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The migration of hydrogen in the phenylethen-2-yl radical is investigated by determining optimal geometries
and barrier and reaction energies using several quantum mechanical methods. Rate coefficients and equilibrium
constants are obtained using the calculated data and RRKM theory. Theoretical methods compared include
PM3, MP2, B3-LYP, CASPT2, and G2MP2. The applicability of these methods and comparisons with two
others, G2M and CBS-RAD proposed to improve treatment of radicals, are discussed. The results obtained
at the most reliable level of theory produce reaction rates sufficiently fast for these reactions to play a role
in high-temperature aromatic chemistry.

1. Introduction ring. The addition of acetylene to the radical site of the product
may form another aromatic ring. Second, reaction 1 is the
smallest analogue of hydrogen transfer on large PAH molecules
and soot particle surfaces, allowing one to study this class of
reactions while remaining within the constraints of available
computational power. In the case of a larger aromatic structure,
then such a migration occurs at a bay site, the radical product
may cyclize directly. We note that the hydrogen travels a
relatively longer distance in the migration in reaction 1 compared
to the migration in sterically crowded two- and three-ring
compounds. Therefore, the reaction rate coefficients determined
from this one-ring model should be a lower bound on the rate

The formation of soot in hydrocarbon combustion has
important environmental consequences that recently are the
subject of much scientific inquiry. Soot particles are nucleated
from polycyclic aromatic hydrocarbon (PAH) precursors and
accumulate most of their mass through surface reactiéns.
Several reaction mechanisms have been suggested for the growt
of PAHs and aromatic edges of soot particle surfacés.

Our recent computational stublyidentified a new class of
reaction pathways for aromatic ring growth in combustion
environments. The distinctive feature of the reaction pathways
is the transfer of hydrogen atom between carbon atoms of the -
aromatic ring and those of the side chains. The calculations coefficients expected for the larger molecules. .
performed using the semiempirical quantum chemical PM3 At thg present state of the art of computational quantum
method?13showed that hydrogen migration is sufficiently rapid mechanics, the one-ring system |s_amenable to employ_mg a
to provide a more competitive alternative in many situations. spectrum of quantum cher_nlcal tec_hmques, from the most _s!mple

In the previous studyt a semiempirical level of quantum to the Complex' Evaluatlon_of d'ﬁefem metho_ds IS Cf't'ca'
theory was chosen to screen a large number of mechanistic?ecause, ultimately, we are interested in exploring the impor-
possibilities and to accommodate the large molecular size thattance of new reaction p{aths In more complr_sx, _multl-rlng
is required for realistic modeling of PAH precursors and soot systems. We want to investigate whether the application of lower

surfaces. Here, we turn to ab initio quantum mechanical theory |€VeIS f theory (i.e., PM3 and UHF) is useful. Furthermore,
to assess more accurately the feasibility of the hydrogen perturbation theories such as MP2 and MP4 have been employed

migration and to evaluate the earlier calculation in combustion modeling, and their performance is of interest
The reaction chosen for this purpose is the one shown below: as yvell. Den_sny fL_unctlonaI the.OW (DFT) has the attractive
attribute of including correlation and scales favorably in

comparison to other electron correlation methods. Moreover,

7 4 DFT continues to improve and the approach referred to as
Becke3 and LeeYang—Parr (B3-LYP) is considered most
- : reliable. Multireference methods, which have been found to be

particularly useful for treating radical reactions, were also
considered. The G2MP2 method, although computationally
intensive, provides chemical accuracy and is used to evaluate

The present choice was motivated by two considerations. Flrst,the other methods.

H migration may play a direct role, since both the reactant and
the product are known intermediates of aromatic growth in
hydrocarbon flames. In the forward direction, the hydrogen in
ring position 2 is transferred to the radical site on the side chain, Geometry optimization calculations on each of the minima
thereby moving the radical vacancy from the side chain to the associated with the two radicals and on the transition state were
performed at several levels of theory. Unrestricted Hattree

2. Quantum Mechanical Methods
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TABLE 1. Geometry Computed for the Reactant Molecule at Various Levels of Theory and Using Various Basis Séts

geometry parameters
method rl r2 r3 r4 5 ré r7 al a2 a3 a4 di

AM1 1.399 1.445 1.315 1.099 1.110 1.060 2.926 121.3 124.6 161.5 115.9 0.0

PM3 1.395 1.449 1.321 1.095 1.101 1.065 2.898 121.3 122.9 157.3 117.4 0.0

HF/3-21G 1.398 1.449 1.353 1.072 1.080 1.068 2.986 122.1 125.5 133.8 116.1 0.0
HF/6-31G(d) 1.400 1.450 1.354 1.075 1.082 1.071 3.004 122.2 126.1 133.2 117.7 0.0
HF/6-31G(d,p) 1.401 1.450 1.353 1.075 1.082 1.071 3.004 122.2 126.1 133.4 116.3 0.0
B3-LYP/3-21G 1.396 1.479 1.318 1.084 1.097 1.080 3.004 121.7 126.5 137.1 118.9 0.0
B3-LYP/6-31G(d) 1.395 1.474 1.312 1.087 1.099 1.082 3.018 121.8 127.2 136.7 117.9 0.0
B3-LYP/6-31G(d,p) 1.395 1.474 1.319 1.086 1.098 1.081 3.018 121.9 127.3 137.0 115.0 0.0
B3-LYP/6-311G(d,p) 1.392 1.474 1.314 1.084 1.097 1.079 3.019 121.9 127.5 137.8 117.6 0.0
MP2/3-21G 1.410 1.505 1.295 1.087 1.094 1.081 3.133 120.8 124.1 135.7 115.8 54.0
MP2/6-31G(d) 1.403 1.489 1.284 1.087 1.096 1.081 3.050 121.0 125.1 136.8 116.2 39.2
MP2(Full)/6-31G(d) 1.402 1.488 1.282 1.087 1.096 1.080 3.044 119.7 125.1 136.8 116.2 38.3
MP2/6-31G(d,p) 1.402 1.491 1.283 1.083 1.092 1.077 3.054 121.2 125.4 136.4 116.2 38.1
CASSCF(7,7)/6-31G(d) 1.390 1.480 1.308 1.075 1.082 1.071 3.004 121.9 126.6 134.1 117.8 0.0
G2MP2 1.365 1.497 1.289 1.086 1.095 1.080 2.990 121.7 126.3 136.2 115.0 0.0

aThe bond lengths represented by—r¥ are in angstroms and angles represented byadland d1 are in degrees. The internal coordinate
numbering system is defined in Figure 1.

standard basis sets. A small basis set, 3-21G, provided quickin MP2 energies using the 6-3+G(3df,2d) and 6-311G(d,p)
convergence to an optimized geometry, and the larger basis setas a measure of the BSSE error is included. Second, a zero-
6-31G(d,p), was used to determine the final geometries, point energy (ZPE) correction is determined using the HF/6-
frequencies, and energies. An additional calculation using the 31G(d) frequencies scaled by 0.893.ast, a further empirical
triple-¢ basis set, 6-311G(d,p), and the B3-LYP method was adjustment is made for unpaired electrons using the forfhula
performed to compare with the geometry optimization step of —4.81Ing — 0.1, wheren, = ng, n, andng are the number of
the G2M method?® Similarly, the 6-31G(d) basis set was a andjf spin electrons, respectively, and the units are milli-
included because of its use in the optimization step of the CBS- hartree. The method is reported to be accurate to 3 kcafmol.
RAD920and G2MP2 method¥.Multireference methods were The quantum chemical calculations were performed using the
represented by the complete active space SCF, CASA@&ing GAUSSIAN9429 MOLCAS 43° and MOPAC 93! suites of
seven orbitals as the active space and including seven electronscodes on PowerMac, AIX RS/6000, Pentium Il (Linux), and
with two single-point correlation methods using the CASSCF CRAY J90 computers.
wave function: CASMPZ? an MP2 correlation inclusion
method, and CASPT2(gZ}. Two semiempirical quantum
methods, AM?° and PM3!213were used. The PM3 calculation
was the subject of a previous stublyThe stationary points were 3.1. Geometry.lt is conceivable that the acetylene adducts
correctly characterized regarding the number of imaginary in both the reactant and the product will rotate out of the plane
frequencies, one for the transition state and none for the local of the six-member carbon ring to reduce repulsion. Therefore,
minima. A calculation following the reaction path using the the initial geometry for all optimization calculations had a value
intrinsic reaction coordinate (IRC) was performed using the PM3 for the dihedral angle of the carbon in the side chain to the
method to confirm the reaction pathway. plane of the carbon ring (denoted d1 in Tables3] set to 45.
Composite methods use several calculation steps combined/n this fashion, a higher symmetry was not imposed on the
using formulas determined from comparison with experimental molecules. The nonzero dihedral angle was also used in the
values to improve results. The first composite chemistry method transition-state calculations, but in all cases the optimized
used was the complete basis set method, CBSusing an molecule was planar.
UHF/3-21G(d) optimization and frequency step and a series of Key internal coordinate results for each of the optimized
three single-point calculations to improve the energies. Thesereactant stationary points are given in Table 1. A diagram of
are MP4/6-31G, MP2/6-3#(d',p'), and HF/CBS-B1, which is  the transition state including internal coordinate nomenclature
the largest basis in the calculation. This is one of the simplest given in Figure 1 also defines the geometry nomenclature for
of the CBS group of methods. The second composite method,the reactant. As indicated, the most striking feature is the
designed to give chemical accuracy, known as the G2 méthod, predicted planarity of the reactant. Only the MP2 geometry
has recently been modified into various incantations for ap- optimizations retained a nonzero dihedral angle, denoted d1 in
plication to larger molecules. One of these, the G2MP2 Table 1 for the acetylene adduct. To investigate whether this is
method?! was used as the highly accurate benchmark method at all reasonable, we examine the geometry of styrene, the
in this study. nonradical counterpart obtained from the addition of a hydrogen
The G2MP2 method commences with a geometry and to the radical site. HartreeFock calculation® 3 give a very
frequencies determination using the HF method and the standardow torsional barrier, 0.21 kcal/mol, and a nonplanar optimized
6-31G(d) basis set. By use of the final HF geometry, a further geometry with a 1520° torsion angle. An MP2/6-31G(d)
MP2 optimization including all the core electrofielP2(Full)} optimization of the styrene molecule produced a dihedral angle
is performed. A quadratic correlation interaction, singles, of 27.6’, indicating that the MP2 procedure predicts larger
doubles, and approximate triples (QCISDEFpnd the 6-311G-  dihedral angles than the HartreEock calculations.
(d,p) basis set calculation at the final optimized geometry  The values for the dihedral angle in the reactant radical, d1,
determine the base energy for the G2MP2 energy. Severalusing the MP2 method range betweerf 38d 54, somewhat
corrections for basis set superposition error (BSSE), unpairedlarger than the styrene case. Furthermore, single-point calcula-
electrons, and frequency errors are included. First, the differencetions on the planar and nonplanar geometries using the QCISD-

3. Quantum Mechanical Results
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One overall difference between the reactant and the product
radical is the angle, a3, that the hydrogen on the end of the
chain makes with the last-©@C bond. The reactant value is
between 15and 40 larger than the value for a3 in the product.

In the product, the endmost hydrogen is repelled more strongly
by the other hydrogen, as indicated by the slightly smaller angle
a3.

Another small difference between the reactant and the product
radicals is the angle, al, that the adduct makes with the ring. In
all cases, the calculations predict a larger angle for the product
by about 3. The radical site is on the ring in the product, and
analysis of other geometry values including the lengthening of
the C-C bond in the ring, rl, shows that the radical carbon
has collapsed inward because of loss of benzene ring conjuga-
tion.

The transition-state diagram and geometric results are given
in Figure 1 and Table 3, respectively. All of the methods predict
a planar structure except for a very small angle for the MP2-
Figure 1. Molecular geometry diagram displaying the internal (Full) method. Several of the methods predict the position of
coordinate numbering system used in Tables31 the migrating hydrogen to be out of the plane of the molecule,
but the angle subtended at the transition ring carbons is less

[T] method show that all post-HF methods favor the nonplanar Fhan T. The semiempirical methods have the greatest change

geometry by 3.6 (PMP3) to 6.5 kcal/mol (QCISD[T]). in the geometry of the ring associated with the transition state,
The G2MP2 method gives an in-plane result regardless of namely, the angle that the migrating hydrogen subtends with

the MP2(Full) optimization calculation performed as part of this respect to the donor and acceptor carbons. The angle s_ubtended

procedure. This outcome can be traced to the MP2(Fully Vith the acceptor carbon, a5, is greater by more tifapdssibly

calculation step using the HartreBock optimized geometry a significant vgrlatlon. ) ) ) .
as its initial geometry. There is a small barrier to rotation of _ 3-2. Energetics.Calculated reaction energetics are given in

the acetylene adduct, even though the symmet@jswhich Table 4. Results from the G2MP2 sequence of calculations are
hinders the G2MP2 method's MP2 optimization from obtaining included at the bottom of the table. For example, the method

calculated as 0.21 kcal/mol with the MP2/6-311G(d,p)//HF/6- €nergy starting from the UHF/6-31G(d) geometry, the super-
31G(d) potential energy surface (PES). The optimized angle SCript “planar” referring to the planar geometry of the reactant
has a large effect on the MP2(Full) energy component, 20.96 Obtained from aCs symmetry constrained optimization. Fre-
kcal/mol but only 2.30 kcal/mol for the spin-corrected PMP2- quencies taken from the UHF/6-31G(d) calculation are used to
(Full) energies. The zero-point energy correction does not determine the reaction rate coefficients for these energies.
change this result substantially. Because the transition state is The Hartree-Fock method uniformly produces barrier ener-
not affected by differing optimized geometries dependent on gies over 50 kcal/mol but gives a wide range of reaction
the initial geometry, the reaction barrier is reduced in the MP2 energies. The lowest barrier is predicted by the MP2(Fiy
correction term of the G2MP2 computation when the planar 6-31G(d) method. This is not unexpected, since the geometry
reactant geometry is used. of the reactant has not been fully optimized, thus yielding a
The bond length, r7, in Table 1 gives the distance between somewhat higher energy.
the two carbor-hydrogen bond sites for the migrating hydrogen. The CASSCF(7,7)/6-31G(d) barrier energy is slightly less
These lengths are obviously larger in the MP2 results becausethan the HF results at 43.99 kcal/mol, consistent with the wave
of the out-of-plane geometry, but the increase is not simply function being almost single reference. The largest weight
proportional to the angular increase. The MP2/6-31G(d,p) caseattributed to a reference electron configuration other than the
gives an in-plane distance of 2.4 A compared to the UHF/6- ground state is less than 0.1, implying the wave function is
31G(d,p) result of 3.0 A. The UHF geometry has strained bond dominated by the ground-state configuration. This is also the
angles as indicated by the larger results for angles al and a2case for the CASPT2 wave function that predicts a much lower
The predicted geometries for the product radical are sum- value, 28.52 kcal/mol, for the barrier height, very similar to
marized in Table 2; the corresponding internal coordinate the G2MP2 barrier energy. The CASMP2 barrier energy is
nomenclature can be determined from Figure 1. The out-of- similar to the CASPT2 result, but the reaction energy is nearly
plane dihedral angle is calculated to be much smaller than the20 kcal/mol lower. This may be due to the valence bond
reactant, but once again, only the MP2 methods predict nonzeroexpansion of the MP2 procedure in the CASSCF active space
results. Perturbations on this are the G2MP2 and PM3 results.altering the effective active space on the product radical. The
For the G2MP2 calculation, the MP2(Full)/6-31G(d) optimiza- CBS-4 barrier energy is 6 kcal/mol lower than the G2MP2
tion starting from the in-plane UHF/6-31G(d) configuration values and results in good agreement with the G2(PiaP2
predicted an out-of-plane angle of 2°93pparently, thereisa  This similarity may be traced to the planar configuration of the
much lower barrier to rotation, if at all, or a very broad valley molecule predicted by the CBS-4 method; however, there is
on the PES. For the PM3 computation, the out-of-plane angle far less electron correlation included in the post-HF treatment
was 0.08, hardly a significant amount. The-€ and C-H of this method compared to the G2MP2 formalism. The planar
bonds exhibit similar changes when a larger basis set or ageometry of the reactant is due to the initial HF optimization
correlation method is used when compared to the reactantstep that is common to all the CBS methods. Subsequent
geometry results. optimization in the other CBS methods would likely remain in



7130 J. Phys. Chem. A, Vol. 103, No. 35, 1999

Moriarty et al.
TABLE 2: Geometric Results for the Product Molecule at Various Levels of Theory and Using Various Basis Sets

geometry results

di

method rl r2 r3 r4 r5 r6 r7 r8 al a2 a3 a4 ab
AM1 1.409 1438 1.347 1.098 1.104 1.097 2970 1.098 1244 1239 121.8 1156 122.3
PM3 1.403 1.444 1.342 1.094 1.097 1.085 2945 1.081 1239 123.0 1224 116.2 1228
HF/3-21G

HF/6-31G(d)
HF/6-31G(d,p)
B3-LYP/3-21G
B3-LYP/6-31G(d)
B3-LYP/6-31G(d,p)
B3-LYP/6-311G(d,p)
MP2/3-21G
MP2/6-31G(d,p)

CASSCF(7,7)/6-31G(d) 1.395 1.478 1.321 1.075 1.078 1.075 3.022

G2MP2

1406 1.447 1355 1.072 1.075 1.072 3.006 1.073 123.6 125.3
1.404 1450 1.35 1075 1.078 1.074 3.022 1.075 123.8 1257
1406 1.459 1.347 1.076 1.078 1.075 3.020 1.076 1239 125.6 120.9

121.1 1159 121.9
1209 1185 122.0

115.7 1219
1.397 1472 1337 1084 1.088 1.084 3.023 1.086 124.1 1252 1216 119.7 1215
1.396 1469 1.339 1.087 1.090 1.086 3.084 1.087 124.4 125.7 121.3 119.2 121.7
1.407 1469 1.338 1.087 1.089 1.085 3.033 1.086 1244 1256 1213

1.393 1468 1.335 1.084 1.087 1.083 3.034 1.085 1245 125.8
1434 1464 1333 1.087 1.091 1.085 3.032 1.087 1242 1254 .
1419 1450 1.328 1.083 1.086 1.080 3.008 1.081 1245 1252 121.2

1379 1496 1295 1.087 1.089 1.084 3.005 1.086 123.9 125.3

2 1157 1213
1076 1234 1259 1211 1190 1222 0.0

1215 1145 1220 29

0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.3
0.0
9.5
5.8

aThe bond lengths represented by-r8 are in angstrom and angles represented bya®land d1 are in degrees. The internal coordinate
numbering system is defined in Figure 1.

TABLE 3: Geometric Results for the Transition State at Various Levels of Theory and Using Various Basis Sets

geometry results

method rl r2 r3 r4 r5 ré r7 r8 r9 al a2 a3 a4 ab a6 di
AM1 1.411 1.470 1.337 1.099 1.093 1.076 2.366 1.369 1.392 108.4 109.6 138.2 122.2 103.7 118.0
PM3 1.405 1.470 1.337 1.095 1.090 1.078 2.362 1.379 1.418 108.8 109.1 135.9 122.8 1054 115.3
HF/3-21G 1.410 1.471 1.329 1.072 1.072 1.067 2.459 1.438 1.378 110.0 112.3 134.8 122.8 98.4 121.6
HF/6-31G(d) 1.379 1.483 1.339 1.076 1.076 1.071 2.442 1.382 1.404 110.0 111.1 133.1 1256 99.3 1225
HF/6-31G(d,p) 1.403 1.484 1.338 1.076 1.076 1.072 2.437 1.378 1.400 109.9 111.0 1329 1234 99.4 122.6
B3-LYP/3-21G 1.394 1.488 1.333 1.084 1.085 1.080 2.467 1.401 1.402 110.6 111.8 134.6 125.7 98.4 123.9
B3-LYP/6-31G(d) 1.393 1.480 1.333 1.087 1.089 1.083 2.451 1.391 1.385 109.9 111.8 134.0 1254 98.1 124.0
B3-LYP6-31G(d,p) 1.413 1.480 1.332 1.087 1.088 1.083 2.449 1.387 1.383 109.8 111.7 133.9 1229 98.0 125.3
B3-LYP/6-311G(d,p) 1.390 1.483 1.327 1.084 1.086 1.081 2.449 1.390 1.384 109.7 111.8 134.8 125.6 98.1 124.0
MP2/3-21G 1.423 1.500 1.307 1.087 1.087 1.081 2.468 1.402 1.404 109.5 112.2 134.6 1224 99.1 123.3
MP2/6-31G(d) 1.399 1.479 1.298 1.087 1.089 1.083 2.426 1.378 1.368 109.2 111.9 134.9 125.7 98.7 124.1
MP26-31G(d,p)

CASSCF(7,7)/6-31G(d) 1.385 1.484 1.339 1.075 1.075 1.072 2.406 1.363

G2MP2

1397 1.479 1.297 1.083 1.084 1.079 2.415 1.370 1.354 108.9 111.7 134.4 1254 98.5

1407 1.480 1.295 1.088 1.089 1.082 2.427 1.385 1.366 109.2 112.0 134.5 122.7

124.9

1.367 108.8 110.5 133.0 1259 99.6 123.6
98.7 123.9

aThe bond lengths represented by-r® are in angstoms and angles represented bya&land d1 are in degrees. The internal coordinate
numbering system is defined in Figure 1.

the planar configuration similar to the G2MP2 procedure unless TABLE 4: Barrier and Reaction Energies in kcal/mol for

there was intervention.

Various Levels of Theory and Basis Sefs

The barrier energies for the remainder of the methods are in method barrier energy reaction energy
the 20-35 kcal/mol range except for the AM1 method and the ™1 3823 6.01
methods designated UMP2(Full)/6-31G(d) and PMP2(Full)/6- pm3 20.36 5.56
31G(d). The first is a parametrized semiempirical method that HF/3-21G 50.65 1.50
is postdated by the PM3 method. HF/6-31G(d,p) 52.93 13.27

The reaction energies have a smaller range, although the UHF/ B3-LYP/3-21G 28.01 0.99

; . B3-LYP/6-31G(d,p) 26.93 0.72
6-31G(d,p) is remarkably large at 13.35 kcal/mol. Both semiem- B3-LYP/6-311G(d.p) 5750 109
pirical methods determine reaction energies in this region with  ymp2/3-21G ' 34.24 0.46
the PM3 result of 5.56 kcal/mol being remarkably similar to  PMP2/3-21G 30.84 4.18
the G2MP2 values. This is most likely fortuitous given the ~ UMP2/6-31G(d,p) 30.00 —-1.27
predicted planar geometry of the PM3 method. PMP2/6-31G(d,p) 27.33 1.84
. L . . CBS-4 22.84 3.76

3.3. Spin Contamination.The expectation values of the spin- CASSCF(7,7)/6-31G(d) 43.99 ~1.09
squared operatof&L] for each method are given in Table 5. CASPT2(7"7)/6_3lg(d) 28.52 —~0.36
The values should be 0.75 for the doublet state. The density CASMP2(7,7)/6-31G(d) 29.90 —-20.14

functional methods perform very well in this regard, and the

- ; . G2MP2 Components
CAS calculations also have good spin results especially for the HFrlanay6-31G(d)

53.91 1.00
reactant and product radicals. The largest deviation, except for UMP2(Fullp'aa/6-31G(d) 11.10 2.90
HF methods, is for the MP2(Full) calculations. Spin contamina-  PMP2(Fullpa/6-31G(d) 26.70 1.88
tion may be the reason for high values of energy barriers and UMP2(Full)/6-31G(d) o4.44 24.74
. . . - PMP2(Full)/6-31G(d) 41.98 9.56
reaction energies. By even the most lenient standards, the spin G2PMP planar 2476 183
contamination for the MP2(Full) is too large. Also, the results  gopmp2 28.93 6.00
for the CBS-4 method are not good. G2Mp Zlanar 23.11 0.39
3.4. Compound Methods.The incomplete geometry opti- G2MP2 28.35 5.63

mization of the reactant species in the G2MP2 leads to errors

in the energetics. The difference in barrier energies betweenAM1 and PM3.

aZero-point energy corrections are included in all results except for
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TABLE 5: Spin Eigenvalues for Several Methods and Basis pound methods. This division is somewhat arbitrary and
Sets Used in the WorkR nonexclusive but serves to discuss the choices available.
method reactant ~ product  transition One of the semiempirical methods tested, PM3, showed
HF/3-21G 1.83 1.86 1.63 seemingly close agreement with the higher level method.
HF/6-31G(d,p) 1.83 1.37 1.06 However, as pointed out earlier in the discussion, this result is
B3-LYP/3-21G 0.77 0.76 0.76 most likely fortuitous. Nonetheless, this does not preclude using
B3-LYP/6-31G(d) 0.77 0.76 0.76 PM3 as a reconnaissance tool especially for molecules too large
B3-LYP/6-31G(d,p) 0.77 0.76 0.76 for other methods. The single-reference method, MP2, provided
B3-LYP/6-311G(d,p) 0.76 0.76 0.76 ) ST 2 ' ! .
UMP2/3-21G 0.98 0.89 1.02 a better geometry optimization than all the methods explicitly
UMP2/6-31G(d,p) 0.94 0.86 0.96 tested in our calculations for stationary points. Perturbation
CBS-4 1.76 1.78 1.03 techniques applied to a multireference wave function, in
CASSCF(7,7)/6-31G(d) 0.79 0.88 1.10 particular CASPT2, also produced barriers in good agreement
G2MP2 Components with the G2MP2 and the MP2 methods. Similar agreement was
HF/6-31G(d) 1.83 1.84 1.07 obtained with the B3-LYP DFT method. All three required a
Bmgggia::%_;ﬁgé?(d) %)'.gi 11'.12 11"221 large basis set to epsqre gccuracy. o
QCISDP*"/6-311G(d,p) 0.93 0.87 0.94 By use of the criteria discussed, the method of choice is
QCISD/6-311G(d,p) 0.89 0.87 0.94 G2MP2. Taking into account the systematic approach of the

G2MP2 method to reduce the errors associated with BSSE,
unpaired electrons, and frequencies, we assume it to be the most
the planar reactant and the nonplanar reactant is significant withreliable method with the added precaution of requiring the
the restricted results differing by less (4 kcal/mol) than the restarting of the MP2 optimization with a nonplanar geometry.
unrestricted values (7 kcal/mol). A more recent compound In addition, the G2MP2 method has proven reliable for a large
method, CBS-RA[}P,ZO has been proposed to gi\/e a more range of calculations including the G2 data?$end produces
uniform and accurate treatment to radicals. The geometry reasonable electronic spin results for all stationary points in this
optimization is performed at either the QCISD/6-31G(d) or the reaction. Other compound methods could also be used depending
B3-LYP/6-31G(d) levels. However, computational resources are 0N the computer resources available.
a consideration, so the CBS-RAD calculations were not pursued
because of the computational demands of the first optimization 5, Kinetics Results
approach and the planar geometry resulting from the second.
A third approach using a QCISD/6-31G(d) optimization and Evaluation of the rate for the hydrogen transfer in the
the zero-point energy correction from the B3-LYP/6-31G(d) Phenylethen-2-yl is important to the understanding of soot
level is problematic because of the differing geometries (non- formation. Unfortunately, there is no experimental data available
planar and planar, respectively) obtained for each calculation. for this or similar reactions, and hence, we must rely solely on
As is often the case with compound methods, the single-point quantum mechanical predictions to provide the required infor-
calculations are the limiting factor in any CBS-RAD calculation. mation. In light of this, we calculate the rate coefficients and
It is important to note that a recent revist8rusing various equilibrium constants using a sample of the quantum mechanical
reductions in correlation and basis set sizes may be promisingmethods to assess further their performance and how the
for large radicals. sensitivity of the evaluation of the rate coefficients and
Despite the geometry differences, the final G2(P)WP2 equilibrium constants differs in the quantum mechanical results.
and G2(P)MP2 results are remarkably similar, especially when The reaction rate falloff calculations are performed with our
the restricted and unrestricted results are compared. Thetop choice, the G2ZMP2 results.
restricted G2MP2 method, designated G2PMP2, uses the 5.1. Calculation Details.The reaction barriers and conven-
restricted MP2 values to determine the BSSE correction. If the tionally scaled frequenciéswere used to determine the Rice
post-MP2/6-31G(d) corrections were constant, the energy barrierRamspergerKassel-Marcus (RRKM§”-28rate coefficients for
for the nonplanar reactant would be 44 kcal/mol. The QCISD- both the forward and reverse directions of reaction 1. The
(T) calculation (and included MP2 computation) does not give moments of inertia were taken from the present calculations at
uniform corrections to the final result for the planar and the optimized geometries and the Lennard-Jones parameters

aThe exact value is 0.75.

nonplanar reactants. from empirically determined formul&8 Following Gilbert and
Smith38 the real frequencies below 150 chwere examined
4. Methodological Choices by graphically visualizing the associated normal mode vibrations

One objective of the present study is to assess the varioyst© identify internal rotational modes that were subsequently

quantum mechanical methods to determine viable choices for '€ated as free rotors.
the kinetics of the type and molecular size of the reactions 5.2. Rate CoefficientsThe data (energies, geometries, and
considered here. One criterion for selecting a method is its frequencies) obtained in the quantum mechanical calculations
theoretical foundation. In situations such as reaction 1, when Were used to compute the rate coefficients of reaction 1 using
no experimental data are available for comparison, the rigorousthe RRKM treatment. The high-pressure limit rate coefficients
theoretical underpinnings of methods with Seeming]y close of reaction 1 for the forward direction calculated USing data
results can serve as a basis for choosing a more reliable methodffom various theoretical methods are displayed in Figure4.2
Another criterion is the performance of a method established The corresponding Arrhenius fits are given in Table 6.
by a large number of different experimental comparisons. An  The effect of spin contamination on the calculated rate
overriding concern is the demand on computational resourcescoefficients is shown in Figure 2. The spin-projected rate
and expense that can limit the level of sophistication attainable. coefficients are larger than the corresponding unrestricted
The methods investigated can be divided into five groups: computations with the same basis set by almost an order of
semiempirical, single-reference, multireference, DFT, and com- magnitude at 1000 K, reducing to less than half that amount at
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TABLE 6: Rate Coefficients and Equilibrium Constants Obtained for Various Methods and Basis Sets

ko = AT exp(—6/T) Keq= A exp(=6IT)
method Ax 107°(s™?) n 0 (K) A 0 (K)
AM1 3.66 0.618 19200 0.404 2650
PM3 5.51 0.617 14800 0.455 2420
HF/3-21G 12.4 0.673 25900 1.004 668
HF/6-31G(d,p) 4.72 0.642 26500 0.591 6310
B3-LYP/3-21G 121 0.673 14600 0.833 316
B3-LYP/6-31G(d) 8.19 0.670 14400 0.848 85.3
B3-LYP/6-31G(d,p) 10.1 0.685 14000 0.845 186
B3-LYP/6-311G(d,p) 13.1 0.580 14300 0.835 367
UMP2/3-21G 8.40 0.652 17600 0.934 97.3
PMP2/3-21G 9.12 0.643 15800 0.921 1950
UMP2/6-31G(d,p) 9.23 0.639 15300 0.673 —904
PMP2/6-31G(d,p) 8.18 0.652 14000 0.661 649
CBS-4 5.28 0.636 11500 1.443 1800
CASSCF(7,7)/6-31G(d) 23.8 0.632 22800 1.015 —708
CASPT2/6-31G(d) 17.1 0.669 15000 1.014 —343
G2MP2 Components
HF/6-31G(d) 7.93 0.581 27200 0.978 400
UMP2(Fullp'anay6-31G(d) 5.77 0.627 5560 0.986 1360
PMP2(Fully'anajs-31G(d) 6.94 0.607 13500 0.987 844
G2PMP2lanar 5.49 0.632 12400 0.992 815
G2PMP2 5.12 0.632 14500 0.926 2610
G2Mp2hanar 5.47 0.632 11600 0.993 93.5
G2MP2 5.23 0.629 14200 0.925 2720
T T T T T
Q
10° —a:‘Q -
10’
10°
‘_/-\
@
~
10
10°
10° i TR : . r:
0.4 0.6 0.8 1.0 04 0.6 0.8 1.0
3 -1 3 -1
10/T(K ) 10/T(K )
Figure 2. High-pressure-limit rate coefficients of the forward reaction Figure 3. G2MP2 components’ high-pressure-limit rate coefficients
1, ko, comparing the UMP2/6-31G(d,d{)solid circle, dashed lije of the forward reaction lk.. The rate coefficients correspond to the
PMP2/6-31G(d,p{ open circle, dashed lihe UMP2/3-21G {solid Hartree-Fock{ plus, dashed line PMP2(Full){ solid diamond, dashed

square, dashed lihe and PMP2/3-21F open square, dashed line line}, UMP2(Full){ open diamond, dashed liherocedural steps. Also
results. Hartree Fock results for the 3-21@open up triangle, dashed  included are the G2MP2solid circle, solid ling¢, G2PMP2{open
line} and 6-31G(d,pjopen down triangle, dashed linbasis sets and circle, solid ling (see text for explanation), G2MP22{ solid square,
semiemperical methods AMplus, solid lin@ and PM3{times, solid solid ling}, and G2PMP2aa { open square, solid lijeresults.
line} are included.
A comparison of the rate coefficients computed using the

2500 K. This is a direct reflection of the lower predicted energy component methods of the G2MP2 method is shown in Figure
barrier using the PMP2 method. 3. The HF value is very low, while the rate coefficient using

Figure 2 also illustrates the semiempirical and Hartileeck the planar MP2(Full) calculation would give a very high reaction
reaction rate coefficients. The HF rate coefficients are less thanrate because of its erroneously low barrier. The spin projection
the MP2 results. The AM1 rate coefficient is similar to the HF has the opposite effect on the G2MP2 rate coefficients with
results, while the PM3 rate coefficient is more similar to the the effect being limited to less than a factor of 2. This is due to
MP2 values. This agreement is, once again, most likely a a reversal of the relative barrier heights when comparing the
cancellation of errors, especially considering the differences in restricted and unrestricted values. The planarity of the reactant
computed geometries. changes the rate coefficients by an order of magnitude.
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Figure 4. High-pressure-limit rate coefficients of the forward reaction Figure 5. Equilibrium constantsKeq for reaction 1 obtained from
1, k=, for various methods and basis sets including R¥@es, solid calculations using various methods and basis sets. The semiempircal

line}, MP2/6-31G(d){open circle, dashed lihe B3-LYP/6-31G(d) methods, AM1{plus, solid lin@ and PM3{times, solid ling are
{open left triangle, dashed liheCBS-4{ solid up triangle, dashed lihe compared to ab initio methods, HF/6-31G{Hpen down triangle,
CASSCF(7,7)/6-31G(d] star, solid ling, CASPT2/6-31G(d) solid dashed ling, MP2/6-31G(d,p) open circle, dashed liheB3-LYP/6-
diamond, solid ling, and G2MP2{solid circle, solid ling. 31G(d) {open left triangle, dashed lihe CBS-4 {solid up triangle,
dashed ling, CASSCF/6-31G(d) star, solid ling¢, and CASPT2/6-
31G(d){solid diamond, solid ling. Also included are the G2PMPZa
A plot of the high-pressure-limit rate coefficients computed {open square, solid lidle G2PMP2{ open circle, solid ling, G2MP Z/anar
with the data from the more reliable theoretical methods is given {solid square, solid lije and G2MPZ solid circle, solid lin¢ method
in Figure 4. The G2MP?2 rate coefficients, with the additional results.
attention to the MP2(Full) geometry optimization being a global
minimum, are in the middle of the range. The CASSCF rate
coefficients are very similar to the HF results, while the rate 10°
coefficient determined using the CASPT2 data is the largest
depicted. Given that CASPT2 provides uniform treatment of
both radicals and transition states, this rate coefficient can be
considered reasonable. The CBS-4 rate coefficients are larger
again because of the lower reaction barrier.

The effect of the frequency multiplier was found to have little

influence on the final rate coefficients for any of the methods. —_
The difference was determined to be less than 1.5% when raw
frequencies are used compared to the scaled frequencies. As a
sensitivity test, when the low frequencies were halved and
doubled, the resulting change in the rate coefficients was less
than 0.5%. The largest order-of-magnitude effect was due to
the replacement of low vibrational modes with internal rotors.

5.3. Equilibrium Constants. We also investigated the
equilibrium constant of reaction 1 with the same sample of
guantum mechanical techniques as those used for rate coef-
ficients. Figure 5 and Table 6 report the equilibrium constants, 5 | |
Keg for a number of theoretical methods. The sensitivity of the 10 0.4 0.6 08 1.0
equilibrium constants to the quantum mechanical data is similar 3 -1
to the rate sensitivities. Most methods pred{gt, values less e 6 F drat LO/ {(Kf ) don 1 at th
than unty, whe the MP2I6-31G(6p), CASSCF(1,7y631G- Fe %, Fonvad e Solfoents o eacten | ot e presures
((.j)’ and CA.SPTZI(S'SIG.(d)//CASSCF(7’7)/6'316(d.) results threg pressurqespare 7y6 TQrEircles}, 7602£I'0rr{:sqyuare}s?s and 7600
yield values, in general, slightly greater than 1. Most disconcert- 1ot { diamonds.
ing of all is the wide range of values and even the temperature
dependence. The G2(P)MP2arresults are in agreement with
the MP2 and B3LYP values, but the nonplanar G2MP2 values 5.4. Falloff. By use of the G2MP2 results with nonplanar
are considerably smaller. The PM3 calculations produce an evengeometry and semiempirical results for comparison, rate coef-

smaller result. ficients (Figure 6) for three pressures covering the range of
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Figure 7. Reaction path diagram showing the role of the H migration of reaction 1 in the overall reaction path from phenyl to naphthalene.

TABLE 7: Coefficients of the Polynomial Fit, ag + a;,T +
T2 + agT® + a4T* + asT® Where T Is Temperature in K, of
the Parameters in Eq 3 for Temperature and Pressures
Ranges 500-2500 K and 105—1( atm, Respectively

parameters

coefficients h a o
Qo 1.458x 10°1 —5.829 7.693
a1 1.210x 10793 3.588x 10792 —2.048x 10792
a —7.159% 1097 —7.209x 10795 5.155x 1079
ag —2.243x 10710 5.764x 10798 —4.704x 10798
=N 2.362x 1018 —2.017x 1071t 1.772x 10°1*
as —4.288x 1077 2.592x 10715 —2.382x 10715

Moriarty et al.

CH,

—_— e —

SO

For large aromatic structures, like condensed multi-ring soot
precursors or those developed at the edges of soot particle
surface, the H migration step opens an additional and somewhat
faster reaction pathway, with an outcome of at least doubling
the rate of cyclizatiod! The effect of an additional channel is
rather straightforward because the cyclization reaction in this
case takes place at the aromatic bay with a large decrease in
the Gibbs free energy and hence is essentialgrersible

For smaller aromatics, the cyclization process involves a
sequence of tightly balanced reversible reaction stéks those
shown in Figure 7. The equilibrium constant of near-unity
computed for reaction 1 further accentuates the key mechanistic

practical interest (in combustion) were determined using RRKM féature governing the process, the coupling between a kinetic
theory. The results based on the two quantum methods are veryfving force and thermodynamic resistance to grofithin
similar mostly because the high-pressure-limit rate coefficients Other words, the rapid hydrogen migration, reaction 1, reasserts

are close. Both exhibit clear falloff behavior.

The falloff range of this reaction calculated by RRKM using
the G2MP2 data was parametrized following Kazakov &f al.
The unimolecular rate coefficient is approximated by interpola-
tion between the low- and high-pressure limits,and k., as

Keatioft = { (Ko[M]) * + KE} 2

where [M] is the total gas density amdis a fitted function of
temperature and pressure (or gas density),

a=h ex;{{ Iogm% - a] /o)2 -1

The high- and low-pressure limits calculated with the G2MP2
data are, respectiveli, = (5.23 x 10°)T0-692exp(—142001)

s™1 (Table 6) andky = (3.32 x 105 T~9-242exp(—34801) cm?
mol~! s71. The “parametersh, o, ando of eq 3 were fitted
with fifth-order polynomials in temperature (Table 7), matching
the RRKM results computed using the G2MP2 information over
the temperature and pressure ranges5HD0 K and 10° and

10° atm, respectively. This representation was found to be
largely within 1% error compared to the RRKM calculations,
with a maximum deviation of 1.19%.

@)

3)

6. Mechanistic Implications

the state of partial equilibrium among aromatic radical inter-
mediates. As a result, reaction 1 not only accelerates the
aromatic growth, via its forward direction, but also promotes
fragmentation, through its reverse.

One possible outcome of the rapidly equilibrating reaction 1
is the following. Assuming that we start with phenyl and a large
concentration of vinyl, their combination would form styrene,
as shown in Figure 7. A hydrogen abstraction from the ring
forms a 2-styrenyl radical, whose combination with acetylene
(or vinyl in this case) may lead to the formation of the second
aromatic ring. One would assume then that this direct formation
of 2-styrenyl via styrene should dominate the acetylene addition
pathway in a vinyl-rich environment. This is indeed what was
obtained in early kinetic simulatior8.However, the vinyl-
addition pathway was prominent only in the very initial phase
of the reaction. With the buildup of acetylene concentration,
the main growth was shown to switch to the acetylene-addition
route. The present results indicate that the switch may occur
even faster because of the decomposition of 2-styrenyl via the
reverse direction of reaction 1.

7. Conclusions

Many levels of quantum theory and basis sets were tested
on the hydrogen migration reaction in phenylethen-2-yl to give
2-styrene (reaction 1). Several criteria were used to determine
the method of choice for predicting accurate kinetics informa-
tion. The theoretical foundation, spin contamination, and previ-

The rate coefficients computed here for reaction 1 at an ab ously determined agreement with experiment were taken into

initio level of quantum theory are comparable in value to the
PM3 results. The latter was argdédo be sufficiently large
for the H migration of the type portrayed by reaction 1 to
compete with what presently is thought to be the primary
reaction channels for aromatic growth.

consideration.

On the basis of the low-spin contamination and agreement
with other reliable methods, the chemically accurate G2MP2
method, which also has been tested for a large dat seour
top choice. Among the other methods tested, the B3-LYP,
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CASPT2//CASSCF, and MP2 methods using the 6-31G(d,p) N (11% z;eﬂkllg%fg '\l/lé%l\éloriarty, N. W.; Brown, N. Symp. (Int.) Combust.,
i H H i roc.|, t .
basis set give results in agreement W|th_the G2MP2 method (12) Stewart, J. J, RI. Comput. Chem.989 10, 209.
and could be used to reduce computational expense. Note, (13) Stewart, J. J. F1. Comput. Chem989 10, 221.
however, that the MP2 method was the only calculation to  (14) Pople, J. A.; Nesbet, R. K. Chem. Phys1959 22, 571.
produce nonplanar geometries for the reactant and product. 823 ’éﬂﬂ”lff, 2-;53955? M-Pfﬁhé%ggeé 5195361436, 618.
. : - ecke, A. D.J. Chem. Phy , .

The calculation of reaction rate coeff|C|ent:_5 and eqwhbnum 17) Lee, C.: Yang, W.. Parr, R. ®hys. Re. B 1988 37, 785.
constants was most sensitive to the potential energy barriers (18) mebel, A. M.; Morokuma, K.: Lin, M. CJ. Chem. Phys1995
predicted by different levels of theory and to the replacement 103 7414. _ _
of low-frequency vibrational modes by free internal rotors. The _ (19) Mayer, P. M.; Parkinson, C. J.; Smith, D. M.; Radom/JIChem.

o ; . S .~ Phys.1997 108 604.
range is discomfortingly large in the predictions for the reaction

> | | ‘ dict (20) Wong, M. W.; Radom, LJ. Phys. Chem. A998 102, 2237.
coefficient,k, and in particular, the equilibrium constaisg,
even among the better methods tested in this study.

At the G2MP2 level of theory, our top choice, the results are

ko = (5.23 x 10°)T0692 exp(—14200T) s ! andko = (3.32 x
1015 T-0-242 exp(—3480M) cm® mol~! s71, while the falloff

(21) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Physl1993
98, 1293.

(22) Eade, R. H. E.; Robb, M. AChem. Phys. Lettl981, 83, 362.

(23) McDouall, J. J.; Peasley, K.; Robb, M. 8hem. Phys. Letll988
148 183. 3

(24) Andersson, K.; Roos, B. O.; Malmqvist, P.:ANidmark, P.-O.

behavior is described by eq 3 and Table 7. These results areChezrg- PDhe)(/iz.all_el\t/Iﬂ-?]gﬂﬁsz'SZO(')Sks))ig(:h E G Heal. EJEAM. Chem. Soc
comparable in magnitude to the presently known rates of key 19§5 )106 2902 e B e, EAAM. T

aromatic-growth reactions. The hydrogen migration investigated  (26) Ochterski, J. W.; Petersson, G. A.; Montgomery, J. AJJEhem.
here opens an additional channel to aromatic ring growth and Phys.1996 104, 2598. . o
ring fragmentatiori! We thus conclude that the title reaction . (27) Curtiss, L. A; Trucks, G. W.; Raghavachari, K.; Pople, J.JA.

) ; . .~ Chem. Phys1991 94, 7221.
should .plaly an important role in t.he chemistry of polycyclic (28) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
aromatic ring growth and destruction.

1987, 87, 7382.

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
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