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Ab initio calculations have been carried out on the 1,3,5,7- and 1,2,4,7-tetraene configurations of the
cyclooctatetraenyl radical at UHF, ROHF, MCSCF, ROCISD, QCISD, and CCSD(T) levels of theory with
6-311G(d,p) and cc-pVDZ basis sets. Although spin contamination is present, the ROCISD calculations support
the energies obtained from less intensive, UHF-based coupled cluster calculations over the energies obtained
from MCSCF analysis of the-electron orbitals. The 1,3,5,7-form is a local minimum at the coupled cluster
levels, higher in energy than the resonance-stabilized 1,2,4,7-form-b¥3LRJ/mol, but bounded by a barrier

of less than 0.5 kJ/mol. The isomerization surface connecting these two structures is described and results
reported from integration of the vibrational S¢tieger equation on that surface. Excited vibrational states

at energies just above the isomerization barrier are dominated by the character of the 1,3,5,7-tetraenyl radical,
which suggests that chemistry involving this intermediate at typical combustion temperatures may branch at
this juncture.

Introduction g R

The cyclooctatetraenyl radical has attracted recent attention
as an intermediate in the complex combustion chemistry of
unsaturated hydrocarbons. Considerable research has been con- a
ducted on benzene and phenyl radical formation mechadisths, d
and investigations are now broaching the intermediates formed b c
from subsequent reactions of the aromatic species. Tghie C
radical is encountered among reactions of acetylene with many
radicals, modeled computationally by Wang and Frenklach using
the AM1 method® They calculated the RRKM reaction rate
coefficients, correcting the AM1 molecular parameters to

reproduce the available experimental data. Richter.etairied Tokmakov and Lin's work focused on the minimum energy

out a theoretical study of acetylene addition to phenyl and paths connecting distinct structural isomers, and did not

1-naphthyl radicals. The potential energy surfaces (PES) of the! . . S . )
reactions, including local minima and transition states were investigate alternative chemistries of the intermediates and how

explored with use of BLYP and B3LYP density functional these mig_ht be affec_ted by thermal excitatior_L T_he_intermediate
theory. Moriarty et al* investigated the migration of hydrogen monocyclic GHy ra_dlcal, cycloo_ctatetraen_yl, IS similar to other

in the phenylethen-2-yl radical by determining optimal geom- unsatue:age(_j,n-con]ugated radicals stud|ed. In our rese"?‘“’h
etries and reaction energies using many levels of quantum theor rougt n tht?t (:WO fa\I/:qrabIe,l ngnequlvalint canonlcall
coupled with RRKM theory to calculate rate coefficients and structures may be drawn ( 'gure ). Because t ese geometries
equilibrium constants. They suggest that the hydrogen migration differ in carbon orbital hybridizations, the geometries may differ

could be regarded as an additional route to aromatic ring growth ggglejrgvgl:;[r aéi;ﬁgggﬁgring%ythzag;ﬁ;rSﬁ;ﬁéa??fhéh;ﬁt;\?;o
and ring fragmentation. y : '

orereceny he mecharam of G + G reacton 5201 a1 dlso ey difrer. e poenia enrgy surace
has been investigated by Tokmakov and!Binsing various y beyg y

guantum chemical methods. In that study they report several s'gaple structure, with na Intervening barrier. In thls.case, the
. L ) . distinction is between the 1,2-diene form of the radicaind
isomerization pathways from the initially formed, chemically

activated GHsC,Hs to produce phenylacetylene, benzocyclo- the 1,3,5,7-tetraenyl radicdl, the latter being the daughter
butadiene, and pentalene. Zero-point-corrected energies relativeradlcal in the image of th? famously antiaromatic 1,3,5,7-
cyclooctatetraene. If the radical is formed by hydrogen abstrac-
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Figure 1. Canonical structures for the cyclooctatetraenyl radical.

to GsHs + C,H, were calculated by the [G2M-(RCC6,RMP2)]
and G2M(RCC5,RMP2) methods.
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favored by the delocalization of the unpaired electron across and 6 (the GC,C. bond angle) was estimated according to:

the remaining five carbon atoms. Structuiis the configuration

appearing in Tokmakov and Lin’s stud¥.In this paper we p(r,0) =

present ab initio properties of the electronic and vibrational wave 1 N N

functions of the cyclooctatetraenyl radical in its two configura- FZ Z p +
1=1 )=

(o = p)(r —1;)(0 — 6)
i i h | f this i izati h
tions, and estimate the relevance of this isomerization to the Z ZWiW,- /0r00|(rj —1)(6,— 6)
=1 =

ww (1)
subsequent addition chemistry of the radical.

Methods where the weighting factors are given by

Initial geometry optimizations were carried out from canonical 5 )
geometries for structures and Il under the unrestricted w; = exp[=2(r — r)(o0,)] exp[—2(0 — 6)(o0,)] (2)
Hartree-Fock (UHF) and restricted open shell Hartrdgock . . ) . .
(ROHF) approximations, using the small 3-21G split-valence |f we label the point of interpolation6 by k, this interpolation
basis set. Geometries were subsequently improved at the largefcheme estimates a valuembased on two criteria: how close
6-311G(d,p)*2°and cc-pVDZ basis setdwhich each contain K is to any given points andj, and how close s to lying on
d-type polarization functions on the carbons and p-type polar- the straight line connectingandj in the parameter space of
ization functions on the hydrogens. Higher level calculations @nd 6. The valueo, scales the argument of the Gaussian
were carried out with the cc-pVDZ basis, which employs fewer Weighting factors such that large values @f make distant
functions than 6-311G(d,p) but has been of equal quality in 9eometries less likely to influence the value gf at pointk.
similar investigationd® The structures were re-optimized atthe ~1he valuess anday are the variances in the coordinate values
QCISD level, effectively a coupled-cluster method that includes ©f  and 0 that appear in the interpolated grid; they scale the
single and double excitations from a single UHF reference in impact of each coordinate so that, for example, the units chosen
estimating the correlation energy23 Because the spin con-  do notaffect the weighting. When selected optimized geometries
tamination of the UHF reference is large, the qualitative Were excluded from the input, this scheme with a value of 0.1
conclusions of the QCISD calculations were tested by optimiza- for ot predicted the correct potential energy at thogevalues
tions at the RHF-based MCSCF level, followed by single-point t0 Within 5%, and values of the variable internal coordinates
calculations at the MCSCF geometries using a second-order C|Were predicted to within 2%. Similar results were obtained in
expansion of the ROHF wave functions (ROCISB)The an earlier test run (as part of this work) on the formyl radical.
MCSCF used an active space of 9 electrons in 9 orbitals, The remaining error can always be further reduced with greater
covering thex bonding/antibonding system and the singly Sampling of the PES. o .
occupied orbital. The ROCISD incorporated single and double ~ BY this method, an effective vibrational potential energy
excitations of the electrons from all 20 valence orbitals into Surface was constructed on a 480400 point square grid at
the lowest 28 unoccupied orbitals, resulting in wave functions resolutions of 0.0008 Ainand 0.14in . Similarly, the kinetic
composed of 2.5 million configuration space functions. As the €nergy contribution to the vibrational Hamiltonian was dis-
orbitals in the ROCISD active space encompass less than 259retized on this surface by estimating interpolated geometries
of all the virtual orbitals obtained from the cc-pVDZ basis, the at €ach point on the grid. The molecular structure is a function
ROCISD results are not expected to be fully converged. The ©f 39 internal coordinates (bond lengths, angles, and dihedrals),
final quoted geometries and vibrational frequencies given here @nd the values of each coordinate were computed at each point
were determined at the QCISD/cc-pVDZ level. We note that ¢ by €q 1 to obtain a geometry for that point. The resulting
this level has been adequate in previous studies where directg0metry was converted to Cartesian coordinates, so that the
comparison to experimental data is available, predicting for Kinetic energy operator could remain in Cartesian form. Finally,
example the relative formation enthalpies of a diverse set of thé moment of inertia tensor was diagonalized to prevent
C4Hs isomers to within 5 kJ/md# The transition state between rotations and center-of-mass translations from contributing to
| and Il was optimized at the QCISD/cc-pVDZ level after ~the kinetic energy. _ _ _
refining the initial geometry by carrying out a relaxed potential ~ Integration of the vibrational Schaiinger equation was carried
energy scan, varying the.C,C. angle from 140to 162.5 and out on this grid, by using numerical derivatives of the atomic
the bond distance iC. from 1.30 to 1.42 A. That the structure  displacements among the grid geometries to estimate the kinetic
is a transition state was confirmed by the single imaginary €nergy integrals. The ground vibrational state was optimized
constant in the harmonic frequency analysis. Single-point Variationally as a linear combination of two-dimensional
energies were calculated at the coupled-cluster CCSD(T)/cc-harmonic oscillator wave functions, using an adjustable set of
pVDZ level, which incorporates an estimated contribution from four variables: the centerso(and 6o) and effective force
triple excitationg5-27 All electronic structure calculations in ~ constantsk andky) along each dimension. Convergence of
this work were performed with the Gaussiar?®and Gamess ~ the energies to within 10 was established for the states
coded® on Compag DS-10, Intel Plll and Xeon, and AMD discussed below as a function of the grid size and number of
Opteron computer systems. Visualization of the results was Pasis functions. Excited-state wave functions and energies were
accomplished with Moleke® approximated by the higher energy eigenstates of the Hamil-

In the relaxed, two-dimensional scan of the QCISD/cc-pVDZ tonian matrix.
surface, 46 partially optimized geometries were obtained.
Although these 46 points should be sufficient to convey an
accurate picture of the PES in the region of the two minima, At the UHF level, only a single planar geometry is found for
study of the excited state vibrational wave functions requires the cyclooctatetraenyl radical, but the expectation value of the
sampling along these coordinates at much higher resolution. Tospin squared operat&®[at that geometry is 2.41, making these
artificially increase the resolution of the PES scan for integration, calculations highly suspect. However, at other levels of theory,
the value of a parameterat any pointr (the G,C; bond length) the geometries near both configurations are both minima on

Results and Discussion
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Figure 3. The singly occupied ROHF molecular orbitals. The
molecular orientations are the same as in Figure 2.

ts

Figure 2. QCISD/cc-pVDZ optimized geometries férand Il and
the transition statet§), with bond lengths given in pm.

the PES. At these nonplanar geometries, the energy separatiol 0™
among ther molecular orbitals expands significantly, raising
the energy of the quartet state responsible for most of the spin
contamination in the UHF calculations. The UHFvalues
drop to 1.75-1.85 for these stationary points. Although immune
from'spin-C(')ntam'inatiqn, the ROHF and MCS(.:F ca!culations surface as a function of the,G,C; bend angle (accc) and,C. bond
predict configuratioril is more stable than co_nflg_u_ratldrby . length (rcc). Configuratioh Ii;(s:bincthe forwa?d a(rea a)nd cgrﬁciguration
28.8 and 2.2 kJ/mol, respectively. This nonintuitive result is | jies to the rear in this plot.

not supported by the ROCISD calculations, however, which find

I more stable tharl by 7.3 kJ/mol, in fair agreement with  atoms d&-h in Figure 1 are roughly coplanar, while the plane
QCISD and CCSD(T). The enhanced stabilitytloin the ROHF of atoms a-c differs by a 32 rotation about the symmetry axis.
and MCSCEF results would be a logical consequence of the The dihedral angles {CCiCy and GCiCyCh, are actually 18
tendency of ROHF wave functions to localize the electron similar to the 18 dihedrals calculated for the EE conformer of
distribution too strongly in conjugated systems. Evidence of the the pentadienyl radical at the same level of thedrs shown
need for dynamic correlation corrections to MCSCF wave in Figure 3, the unpaired electron is delocalized across the
functions was extensively documented in studies of the Cope z-system of atoms-eh in Figure 1, but peaks near atom f. The
rearrangement and other pericyclic reactions by H3Wxavid- geometry reported by Tokmakov and Lin in their ab initio
son3?and Bordef? (see also references therein). In those studies calculations is consistent with configuration

it is found that MCSCF alone tends to overemphasize localized In contrast, configuratioml has no point group symmetry,
diradical character in the transition states, when experimental with alternating single and double CC bond lengths, and the
evidence indicates more aromaticity. The calculated MCSCF unpaired electron is almost completely localized in af sp
wave functions in our work have less than 0.5% character from character orbital on atom ,CThe GC,C. angle is 143.3
triple and higher substitutions, indicating that a complete active indicating that the shcharacter of the orbitals is distributed
space CI is not necessary, and the ROCISD calculations aretoward substantial s-character in the CC bonds and correspond-
able to capture an additional 15 mhar/carbon of the correlation ingly greater p-character in the unpaired electron orbital.
energy. For these reasons, we expect the ROCISD to be more The QCISD and CCSD(T) calculations find configuration
reliable than the MCSCF. Unfortunately, the computational to be more stable thah. The difference in energies betweken
intensity of the individual ROCISD calculations and the lack andll is calculated to be 10.7 kJ/mol at QCISD and 12.4 kJ/
of analytic gradients for geometry optimizations and frequency mol at CCSD(T). The coupled cluster levels have repeatedly
analysis make it an impractical method at present for describing proven themselves more accurate than MCSCF in systems with
general features of the PES. The remaining discussion thereforecomparable spin contaminatiéf3>and the remaining discus-
relies on the QCISD and CCSD(T) results. sion rests on those calculations.

The optimized QCISD/cc-pVDZ geometries are shown with ~ The isomerization potential is rather flat and the second
bond length values in Figure 2. Although all the calculations minimum is shallow, as illustrated in Figure 4. The isomerization
were symmetry unconstrained, the geometry of configurdtion energy is 10.67 kJ/mol, whereas the barrier relative to the global
hasC, symmetry, with the symmetry axis passing through atoms minimum is 10.98 kJ/mol. The transition state lies only 0.3 kJ/
b and fin Figure 1. Configuratiohis characterized by a;CyCc mol or 25 cnt! above configuratiorl, scarcely enough to
angle approaching linearity (162)5with the bonds ¢Cy, and isolate from each other the vibrational wave functions corre-
CuC. having typical double bond lengths of 1.323 A. The sponding to the two structures. Consequently, the geometry of
dihedral angles give the overall cycle a biplanar geometry: the transition state, as shown in Figure 2, closely resembles that

Figure 4. Selected region of the QCISD/cc-pVDZ potential energy
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Figure 5. Predicted vibrational wave functions as functions of th€/C. bend angle (accc) and,C: bond length (rcc) for the states (a)= 0

at 124 cntt, (b) v = 6 at 501 cm?, and (c)»r = 13 at 892 cm.

of Il . However, the barrier height relative toccorresponds to In the transition state, the normal mode with imaginary
a temperature of about 1500 K, suggesting that the region of harmonic frequency, 126i cm, couples the many local
the potential surface corresponding ltois accessible in the  parameter changes inherent in transforming ttfecepter b in
combustion systems where this chemistry occurs. | to spinll: bending the @,C. angle, lengthening theyC.
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bond, and adjusting dihedrals to change the biplanar forin of M.G.M. acknowledges support from DGAPA for her postdoc-
to the boatlikell conformation. This latter, relatively large- toral study.

amplitude local motion dominates the kinetic energy term in ) ) ) o )

the solution to the vibrational Schiimger equation along the Supporting Information Available: - Optimized geometries,
I—II isomerization coordinate. Consequently, the lowest pre- [°0values, harmonic vibrational frequencies, and zero-point
dicted vibrational constants from the harmonic analysis follow €nergies for stationary point calculations. This material is
the isomerization coordinate. However, for our anharmonic available free of charge via the Internet at http://pubs.acs.org.
vibrational analysis, we parametrized the PES using s
angle and @C; length rather than the dihedrals. This was partly )

to examine the vibrational wave function in terms of the 198212373%'%””' H.; Fetting, F. Wenz, Vter. Bunsen-Ges Phys. Chem.
parameters more closely associated with the change in MO 5y wang, H.; Frenklach, MCombust. Flame.997, 110, 173.
hybridization at atom b, but also because a relaxed PES scan (3) Westmoreland, P. R.; Dean, A. M.; Howard, J. B.; Longwell, J. P.
of the dihedrals tends to follow lower energy conformational J- Phys. Chem1989 93, 8171.

isomerization paths rather than the configurational change 111_(4) Kazakov, A.; Wang, H.; Frenklach, Miombust. Flamd395 100
intended for mapping. The resulting energies and wave functions  (5) Richter, H.; Mazyar, O. A.; Sumathi, R.; Green, W. H.; Howard,
from our analysis should be qualitatively accurate for excitation J. B.; Bozzelli, J. W.J. Phys. Chem. 2001, 105 1561.

along the isomerization coordinate. The neglect of so many Cas(tg? di""&””ﬁ}’éﬁﬂ'ﬁ’;é] sz'm\é\g r'hji;;uvsvteitlba"r%c()ikés)% fizvigczitore' A M.

anharmonic couplings among the normal modes (given that at ~(7) Skjgth-Rasmussen, M. S.; Glarborg, P.; @stberg, M.; Johannessen,
least three local modes are complicit in the isomerization) makes J. T.; Livbjerg, H.; Jensen, A. D.; Christensen, TC®mbust. Flam@004
quantitative precision unlikely, even if the PES were assumed 136 91.

to be flawless. What this analysis does offer is an association Egg Ezgﬂgfcnjﬂmgrsd ﬁ“g;"ﬁyghgh’“énﬁ’ héﬁ?ﬁ éhfggz' 4 2038
between the degree of thermal excitation in the system and the (10) Richter, H.; Howard, J. BProg. Energy Combust. S@00Q 26,

ensuing structural effects. In the vibrational ground state (Figure 565.
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