall,
Dunning, and Harrison 1992; Dunning 1989) and that seems to be the case here. In contrast, the current
study shows the DFT results to have very little dependence on the polarization functions.

3.4.2 Method Comparison. The zero-point corrected energies of H,C,N, + HCN relative to three
isolated HCN molecules are higher than the zero-point corrected relative energy of the transition state for
Reaction (I) for all methods and with all basis sets. Focusing only on the cc-pVTZ basis, the
QCISD(T)//MP2 predicts that the HyC,N, + HCN minimum is 6.7 kcal/mol higher than the transition state
for concertedlniple dissociation [Reaction (I)]. The DFT predictions of the H,C)N, + HCN minimum
range from 12.5 to 18.8 kcal/mol higher than the barrier to concerted triple dissociation. Therefore, even

if we assume that there are no barriers to formation of H,C,N, + HCN from sym-triazine decomposition
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Figure 13. Energy-level diagram for the sym-triazine potential energy surface showing the minima and
saddle point energies. Zero-point corrected energy differences between critical points using
the different methods and the 6-31G**, 6-311++G**, and cc-pVTZ basis sets are given in
Table 4. The diagram is representative of the features of the PES calculated with all methods,

and is illustrative of points made in the text.

or from association of two HCN molecules [the reverse of Reaction (II)], the step-wise decomposition
reaction will be higher in energy than the concerted triple decomposition. Our interests are mainly in the

low-energy pathway for the decomposition reactions of sym-triazine; therefore, we did not investigate this
step-wise reaction path any further. Two of the DFT methods (BPW91 and BP86) predict energies of the

dimer minimum (relative to isolated HCN) that are at least 7.2 kcal/mol lower than the ab initio
predictions. The remaining DFT methods are within 2.3 kcal/mol of the QCISD(T)//MP2 value.

The predictions of the well depths of the (HCN), cluster relative to the isolated HCN molecules range
from —4.8 t0 -9.5 kcal/mol using the largest basis set, with ab initio predicting deeper minima than DFT

by at least 1.4 kcal/mol. The BPWO1 prediction has the greatest disagreement with ab initio and is
4.1 kcal/mol higher in energy than the QCISD(T)//MP2 value. Sym-triazine shows the opposite trend,
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where BP86, B3LYP, and BPW91 predict the relative well depth to be greater than that predicted by ab
initio by at least 6.8 kcal/mol, and in the case of BP86 and BPW91, by 12-15 kcal/mol. BLYP prediction
of the sym-triazine well depth is in closest agreement with the ab initio predictions, being higher by
2 kcal/mol.

With the exc‘eption of BLYP, the DFT/cc-pVTZ barrier heights for the concerted triple decomposition
of sym-triazine are within 3 kcal/mol of the ab initio predictions. BPW91 and BP86 are within
1.5 kcal/mol of the MP2 values, and B3LYP is ~1 kcal/mol higher than the QCISD(T)//MP2 value. BLYP
stands out by being significantly lower (by ~9-12 kcal/mol) than predictions using all other methods. The
only experimental data for this barrier were obtained through photodissociation experiments, the results
of which provided an upper limit of 115 kcal/mol (Ondrey and Bersohn 1984).

All DFT/cc-pVTZ predictions of the barrier height for the reverse reaction of (I), the concerted triple
association of 3 HCN molecules to form sym-triazine, are lower than the ab initio predictions by at least
4 kcal/mol. The B3LYP result is in closest agreement with ab initio; all other methods underestimate the
ab initio values by at least 8.5 kcal/mol.

The measured endothermicity of Reaction (I) is 43.2 kcal/mol (Ondrey and Bersohn 1984). Figure 14
compares temperature-corrected (T = 298 K) reaction enthalpies for sym-triazine decomposition calculated
by all the methods using the cc-pVTZ basis set. The B3LYP prediction has the best agreement with
experiment (42.1 kcal/mol), followed by BPW91 (48 kcal/mol). BP86 predicts a larger reaction enthalpy
(50.4 kcal/mol), and BLYP Significantly underestimates the experiment (33.1 kcal/mol). MP2 and
subsequent QCISD(T) refinements predict reaction enthalpies of 35.2 and 34.4 kcal/mol, substantially
smaller than the experiment, and in almost as poor agreement as BLYP. This indicates clearly that
B3LYP predictions of the reaction enthalpy for this system are superior to ab initio.

4. CONCLUSIONS

In this study, we have compared the performance of NDFT (BP86, BLYP, B3LYP, and BPW91) ﬁsing
three basis sets (6-31G**, 6-311++G**, and cc-pVTZ) with ab initio methods [MP2 and QCISIXT)] and
experiment, where available, for predicting molecular properties at critical points along two decomposition
reaction pathways of sym-triazine. The two decomposition pathways that are investigated are a concerted

triple dissociation and a step-wise decomposition involving an H,C,N, intermediate. DFT and ab initio
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Figure 14. Temperature-corrected (T=298 K) reaction enthalpies for Reaction (I). The quantum
mechanical method is labeled along the abscissa; all calculations used the cc- pVTZ basis set.
The experimental value is given in Ondrey and Bersohn (1984).

geometries, harmonic vibrational frequencies, and corresponding eigenvectors, and relative energies of
critical points were compared. Additionally, energies and structures were compared along the IRC for the
triple-concerted decomposition of sym-triazine using the 6-31G** basis set. All methods predict that the
low-energy pathway to decomposition of sym-triazine is a concerted triple dissociation, and that a weakly
bound cyclic (HCN); cluster exists on the reaction path. All methods predict that three-fold symmetry
is maintained at all points along the reaction coordinate. The energy profile along the reaction coordinate
is qualitatively similar for all methods; the main differences are in the sizes of the reaction barriers and

the well depths of sym-triazine relative to three isolated HCN molecules.
We find that increasing the basis set size does not significantly affect the prediction of structural

parameters for all methods. Geometries of sym-triazine and HCN predicted by all methods and for all
basis sets are within 2% of experiment. DFT/cc-pVTZ predictions of the geometries of the transition state,
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the (HCN); cluster, and the H,C,N, dimer are in good agreement with the MP2 predictions. The largest
disagreement between the DFT/cc-pVTZ and MP2/cc-pVTZ structures is <7%.

The frequencies of the structures on this PES show small basis set size dependence for all methods.
The majority of DFT vibrational frequencies calculated using the 6-3114++G** basis set are within 10 cm™
of the cc-pVTZ values. BPW91, BP86, and BLYP predictions of the vibrational frequencies of HCN and
sym-triazine are within 50 cm™! of all experimentally observed modes. MP2 and B3LYP predictions
perform as well as the other DFT methods for modes with energies <2000 cm™!, All DFT/cc-pVTZ
predictions of harmonic vibrational frequencies for the transition state, the (HCN); cluster, and the dimer
are within 200 cm™ of MP2 predictions for all modes and within 100 cm™ for modes with energies less
than 1300 cm™L, Very little, if any, experimental data exist for the transition state species, the (HCN),;
cluster, and the dimer. If we then assume the MP2 results to be correct, there appears to be no one set
of functionals that stands out as consistently predicting frequencies in better agreement with MP2 than the
other functionals. Therefore, we cannot conclude that one functional better describes these species than

another.

The projection of the DFT/cc-pVTZ eigenvectors onto MP2/cc-pVTZ eigenvectors shows that for most
modes of sym-triazine and all modes of the dimer, the DFT eigenvectors are quantitatively similar to the
MP?2 eigenvectors. For noncovalently bound species [the transition state and the (HCN); cluster], the DFT
results show poorer agreement with MP2 eigenvectors, with no obvious relationship between the degree
of agreement and specific regions in the spectrum. In particular, the poor agreement between MP2 and
DFT (especially BPW91) eigenvectors for a few low-frequency modes of the (HCN); cluster and a few
modes in the transition state suggests caution in theoretical treatments of species with bonds that are weak
or have intermediate bonding character.

Concerning the energetics for this reaction, there are some general trends that appear in contrasting
the DFT against the ab initio results. For the DFT results, essentially all of the basis set dependence is
contained in the basis functions describing the valence shell, while the ab initio results seem to depend
equally on improvements in both the valence and polarization bases. These trends are clearly shown in
Table 4, where the largest change in any AE using DFT between the 6-311++G** and cc-pVTZ basis sets
is only 1.2 kcal/mol, while the change in going from the double zeta 6-31G** to triple zeta 6-311++G**
is as large as 13 kcal/mol. In contrast, for the ab initio calculations in Table 4, the largest difference in
any aE going from 6-31G** to 6-311++G** is about 3 kcal/mol, and going from 6-311++G** to
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cc-pVTZ is ~7 kcal/mol. The valence and polarization functions appear to play an equally important role
in the ab initio calculations, in contrast to the DFT where the polarization functions seem to play an
essentially insignificant role. This shows that the polarization functions are crucial in the ab initio
calculations for correcting the correlation errors present in the zeroth-order wave function through the
perturbation theory, but in DFT the correlation is included in the zeroth-order density which is apparently
adequately described by the valence shell basis set.

A comparison of the AE’s for the transition states and energies of formation given in Table 4 show
a wide scatter in the values predicted by the various density functionals. This is a noteworthy observation,
since it provides evidence to the users of DFT that transition-state energies and energies of formation can
be very dependent upon the choice of functionals. Fortunately, the qualitative features of the PES are the
same regardless of the choice of functionals for this system. However, this serves as a warning that a
quantitative prediction of a PES based upon DFT must be done after careful consideration of the choice
of exchange and correlation functionals. To this end, if one assumes the QCISD(T) results to be the most
accurate calculations in this study, it would appear that the B3LYP functionals give the most accurate DFT
values for transition-state energies and energies of formation, with the exception of the zero-point
corrected formation energy of sym-triazine from 3(HCN). The formation energy obtained from BLYP,
-30 kcal/mol, lies closest to the QCISD(T) value of —32 kcal/mol, followed by the B3LYP value of
-39 kcal/mol. This value, however, is closely related to the temperature-corrected reaction enthalpy for
sym-triazine decomposition, which has been measured. The QCISD(T)-temperature-corrected reaction
enthalpy is significantly smaller than the experimentally measured value of 43.2 kcal/mol (Ondrey and
.Bersohn 1984), whereas B3LYP is within 1.1 kcal/mol of the experiment. With this exception noted, for
the set of functionals used in this study, the B3LYP appears to give the best overall agreement with the
QCISD(T) results for aE's corresponding to transition states and energies of formation.
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