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A new diffusion Monte Carlo study is performed on the isomers #f{@and GHs emulating the methodology

of a previous studylt. J. Chem. Kinet2001, 33, 808). Using the same trial wave function form of the
previous study, substantially different isomerization energies were found owing to the use of larger walker
populations in the present work. The energy differences betweeh dmeli isomers of GHz were found to

be 10.5+ 0.5 kcal/mol and for ¢Hs, 9.7 4 0.6 kcal/mol. These results are in reasonable accord with recent
MRCI and CCSD(T) findings.

1. Introduction

For well over a decade there has been considerable debat¢
over the relative importance of even-carbon-atom pathways for
the formation of aromatics. The addition of acetylene-t0,H3
andn-C4Hs was dismissed as unlikely by Miller and Melius on
the basis of BAC-MP4 calculations of the energy differences
between thenormal and iso isomerst Significantly smaller
normal and iso isomer energy differences foHgand GHs
were calculated using diffusion Monte Carlo (DMC) in a study
by Krokidis, Moriarty, Lester, and Frenklach, hereafter KMLF,
and led Frenklachto advocate the importance of such even-
carbon-atom pathways in the formation of the first aromatic.
The substantially lower isomer energy differences predicted by
the KMLF DMC calculations recently generated controversy Figure 1. Isomer geometries. The numerical values for the different
as they were outliers compared to CCSD(T) calculations by geometry parameters are located in Tables 1 and 2. Bond angles
Wheeleret al# and MRCI calculations by Klippenstein and (denoted AT-A7) and the dihedral angle are in degrees. Bond lengths
Miller.5 The consistency of the results of the latter studies and (denoted dtds) are in angstroms.
their disagreement with the KMLF DMC results has spurred
this re-examination of the previous DMC results. We have

repeated KMLF's DMC calculations as closely as possible to
P y P the nodes of the trial wave function and not the trial wave

ascertain their validity. f ion itself. th lity of the trial f ) |
This paper is organized as follows. Section 2 summarizes function itself, the quality of the trial wave function greatly

the DMC method to the extent needed for the present purpose.Influences the Vafianc‘? of the energy _("’?“d t_herefore its error
It is followed in section 3 by computational details, and in Par)- The simulation bias of using a finite time step can be
section 4 by results and discussion. reduced by extrapolating several DMC time step runs to zero

time step, or by using a sufficiently small time step that this
bias is negligible. However, time steps that are too small, can
o o make it difficult to converge calculations, and the energies
Diffusion Monte Carlo solves the time-independent Sehro  gptained from such calculations can be unreliable. Walker

dinger equation by stochastically simulating the time-dependent yopylation size may also introduce bias and produce irrepro-
Schralinger equation in imaginary time. The method is well qycible energies if the population is too small.
described elsewhere (see, for example, ref$®), and therefore

Dihedral

Al

CH, E-n-CH,

we make comments about the method as needed for the present
purpose. Although the DMC energy is primarily dependent on

2. Diffusion Monte Carlo

T Part of the “William A. Lester, Jr., Festschrift”. 3. Computational Methodology.
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TABLE 1: Geometries of the C4H3 Isomers TABLE 3: Isomerization Energies (AE. in kcal/mol)
E-n-C4H3 i-C4H3 molecule VMC DMCP ROCCSD(T) DMCa
B3LYP/cc-pVTZ ROCCSD(™ B3LYP/cc-pVTZ ROCCSD(® CiHs 9.6(0.4) 6.2(1.2) 11.1 10.5(0.5)
CiHs 10.8(0.6) 6.7(1.2) 9.9 9.7(0.6)
Bond Length (A) ] )

di 1.077 1.079 1.088 1.088 aPresent work using SBK ECP for C and MCSCF trial wave
d2 1.314 1.326 1.088 1.084 functions.? Values deduced from ref 2 Values from ref 4.
d3 1.094 1.091 1.303 1.319
d4 1.422 1.434 1.315 1.347 five highest occupied and four lowest unoccupied canonical
ds 1.201 1.214 1.229 1.233

Hartree-Fock orbitals in all possible ways that retain configura-
tions with 1 singly and 4 doubly occupied orbitals. The 9
electron and 9 orbital active space was chosen on the basis of

dé 1.061 1.064 1.061 1.064

Bond Angle (deg)
135.2 116

Al 136.6 117.2

A2 118.6 119.1 121.9 1213 the number of electrons in nonbonding antbonding orbitals
A3 125.6 124.4 180.0 156.0 in the GH3 isomers and the same size active space was used
A4 177.6 177.9 180.0 185.8 for the GHs isomers for consistency. The SteveiBasch-
AS 180.8 180.8 180.0 e Krauss (SBK) effective core potential (EGPwas used for
2ROCCSD(T)/TZ(2d1f,2p1d) geometry parameters taken from carbon in conjunction with a large contracted Gaussian basis
ref 4. set obtained as a fit to numerical Hartrdeock atomic orbitals
and are listed in Tables 7 and 8.
TABLE 2: Geometries of the C,Hs Isomers In the present stu_dy,_ we carried out MCSCF calcylations using
. the GAMESS ab initio packag!® The DMC trial wave
E-nCHs I-CaHs functions were of the form of a Slater determinant (constructed
B3LYP/cc-pvVTZ ROCCSD(T) B3LYP/cc-pVTZ ROCCSD(T) from the MCSCF natural orbitals) multiplied by a 10-parameter
Bond Length (A) Schm_idt—Moskovv_itz corrt_algtion function (SMBH The latter
d1 1.077 1.079 1.087 1.086 contains terms with explicit dependence on electrelectron,
d2 1.313 1.326 1.296 1.311 electron-nucleus, and electrerpther-nucleus distances. The
d3 1.095 1.093 1.346 1.357 correlation function serves to reduce the variance in the local
3‘5‘ i-ggi i-ggi i-ggg 1-ggg energy of both variational Monte Carlo (VMC) and DMC
d6 1333 1343 1079 1080 computatllonls. The para}metgrs pf the SMBH correlation fqnqtlon
a7 1.081 1.082 1.080 1.081 were optimized by minimization of the absolute deviation
ds 1.083 1.084 functional” 8 of the local energy on a fixed sample of 12 800
Bond Angle (deg) walkers. Three cycles of optimization and VMC were performed
Al 138.0 136.6 121.9 121.5 for each isomer and the correlation function parameters from
A2 118.4 118.7 179.7 179.7 the last optimization were used in subsequent DMC calculations.
2431 ﬁg; ﬁg'g Eg'g Ei'g The calculations were performed following the Reynadtial.’
A5 123.8 123.0 121.2 120.9 algorithm using single-electron moves, 128 processor runs with
A6 121.5 121.3 118.3 118.6 100 walkers per processor and the small time step of 0.0050
A7 117.0 117.5 hartreel, which is not expected to have a substantial time step
Dihedral Angle (deg) bias. This assumption was tested in DMC calculations that were
90.1 90.0 performed using a time step of 0.0025 hartfedecorrelated
aROCCSD(T)/TZ(2d1f,2p1d) geometry parameters taken from €nergies from blocks of 200 steps were averaged across the
ref 4. processors and outliers lying more than 4 standard deviations

from the mean were removed during the final statistical

etries using augmented triplebasis sets [TZ(2d1f,2p1d)]. For ~ averaging.
all the isomers excepiCyHs, the differences between B3LYP/ 3.3. Thermochemistry.The zero-point energies and thermal
cc-pVTZ and ROCCSD(T)/TZ(2d1f,2p1d) bond angles were at corrections were computed using Gaussian 03 at the B3LYP/
most 1.5 and those for bond lengths were at most 0.015 A. cc-pVTZ and QCISD/6-31(d) levels of theory. The harmonic
These differences amount to 1.0% for both bond lengths and frequencies were scaled by 0.965 for B3L*Y&nd 0.9537 for
bond angles. QCISD?° Enthalpies of formations were computed from the

Fori-C4Hs, the maximal differences of the B3LYP/cc-pVTZ ~ atomization energies and standard experimental enthalpies of
and ROCCSD(T)/TZ(2d1f,2p1d) approaches were 240d formation for the atoms, and not from isodesmic reactions that
0.032 A, but as Wheeleet al. noted, this molecule has a benefit from cancellation of errors with other ab initio methods.

relatively flat potential energy surface about its CCC angle With DMC, the statistical error of each of the constituent
(labeled “A3”; see Figure 1 for geometry definitions). We molecules that are part of an isodesmic calculation would lead
confirmed the insignificance of the effect of the geometric t0 @ large overall error. . .

differences on the energy of tix€,Hs by computing the DMC The atomization energyh) is defined for the present systems
energy at both the published ROCCSD(T)/TZ(2d1f,2p1d) and for the general reaction

the B3LYP/cc-pVTZ arrangements and found the differences

statistically insignificant (0.4t 0.4 kcal/mol). The various bond CH—4C+xH 1)
lengths and angles are presented in Tables 1 and 2.

3.2. Trial Wave Function Construction and DMC Speci- as
fications. KMLF used single-determinant trial wave functions
constructed from the natural orbitals of MCSCF(9,9) calcula-
tionsZ incorrectly designated MCSCF(3,3). This notation means
that the highest-lying 9 electrons were distributed among the

N
method _ method _ —method __ method
EA - ﬁi Eatom() Emolecule EZPE (2)
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TABLE 4: Zero-Point Vibrational Energies (in kcal/mol) TABLE 7: Gaussian Basis Set used for C Atord
molecule B3LYP/cc-pVTZ QCISD/6-31(dh shell exponent coefficient
E-n-C4H3 28.4 28.5 S 819.2000 —0.0000620
i-C4H3 27.4 27.9 409.6000 0.0001158
E-n-C4Hs 43.0 43.2 204.8000 —0.0002879
i-C4Hs 42.4 42.5 102.4000 —0.0000447
3 Harmonic B3LYP/cc-pVTZ frequencies scaled by 0.9658ar- >1-2000 :0'0006288
. ) 25.6000 0.0027651
monic QCISD/6-31(d) frequencies scaled by 0.9537. 12.8000 0.0037249
. . . . 6.4000 —0.0369135
I?a?/IFnEoI?' Enthalpies of Formation at 0 K (A¢Hg in 3.2000 —0.1205673
1.6000 —0.0179754
molecule ROCCSD(F) QCISD(TP  DMC® DMC? 0.8000 0.1736282
E-n-C4H3 130.8 131.1 126.6(0.6) 135.0(0.3) 8‘21888 83%222;%
i-C4H3 119.0 119.1 119.8(0.6) 122.9(0.3) ’ '
0.1000 0.1884090
E-n-C4Hs 89.1 89.0 84.0(0.6) 92.9(0.4)
i-C4,H 78.4 78.7 76.6(0.6 82.8(0.4 P 819.2000 0.0000191
i-CaHs : : 6(0.6) -8(0.4) 409.6000 0.0000100
aValues from ref 42 Values from ref 23¢ Values deduced from 204.8000 0.0000776
ref 2. @ Present work using scaled QCISD/6-31(d) zero-point vibrational 102.4000 0.0003556
25.6000 0.0036337
TABLE 6: Enthalpies of Formation at 298 K (AsH g in 12.8000 0.0088456
kcal/mol) 6.4000 0.0290517
- . " 3.2000 0.0560032
molecule BAC-MP4 QC|SD(T}’ MRCI DMC DMC 1.6000 0.1438918
E-n-C,Hs 129.9(8.6) 130.8 131.9 126.0(0.6) 134.3(0.3) 0.8000 0.2102160
i-CiHs  111.3(15.9) 1193 120.8 119.4(0.6) 122.5(0.3) 0.4000 0.3376644
E-n-CsHs 86.1(9.1) 83.5(0.6) 90.3(0.4) 0.2000 0.2361849
i-CaHs 74.1(7.3) 76.2(0.6) 80.3(0.4) 0.1000 0.2119805
S 0.2718000000 1.00000000
aValues from ref 1°Values from ref 5°¢Values from ref 2. P 0.2718000000 1.00000000
dPresent work using scaled QCISD/6-31(d) zero-point vibrational S 0.1213000000 1.00000000
energies. P 0.1213000000 1.00000000
D 0.8582000000 1.00000000

wherep; is the stoichiometric coefficient of atoimand method

corresponds to either DMC or anottedy initio level of theory.

. . h . .
For DMC, zero-point energie€Efse®) were generated from  TABLE 8: Gaussian Basis Set used for H Atord

QCISD/6-31(d) frequency calculations performed at the QCISD/

aSee ref 24.

- . . shell exponent coefficient
6-31(d) minimum geometry. Scaled zero-point energies were
used with the present DMC calculations and are given in Table S fgggg-gg B 0068888326
4. Subtracting the atomization energy of the isomer from ) :
. . 6400.000 0.0000199
the standard heats of formation of the atoms at (Alﬂ—tg,i is 3200.000 —0.0000207
the experimental enthalpy of formatiohGK of atomi)?! yields 1600.000 0.0000571
the enthalpy of formation at 0 K: 800.0000 —0.0000314
400.0000 0.0002032
N 200.0000 —0.0000061
— ] o _ 100.0000 0.0008849
ArHo Z il iHo; — B4 @) 50.0000 0.0004022
: 25.0000 0.0042053
Applying temperature correctionsAH,gg), one obtains the 1623.'8888 gfggiﬁig
enthalpy of formation at 298 K: 3.0000 0.0253706
1.5000 0.1010152
A¢Hagg= AHop + AHygq 4 0.7000 0.1493879
0.3500 0.3339335
The temperature correction contains the difference of the 0.1600 0.3131527
classical approximations for the rotational, translational, and 0.0800 0.1892405
ibrational energies evaluated at the two temperatures (0 and S 0.325840 1.0000000
vi g . peratu S 0.102741 1.0000000
298 K), and the experimental elemental corrections. Our =) 0.757000 1.0000000
computedAsHp are presented in Table 5, and theH,gg are 2 See ref 24

given in Table 6.

energies. As seen from Table 4, the choicalofinitio method

used to compute the frequencies changes the enthalpies of
In this study we focus primarily on comparing isomerization formation by at least a few tenths of kcal/mol and can potentially

energies that are the nonrelativistic Bet@ppenheimer energy  obscure the underlying DMC energy differences between the

differences (which do not contain the zero-point vibrational isomers. From Table 3 we see that our DMC isomerization

energies) between tieandi isomers AEg) for the GH3 and energies of 10.5t 0.5 kcal/mol for GH3 and 9.7+ 0.6 kcal/

C4Hs systems. This is the most fundamental comparison one mol for C4Hs, are in good agreement with the complete basis

can readily make to the published CCSD(T) resudtisd does set limit ROCCSD(T) calculations of Wheelet al. (11.1 and

not introduce energy differences due to vibrational zero-point 9.9 kcal/mol, respectively) and in poor agreement with isomer-

4. Results and Discussion
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