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ABSTRACT

Modern quantum mechanical theories, including high-level ab initio methods and density
functional theory, have been applied to a variety of molecular systems.

The first work performs a comprehensive anharmonic vibrational analysis of propargyl
radical. A highly-accurate quartic force field was constructed with coupled-cluster including
singles and doubles and perturbatively applied triple excitations [CCSD(T)] using the aug’-cc-
pVTZ basis set, complemented with a quadratic force field extrapolated to the complete basis set
limit using cc-pVXZ (X=T, Q, 5) basis sets. Fundamental vibrational frequencies were computed
with the complete quartic force field based on vibrational perturbation theory.

In the second work, accurate electron affinities and ionization potentials of trans- and cis-
hydroxyformyl radicals were determined via systematic ab initio investigations. State-of-the-art
ab initio electronic structure theories combined with aug-cc-p(C)VXZ (X=2-6) basis sets were
utilized to extrapolate to the complete basis set full configuration interaction limit via the focal
point analysis method. Core-correlation effects, special relativity, zero-point vibrational energy,
and diagonal Born-Oppenheimer corrections were explicitly incorporated in the results to

provide accuracy to the level of 0.1 kcal mol™.



The last work examines optimal structures, energetics, and harmonic vibrational frequencies
of adamantane and a variety of its derivatives using four different density functional methods and
the DZP++ basis set. Electronic affinities, ionization potentials and other properties have been

predicted.

INDEX WORDS: ab initio Method, Coupled-cluster Theory, Density Functional Theory,
Quartic Force Field, Propargyl Radical, Electron Affinity, lonization
Potential, Hydroxyformyl Radical, Adamantane
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CHAPTER 1

INTRODUCTION AND BACKGROUND MATERIALS



Modern chemistry, apart from its original white-coat and lab-bench image, has evolved into an era
where theoretical computations are as important as experiments. With the continuously increasing
computing power and development of various methods for different situations, computational
chemistry has become an indispensable component in modern chemistry by not only confirming or
challenging experimental results, but also predicting properties that cannot be easily determined
by experiments. Applications of computational chemistry range from the determination of optimal
ground and transition state geometries, mapping of potential energy surfaces, to the assignment of
vibrational frequencies and prediction of many other physical and chemical properties.

Two approaches of computational chemistry methods, ab initio and density functional theory,
were routinely utilized in my doctoral research and will be presented here. Choice of specific
theoretical methods usually depends on the size and accuracy requirement of the system under

investigation.

1.1 AB INITIO METHODS
Traditional ab initio quantum mechanical methods aim at the computation of electronic energy of
molecular systems from first principles. Since it is impossible to solve Schrédinger’s equation
exactly for most practical chemical systems with current computing power, different levels of
approximations have made it possible to carry out practical computations with control over both
accuracy and computing cost.

Most commonly used ab initio methods in computational chemistry include Hartree-Fock,™?
Mopller-Plesset perturbation theory,®* configuration interaction,” and coupled-cluster theory.>®
Combination of large basis sets and high-level ab initio theories can usually yield results that

achieve chemical or even subchemical accuracies.



In Chapter 2, a comprehensive anharmonic vibrational analysis has been performed on
propargyl radical, a key intermediate in the soot formation process.'® A highly-accurate quartic
force field was constructed with coupled-cluster including singles and doubles and perturbatively
applied triple excitations [CCSD(T)] using the correlation-consistent basis set denoted as
[C/H=aug-cc-pVTZ/cc-pVTZ], complemented with a quadratic force field extrapolated to the
complete basis set limit using cc-pVXZ (X=T, Q, 5) basis sets.*'? Based on vibrational
perturbation theory,™ spectroscopic properties including the fundamental vibrational frequencies,
vibration-rotation constants, rotational constants with zero-point corrections, centrifugal distortion
constants and so on can be predicted which will help its identification in future studies.

In Chapter 3, highly-accurate focal point analysis method developed by Allen and
coworkers**" has been applied to the trans- and cis-HOCO cation, radical, and anion systems.
HOCO radical was shown as a critical intermediate in the OH + CO -> H + CO; reaction, a key
reaction for the production of CO; in combustion.™® State-of-the-art ab initio electronic structure
theories including Hartree-Fock, second order Magller-Plesset perturbation theory, CCSD,
CCSD(T), and CCSDT combined with aug-cc-p(C)VXZ (X=2-6) basis sets were utilized to
extrapolate electronic energies to the complete basis set full configuration interaction limit.
Accurate electron affinities and ionization potentials of trans- and cis-HOCO radicals were
determined by including additional core-correlation effects, special relativity, zero-point
vibrational energy, and diagonal Born-Oppenheimer corrections to provide accuracy to the level of
0.1 kcal mol™.

The ab initio calculations were carried out with Molpro,*® NWChem,?*** ACESII,?? and

PSI?® computational chemistry software packages.



1.2 DENSITY FUNCTIONAL THEORY
Although ab initio method can usually yield highly accurate results, its large scaling limits its
applications to large molecular systems. For example, CCSD(T) method formally scales as N’,
where N is the number of basis functions, making it prohibitively expensive to be applied to
systems containing more than five heavy atoms. Density functional theory (DFT), on the other
hand, has been shown to be a relatively inexpensive yet reliable theoretical method. It has been
successful in predicting many physical and chemical properties of larger molecular systems which
cannot be handled by current high level ab initio methods, at the cost of less accuracy. For
example, using a moderate DZP++ basis set,*?° DFT has been exhaustively tested and shown to
predict the electron affinity of many molecules to within 0.2eV of the experimentally reported
values.”’

In DFT, the electronic energy depends on electron density instead of the wave function in the
Schrodinger equation. DFT energy functional can be divided into several components:

E[p(r)]=E, +E, +E, +E, +E_

where the five terms represent the kinetic energy of the non-interacting electrons, the
nuclear-electron interaction, the classical electron-electron repulsion, the correction to the kinetic
energy deriving from the interacting nature of the electrons (exchange correction), and all
non-classical corrections to the electron-electron repulsion energy (correlation correction),
respectively.

The exchange and correlation functionals are more difficult terms and various exchange and
correlation functionals have been proposed in DFT. One of the earliest and most widely used is the
Local Spin Density Approximation (LSDA) which treats electron density locally as a uniform

electron gas. This functional employs the 1980 correlation functional of Vosko, Wilki, and



Nusair® and the exchange functional of Slater.® This functional was known to over-bind
molecules. There are two types of functionals which added correction terms to LSDA: the
Generalized Gradient Approximation (GGA) which introduces the derivative of the density as a
non-local component, and the Hybrid functionals which includes some mixing with Hartree-Fock.
Typical functionals used in DFT include B3LYP***!, BHLYP*?, BLYP* and BP86.*

In Chapter 4, four different DFT methods were applied to study the geometries, vibrational
frequencies, and energies of adamantane and its radicals, cations, and anions. Adamantane and its
derivatives have found a broad range of chemical, polymer, and pharmaceutical applications after
Schleyer’s innovative synthesis in 1957.% Electron affinities, vertical detachment energies, and
ionization potentials were reported to assist future studies on these species. The DFT calculations

were carried out with the Gaussian 94 software package.*®
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CHAPTER 2

ANHARMONIC VIBRATIONAL ANALYSIS OF PROPARGYL RADICAL

USING HIGHLY-ACCURATE AB INITIO QUARTIC FORCE FIELD

1Yan, G.; Allen, W. D.; Schaefer, H. F.; To be submitted



2.1 ABSTRACT

A complete and highly-accurate ab initio anharmonic quartic force field for the ground electronic

state of the propargyl radical (X “B; HC3H,) has been constructed by means of
[C/H]=[aug-cc-pVTZ/cc-pVTZ] CCSD(T) methodology. Combined with a complete basis set
limit quadratic force field including core-correlation effect, a comprehensive anharmonic
vibrational analysis of propargyl radical was carried out based on second-order vibrational
perturbation theory. A complete set of harmonic and fundamental frequencies, Coriolis,
vibration-rotation interaction, and centrifugal distortion constants have been predicted. The linear
bending vibrational modes are found to be extremely sensitive to the size of the correlation
consistent basis sets used in the calculations. This analysis removes previous discrepancies in
vibrational frequency assignments and assists further study for this important soot formation
intermediate. The final harmonic frequencies for propargyl radical (in cm™) with associated
anharmonic corrections in parentheses, are: ®;(a;)=3458.2 (-122.1), wx(a;)=3168.5 (-123.5),
®3(a1)=1991.5 (-63.1), w4(a;)=1467.8 (-18.4), ws(a;)=1064.1 (-1.6), we(b1)=674.4 (14.5),
®7(b1)=498.4 (26.6), m(b1)=391.6 (6.0), m9(b2)=3271.6 (-147.4), ®10(b2)=1036.3 (-6.2),

©11(b2)=626.9 (20.3), w12(b1)=334.2 (6.7).

2.2 INTRODUCTION

Propargyl radical (HCC=CH) has long been recognized as a fundamental species in combustion
processes.' Many studies have shown the importance of propargyl radical reaction routes in the
formation of large polyaromatic hydrocarbons (PAHs) and soot.>'® For example, ab initio
investigation® as well as shock-tube study of hydrocarbon pyrolysis® have provided compelling

experimental evidence that propargyl radical is a possible precursor to benzene formation.
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However, spectroscopic studies on the propargyl radical were rather incomplete and
inconclusive. Ramsay and Thistlethwaite'' observed and tentatively assigned diffuse gas-phase
electronic absorption bands around 30000 cm™ to propargyl radical during the flash photolysis of
propargyl bromide, propargyl chloride, methylacetylene, allene, and other compounds in 1966.
Early electron spin resonance (ESR) spectrum of propargyl radical obtained by Fessender and
Schuler'?, Kochi and Krusic” and Kasai'* confirmed its planar structure with a C,, symmetry.
Jacox and Milligan'® carried out an early argon matrix isolation study on the vibrational
assignment of C3;H, C;H,, and C;Hj; radicals produced by the vacuum ultraviolet (VUV)
photolysis of methylacetylene, allene and their deuterated isotopomers in 1974, and have
assigned four vibrational frequencies at 3310, 688, 548, and 484 cm™ to the propargyl radical.
Based on the isotopic effect, bands at 3310 and 688 cm™ were assigned to the C-H stretching and
C-C-H bending vibrations, respectively, while the 484 cm™ band was attributed to the skeletal
bending vibration. They have also observed the electronic transition reported earlier in the gas
phase by Ramsay and Thistlethwaite.'' Later Huang and Graham'® performed Fourier transform
infrared (FT-IR) study on tricarbon hydride species prepared by similar methods, and they have
only been able to confirm the vibrational frequency assignment of v; band at 3308.8 cm™ to
propargyl radical that was observed for different isotopomers. Owing to the observed
discrepancy in the intensify of the 686.5 cm™ absorption relative to the 3308.8 cm™ band on
annealing and irradiation with light, they have reassigned the vibration of 686.5 cm™ to the
via(a’), C-H bending mode of ethylenic cyclopropenyl, which was predicted by Chipman and
Miller'” at 616 cm™ with their 3-21G MCSCF calculation. Huang and Graham'® have also
reassigned the 547.3 cm™ band to triplet propargylene, which was reported earlier by Maier and

co-workers'™ at 5504 cm™ in their argon matrix isolation infrared spectroscopy study on
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propargylene prepared by photolysis of diazopropyne or cyclopropenylidene. The assignment of
the 483.5 cm™ band was left undetermined by Huang and Graham, because the observed small
shifts (2-4 cm™) in vibrational frequencies for deuterated propargyl radical was inconsistent with
their approximate calculations, which yields shifts of ~80-100 cm™ using 4-31G MCSCF
optimized geometry of Honjou, Yoshimine, and Pacansky'" and empirical force constants. The
adiabatic ionization potential of propargyl radical was determined in 1972 by Lossing™ to be
8.68 eV from electron impact experiment, which was later confirmed by Minsek and Chen*' who
obtained 8.67+0.02 eV from laser photo ionization mass and photoelectron spectroscopy in 1990.

More recently, Morter and co-workers”” investigated the v; acetylenic CH stretch band of the
propargyl radical by means of infrared laser kinetic spectroscopy at Doppler limited resolution.
The radical was prepared by flash photolysis of propargyl bromide or chloride at 193 nm and the
band origin was determined to be 3322.287(2) cm’. Ground and excited state rotational
constants were determined as B”=0.31757(8) cm™', C’=0.30705 cm™', B’=0.31680(7) cm™', and
C’=0.30643(7) cm™'. Morter et al.” have directly probed the products and rate of propargyl +
propargyl recombination using IR kinetic absorption spectroscopy in 1994, showing that
propargyl radicals play a key role in the formation of benzene. Sumiyoshi et al.>* and Tanaka et
al.** have applied infrared diode laser spectroscopy to the propargyl radical produced by 193 nm
excimer laser photolysis of allene, and the vs CH,-wagging band origin was accurately
determined to be 687.17603(62) cm™, consistent with the earlier matrix isolation study by Jacox
and Milligan."> Molecular constants including rotational, spin-rotation interaction, centrifugal
distortion, and hyperfine coupling constants have also been reported for the “B; ground
vibrational state in the diode laser spectroscopy study® and Fourier-transform microwave

(FTMW) spectroscopy study.” Yuan, DeSain, and Curl*® extended the work of Tanaka et al.** by
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analyzing the K-Subband structure of the v, acetylenic CH stretch band of the propargyl radical
and fitting its rotational constants of the upper state. In addition, Y. T. Lee and co-workers have
performed cross molecular beam studies of the attack of carbon atoms on ethylene to give
propargyl radical.”’ High-resolution infrared spectrum on the acetylenic C-D stretching
fundamental of monodeuterated propargyl radical (CH,CCD) have been observed by Eckhoff,
Miller, Billera, Engel and Curlzg, in which a band origin at 2557.33(7) cm’ and several rotational
constants were determined. The ultraviolet absorption spectrum and cross sections of propargyl
radicals have been determined in the gas phase in the spectral range of 230-300 nm by Fahr,
Hassanzadeh, Laszlo, and Huie.” Deyerl, Fischer, and Chen® studied the photodissociation
dynamics of the propargyl radical upon UV excitation via time- and frequency-resolved
detection of hydrogen atoms. Gilbert, Pfab, Fischer, and Chen’' have reported an ionization
energy of 8.673 eV for propargyl radical and vibrational frequencies for the totally symmetric
normal modes of the propargyl cation by means of zero kinetic energy photoelectron spectrum.
Wyss, Riaplov, and Maier have observed bands in the electronic absorption spectra of the
propargyl radical, its cation and their deuterated isotopomers in neon matrices.>> The permanent
electric dipole moment of ground-state propargyl radical has been determined to be -0.150D by
Kupper, Merritt, and Miller.?

There have also been abundant theoretical studies on the propargyl radical. The early

. 17,19,34-36
theoretical works ™

are generally of low quality with small basis set such as 4-31G and
methodologies that do not include electronic correlation effects. These calculations generally
agreed upon the C,, symmetry structure for X°B, propargyl radical, and Honjou et al" also

computed the harmonic vibrational frequencies with 4-31G SCF method. In 1992 Melius, Miller

and Evleth* applied bond additivity corrected Moller-Plesset fourth-order perturbation theory
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(BAC-MP4) to predict various reaction paths for the propargyl + propargyl reaction system.
Botschwina and co-workers®’ conducted an early and extensive high-level ab initio investigation
on the propargyl radical system with several correlation methods including multi-reference
averaged coupled pair functional (MR-ACPF) and coupled electron pair approximation (CEPA-1)
with a basis set of cc-pVTZ quality. Harmonic vibrational frequencies as well as anharmonic
corrections to the five totally symmetric modes of propargyl radical were reported, and quartic
centrifugal distortion constants have been derived. Their study confirmed the assignment of
matrix absorption at 686.5 and 483.5 cm™ to the CH, wagging and out-of-plane CCH bending
vibrations, respectively.

Very recently, the production of propargyl radicals from reactive collisions of singlet
methylene with acetylene has been observed by infrared kinetic spectroscopy,”® and electronic
structure theory has been used to map the surfaces for this process.”” Vereecken, Pierloot, and
Peeters*” studied the potential energy surface of the reaction CH(X’IT)+C,H, which produces
various C3;Hy (x=1-3) radicals using 6-31G** B3LYP methodology, and have obtained
vibrational frequency wave numbers with scaling factors. Topological analysis of the electron
localization function (ELF) was applied to the bonding in the propargyl radical by Krokidis,
Moriarty, Lester, and Frenklach®', which proposed a resonance structure of almost equal
contributions of propargyl and allenyl forms for propargyl radical and explained the anomalously
high frequency for the in-plane C-C-H bending mode compared to the frequency of the
out-of-plane C-C-H bending mode. In 2000, Botschwina and co-workers* re-investigated the
equilibrium structure and ionization potential of propargyl radical with a cc-pCVQZ basis set at
the CCSD(T) level of theory, and arrived at an adiabatic ionization potential of 8.684 eV, in good

agreement with the experimental value of 8.673 eV.*' Le, Mebel and Kaiser®” have investigated
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the potential energy surface for the reaction of the ground-state carbon atom with the propargyl
radical using the G2M (rcc, MP2) method in 2001. The most recent study on propargyl radical
was conducted by Jochnowitz et al., who performed both infrared absorption spectroscopy and
ANO CCSD(T) calculations on the vibrational spectrum of propargyl radical.** Nine of the
twelve vibrational frequencies of propargyl radical have been identified from the infrared

spectrum, and their assignments have been ascertained by the ab initio calculations.

2.3 THEORETICAL METHODS

Electronic energies of ground-state propargyl radical were determined by means of three
electron-correlation procedures, which include the second-order Moller-Plesset perturbation
theory (MP2),-8 coupled-cluster singles and doubles method (CCSD),**!" and CCSD
augmented by a quasiperturbative term arising from connected triple excitations [CCSD(T)].>*™
In each instance the reference electronic wave functions were constructed from
single-configuration, restricted open-shell Hartree-Fock (ROHF) molecular orbitals.*”**** The
atomic-orbital basis sets used in the electronic structure calculations were Dunning and

55-57
coworkers’

correlation consistent families of basis sets denoted as (aug)-cc-p(C)VXZ.
CCSD(T) analytic gradient technique®® was utilized to optimize the geometric structures to
10°A or rad in the internal coordinate space. Since analytical second and higher-order
derivatives are not available at the CCSD(T) level of theory, the complete set of quadratic, cubic,
and quartic force constants were determined by finite difference method at the CCSD(T) level
from analytic first derivatives. In all numerical differentiation schemes, displacement increments

of £0.01 A and +0.02 radius were employed for the various symmetry internal coordinates. A

total of 580 displacements about the optimized geometry were computed to obtain the complete
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quartic force field. Analytical first gradients were converged to 107'* a.u./A or a.u./rad at the
CCSD(T) level of theory. The aug’-cc-pVTZ basis set, which refers to the combination of
[C/H]=[aug-cc-pVTZ/cc-pVTZ], was used in the geometry optimization and quartic field
computations. All electrons were correlated in the analytic gradient calculations. The electronic
structure computations was performed with the program packages ACESII.”

In addition, a complete basis set (CBS) limit quadratic force field was constructed by finite
differences of energy points. Each of the energy points was extrapolated to the CBS limit using
cc-pVXZ (X=T, Q, 5) CCSD(T) energy points based on the focal point analysis scheme
developed by Allen and coworkers.”” The functional form for the Hartree-Fock extrapolation is

E,.=E . +ae"
whereas the correlation energy was extrapolated via

E =a+bX™

Additional core-correlation effects were computed by means of cc-pCVQZ CCSD(T)
calculations. To further gauge the basis set dependency of vibrational modes, aug-cc-pVXZ (X=T,
Q) basis sets, which include additional set of diffuse functions to the corresponding cc-pVXZ
basis sets, were also used in the quadratic force field calculations. With each basis set, a new
equilibrium geometry was determined and the quadratic and cubic force constants were shifted to
the new r. structure. The Is core orbitals of the carbon atom were frozen in the correlation
treatment except for the core-correlation effect calculation. All energy points were converged to
1072 hartrees. The electronic structure computations for the complete basis set limit quadratic

force field were performed with the program packages Molpro.*'
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Harmonic vibrational analysis was performed with the quadratic force field computed with
different basis sets, and normal modes (Q;) were quantitatively assigned in internal coordinates
by means of the associated total energy distributions (TEDs).5>%*

The anharmonic vibrational analysis of the propargyl radical was performed via application
of second-order perturbation theory to the standard vibration-rotation Hamiltonian® containing a
potential energy surface expansion through quartic terms. The use of ab initio anharmonic force
fields in this approach has been investigated extensively in recent systematic studies of linear and

66-72

asymmetric top molecules by Allen and co-workers and other groups.”””® The

INTDER2000"""® and ANHARM programs were utilized in the anharmonic vibrational analysis.

2.4 RESULTS AND DISCUSSIONS

A. EQUILIBRIUM GEOMETRY AND QUARTIC FORCE FIELD

Ground electronic state (X°B;) of propargyl radical is predicted to be in the C,, symmetry at the
aug’-cc-pVTZ CCSD(T) level of theory, consistent with early experimental and theoretical

13,14,37,44

studies. The optimized equilibrium structure of propargyl radical is shown in Figure 1,

and the geometrical parameters are summarized in Table 1. Our optimized equilibrium structure

374244 The largest difference in bond length with

is in good agreement with recent ab initio works.
the cc-pCVQZ CCSD(T) result is less than 0.004 A and the bond angle differs by at most 0.08
degree, an expected outcome considering the high level of theory used in these studies.

Propargyl radical (CsH3) has twelve vibrational modes, including 5 a;, 3 b;, and 4 b, normal
modes. In the complete quartic force field, it has 31 quadratic, 115 cubic, and 420 quartic

symmetry-unique force constants. The numerical differentiation procedure shown in the

APPENDIX was carried out in terms of the symmetry internal coordinate to obtain the full
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quartic force field. The symmetry internal coordinate is depicted in Figure 1, with definitions and
descriptions illustrated in Table 2.

To ensure the accuracy of the quartic force field, each higher order force constant of the final
quartic force field was obtained by averaging over different numerical differentiation schemes
from available analytical first derivative data. Due to the stringent convergence criteria employed
in the analytic CCSD(T) analytical derivative computations, these higher order force constants
show high degrees of internal consistency among different differentiation schemes. Some of the
representative force constants and their corresponding differentiation schemes are:
Fy732={0.149689 (2 3,7 8), 0.149836 (3 2,7 8), 0.149621 (7 2,3 8), 0.149572 (8 2,3 7)} aJ A™
rad?, Fi1.1043={0.111419 (3 4,10 11), 0.111428 (4 3,10 11), 0.11139 (10 3,4 11), 0.111478 (11
3,4 10)} aJ A rad”, Fi1.041={-0.0108557 (1 4, 9 11), -0.0108446 (4 1,9 11),-0.0108648 (9 1, 4
11), -0.0109028 (11 1, 4 9)} aJ A” rad”’, and Fo943={-0.459498 (3 4, 9 9), -0.459212 (4 3,9 9),
-0.458837 (9 3,4 9)} aJ A

In addition, quadratic force constants were obtained with different basis sets to assess their
basis set dependence, and the CBS extrapolated quadratic force field with core-correlation effects
was used in the final construction of the quartic force field. The full set of quadratic, cubic, and
quartic force constants are given in supplementary materials (Tables S1 - S3).

Note that Botschwina and co-workers®’ have also reported the potential energy function
terms for the ground electronic state of propargyl radical determined at the cc-pVTZ CEPA-1
level, but they have only reported the terms for the totally symmetric (a;) vibrations. And even in
the totally symmetric vibrational space, off-diagonal constants were obtained only to third order.
Our complete and more accurate anharmonic force field includes the entire diagonal and

off-diagonal elements for all vibrational modes (a;, b;, and b,), which enables the determination
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of more precise and comprehensive fundamental frequencies and spectroscopic constants as

described in the following sections.

B. HARMONIC VIBRATIONAL FREQUENCIES

From the quadratic force field, harmonic vibrational frequencies were computed with different
basis sets, and the results are shown in Table 3. The harmonic frequencies show internal
consistency and convergence with increasing size of basis sets toward the CBS limit. It is of
great interest to note the characteristic basis set dependence of different vibrational normal
modes.

For all the a; vibrational modes, the basis set effect on the vibrational frequencies is
relatively small. For example, there is essentially no change for the w; C-H symmetric stretching
mode when the basis is increased from cc-pVTZ basis set to the CBS limit. For the other four
stretching and scissoring normal modes in the a; symmetry, the largest difference of harmonic
vibrational frequencies between the cc-pVTZ and CBS limit is a decrease of 6 cm™ for the w,
CH; scissoring mode. Diffuse functions introduced in the aug-cc-pVTZ basis set decreases w; -

w4 by an average of 8 cm™', with no effect on the ws C-C stretching mode. Additional diffuse

functions to the cc-pVQZ basis set have only decreased at most 2 cm™ for all the a; harmonic
vibrational frequencies. The core-correlation effects computed at the cc-pCVQZ CCSD(T) level
add an average of 5 cm™ to the theoretical harmonic frequencies for all the a; modes.

The situation changes, however, for the linear bending modes in b; symmetry. Although the
ws CH, wagging mode only records an 8 cm™ increase from cc-pVTZ basis set to the CBS limit,
the out-of-plane C-C-H and C-C-C linear bending modes have shown large changes with the

increasing size of basis sets. More specifically, the w; out-of-plane C-C-H linear bending mode
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was computed as 447 cm™ with the cc-pVTZ basis set, 472 cm™ with the cc-pVQZ basis set, a
significant increase of 25 cm™. The harmonic vibrational frequency is further increased by 10
cm’ to 482 cm™ with the cc-pV5Z basis set, and finally determined as 491 cm™ at the CBS limit.
Similarly the ws out-of-plane C-C-C linear bending mode is increased from 375 cm™ with the
cc-pVTZ basis set, to 385 cm™ with the cc-pVQZ basis set, and finally reaches 389 cm™ at the
CBS limit, a total increase of 24 cm™. Additional diffuse functions to the cc-pVTZ basis set also
increases the w; out-of-plane C-C-H linear bending mode by as much as 24 cm™, though they
play a smaller role to the ws out-of-plane C-C-C linear bending mode, with a slight increase of 3
cm™'. Core-correlation effects again add an average of 5 cm” to the CBS limit vibrational
frequencies for the 3 b; modes.

Finally for the b, modes, the wg C-H antisymmetric stretching mode sees a slight increase of
4 cm™ from cc-pVTZ basis set to the CBS limit, similar to the 6 cm™ increase for the w,
in-plane C-C-C linear bending mode, whereas the w;9 CH, rocking mode were not affected at all
by the size of the basis sets. Nonetheless, the basis set effect on the w;; in-plane C-C-H linear
bending mode is substantial, with a 20 cm™ increase going from cc-pVTZ to cc-pVQZ, and a
further 9 cm™ increase toward the CBS limit. Diffuse functions only post an average of 4 cm™
decrease for the vibrational frequencies for the wg, @;9, and w;, modes, while a large increase of
13 ¢cm™ was recorded for the @ 11 in-plane C-C-H linear bending mode when diffuse functions
were added to the cc-pVTZ basis set. Core-correlation effect gains a similar 5 cm™ increase on
average to the CBS limit vibrational frequencies of b, modes.

In brief summary, for the twelve harmonic vibrational frequencies of propargyl radical, nine
of them show little or no change with the increasing size of basis sets, while the out-of-plane

C-C-C linear bending mode shows a modest increased of 14 cm™, and the in-plane and
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out-of-plane C-C-H linear bending modes were significantly increased by 29 and 44 cm’,
respectively, when the basis set used in the calculation was increased from cc-pVTZ to the CBS
limit. Diffuse functions supplemented to the cc-pVTZ basis set introduce rather large changes for
most of the normal modes, but effect of additional diffuse functions to the cc-pVQZ basis set is
almost negligible, with at most 2 cm™ change to all but the out-of-plane C-C-H linear bending
mode, in which an increase of 6 cm™ was recorded. Core-correlation effects add an average of 5
cm’ to the harmonic vibrational frequencies.

Several previous ab initio studies have also acknowledged the extreme sensitivity of linear

bending modes to the basis set.””*

For example, in the quartic force field investigation on
acetylene by Martin, Lee, and Taylor,"’ the w- 1y C-C-H linear bending vibrational frequency
increases by 17 cm™ when the basis set is increased from cc-pVTZ to cc-pVQZ, and another 17
cm” with the ANO basis set, while all other four vibrational modes have shown very little or no
change with respect to the basis sets ranging from cc-pVTZ to ANO.

The final predicted harmonic frequencies were the CBS limit extrapolation frequencies with
core-correlation effect, denoted as CBS-cc. Our harmonic vibrational frequencies are in good
agreement with cc-pVTZ CEPA-1 results obtained by Botschwina e a./’’ and ANO CCSD(T)
results computed by Jochnowitz and co-workers,* except for the out-of-plane and in-plane

C-C-H linear bending frequencies, where the large discrepancy between different basis sets is a

result of the extreme sensitivity of these modes to basis set used in the calculation.
C. FUNDAMENTAL VIBRATIONAL FREQUENCIES

In order to make direct comparison with experimental vibrational frequencies, anharmonic

vibrational corrections were computed with the second-order perturbation theory to provide
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theoretical fundamental vibrational frequencies. The diagonal and off-diagonal anharmonic

constants are computed by the following formula:*'
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where the diagonal anharmonic constants can be partitioned into quartic, cubic contributions, and
the off-diagonal anharmonic constants also include Coriolis contributions. The computed
anharmonic constants are listed in Table 4.

The final vibrational analysis is summarized in Table 5. This analysis includes vibrational
mode assignments, harmonic frequencies, anharmonic corrections, fundamental frequencies, and
total energy distributions (TEDs) for propargyl radical and its deuterated derivatives, as well as
comparisons with previous theoretical and experimental studies. The total energy distribution
result offers definitive assignments for the twelve fundamental frequencies.

In the cc-pVTZ CEPA-1 study by Botschwina and co-workers,”’ fundamental frequencies
have been obtained only for the a; totally symmetric vibrations of propargyl radical and its
deuterated derivatives. Because of the smaller basis set used in their study and the lack of
treatment for higher order force constants and interactions from the b; and b, spaces, differences
between our and their fundamental frequency predictions are expected. For example, our
reported fundamental frequency for the v, C-H symmetric stretching mode is 3045.0 cm™, 67

cm’ less than the cc-pVTZ CEPA-1 value of 3112 cm™. Other large differences include the vs
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C-C stretching vibrational frequency, where our value of 1928.4 cm™ is more than 20 cm™
smaller than the cc-pVTZ CEPA-1 result.

The agreement improves, however, when we compare our findings with ANO CCSD(T)
results. Except for the in-plane and out-of-plane C-C-H linear bending modes which are
extremely sensitive to basis set, the other ten modes agree with each other very well, with the
largest difference of 15 cm™ for the CH, scissor mode, and several other modes having almost
the same fundamental frequencies. The large positive anharmonicity for the in-plane and
out-of-plane C-C-H linear bending modes is mostly due to the Coriolis effect.

Of the twelve fundamental frequencies of propargyl radical, nine have been determined
under different experimental conditions. The C-D stretching modes of the deuterated propargyl
radical have also been determined by different groups.'®*

To compare our ab initio fundamental frequencies with the experimental results, the
acetylenic C-H stretching mode ascertained in this study is 3336.1 cm™, 14 cm™ higher than
recent high-resolution infrared laser kinetic spectroscopy value of 3322.287(2) cm™' obtained by
Morter and co-workers®. Our predicted C-H symmetric stretching and CH, rocking vibrational
frequencies are less than 20 cm™ larger than the experimental results in cryogenic matrix, while
the difference between the theoretical and experimental C-C stretching and CH, scissor
vibrational frequencies are less than 10 cm’™. Our computed vs C-C stretching and v¢ CH,
wagging fundamental vibrational frequencies are almost the same as experimental values.
However, the out-of-plane and in-plane C-C-H linear bending modes are 41 and 27 cm™ greater
than the corresponding experimental values, respectively. This indicates the deficiency of
correlation consistent basis sets in predicting the linear bending modes, whereas the ANO basis

sets have achieved much better agreement for these experimental vibrational frequencies. The
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differences between our predictions on the C-D stretching modes with the experimental results
are also less than 20 cm’.

Note that Jacox and Milligan have tentatively assigned the frequencies at 688 cm™ and 484
cm’ to the v; out-of-plane C-C-H bending and vg out-of-plane C-C-H bending modes,
respectively in their matrix isolation study."> However, based on our total energy distribution
calculations, definitive conclusions can be drawn that these two bands should instead be assigned
to the v¢ CH, wagging mode and v; out-of-plane C-C-H bending mode, respectively. In addition,
Jacox and Milligan have attributed the 547.3 cm™ band observed in matrix isolation study to the
propargyl radical. However, no corresponding band was found for propargyl radical in the

101 that this band is actually due to triplet

current work, which confirmed previous arguments

propargylene, a possible product in the photolysis process in the original matrix isolation study.
For out-of-plane and in-plane C-C-C linear bending modes and C-H antisymmetric

stretching modes of propargyl radical, as well as other normal modes of deuterated propargyl

radical where no experimental data are available, our predictions provide a basis for future

experimental studies on these radicals.

D. SPECTROSCOPIC CONSTANTS
In order to establish the vibrational dependence of various spectroscopic constants, it is
necessary to obtain the rotation-vibration interaction constants. The complete set of

rotation-vibration interaction constants computed in the following formula®' are listed in Table 6:
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With the computed vibration-interaction constants, the vibrational dependence of the

rotational constants B, (B=x,y, z) can then be described in the quartic approximation by:"

Bj, =B; —Zal./”(vl. +%)+...
l
The zero-point corrected rotational constants and centrifugal distortion constants are
summarized in Table 7.
The equilibrium rotational constants are reduced by less than 1% with zero-point correction.

2224
d “~°" and

Our zero-point corrected rotational constants agree perfectly with previous infrare
Fourier-transform microwave studies.”

The various centrifugal distortion constants determined here (Ay=2.96 kHz, Ajx =396 kHZ,
Ax=21.51 MHz, 6; = 100 Hz, 6x = 215.1 Hz) are also in excellent agreement with the
experimental results®* of A;=2.20(73) kHz, Ajx = 384(21) kHz, A= 22.62(41) MHz, &; = 103(50)
Hz, and 6k = 157.5 Hz where the ok value is fixed at the previous ab initio value of 157.5 Hz.’
The previous ab initio value of Ajx (283 kHz)*’ differed with the experimental value by almost

30%, whereas our value agrees within 3% of the experimental value because of a more thorough

treatment of the vibrational dependency of the constants.
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2.5 CONCLUSIONS
The complete quartic force field of ground electronic state propargyl radical has been constructed
using [C/H]=[aug-cc-pVTZ/cc-pVTZ] CCSD(T) methodology. A complete basis set limit
quadratic force field was also obtained via extrapolations using the cc-pVXZ (X=T, Q, 5) series
of basis sets based on focal point analysis, and complemented with core-correlation effect
computed at the cc-pCVQZ CCSD(T) level of theory. By means of vibrational perturbation
theory, this full ab initio quartic force field provides accurate harmonic and fundamental
vibrational frequencies and definitive assignments for all of the twelve vibrational normal modes
for propargyl radical and its deuterated derivatives. Most of our harmonic and anharmonic
vibrational frequency predictions are in good agreement with recent theoretical and experimental
studies. The out-of-plane and in-plane C-C-H linear bending modes are found to be extremely
sensitive to the basis set used in the calculations, similar to the conclusions from previous quartic
force field study on acetylene.™

Rotation-vibrational interaction constants, zero-pointed corrected rotational constants, and
centrifugal distortion constants have also been computed with the quartic force field. Our
complete treatment of the quartic force field enables the determination of highly-accurate
molecular constants that are well within the error bars of experimental results, and provides a
critical assessment of the spectroscopic constants determined over many years for this important

soot formation intermediate molecule.
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2.8 APPENDIX
The following equations were utilized to determine the force constants Fj;, Fijx, and Fjjq in the
internal space from analytic first derivatives F; computed at structures displaced from the

reference geometry by (£A,,£A ) in coordinate S; and S;:
Fii = (12Al. )_1 [F;. (_ZAi) — 8Fi (—Al.) + SF;. (+Al.) — Fl (+2Al. )]
F = (12Al.)_1[Fj (28,)=8F (=8 +8F (+4) = F ;(+2A)]
Fo.=) [Fl-(—Al-)—2Fl-(0)+Fl-(+Al-)]
Fy= (Al.)_z[Fj(—Al.) $2F (0)+ F (+4))]

-1
ﬂjk=(—2AjAk) [—Fl.(—Aj,—Ak)+Fl.(—Aj)JrFl.(—Ak)—2Fl.(0)
+Fl,(+Ak)+F;_(+Aj)—F;_(+Aj,+Ak)]

F..=(A)" 3= Fi(=28)+2F,(-A)=2F,(+A )+ F,(+2A.)]

m] —(2A ) [ Fj(—ZAZ.)+2Fj(—Al.)—2Fj(+Al.)+Fj(+2Al.)]

2 A — AV F (- _
Fui = (8857 I FL(-A,=A )+ 2F (-A) = F(=A+A )+ F (A=A )

_2Fi (+Ai) + Fz (+Ai , +Aj)]

k’
+F.(—A ,—A )—F.(—Ak)—F.(—A )+F.(—A )+Fl,(+Ak)—F;.(+Ak,+Al)+Fl.(+Aj)

_ oA A _ A A AN Fo(—
Fipg =0 A A TF (A=A AT F (A =8 )+ F(-A =M= F(-A )

—F(+A +A) F(+A +Ak)+F(+A ,+A +Al)

k’
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Figure 2.1. Propargyl radical, C;H;, C,v symmetry. Optimized equilibrium
structure is given in Table 2.1. Symmetry internal coordinate definitions are
given in Table 2.2.
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TABLES

Table 2.1. Optimized geometry of propargyl radical (C3Hs, C»,). Bond lengths are in A and bond angles are in degrees.

r(H;-Cy)
Ab initio equilibrium data
aug’-cc-pVTZ CCSD(T)* 1.0612
cc-pVTZ CEPA-1° 1.0627
cc-pCVQZ CCSD(T)® 1.0618
ANO CCSD(T)* 1.063

I‘(CQ-C3) I‘(C3-C4) I'(C4-H5) 9(H5-C4-H6)
1.2245 1.3716 1.0780 119.01
1.2234 1.3829 1.0800 119.00
1.2227 1.3752 1.0785 119.09
1.228 1.380 1.081 119.0

*This work.
PReference 37.
“Reference 42.

dReference 44.
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Table 2.2. Symmetry internal coordinate definition for propargyl radical.”

Coordinate
S1=r(1,2)
S)=1(2,3)

S3=r(3,4)
S4=2""[1(4,5)+1(4,6)]
Ss=B(5,4,6)
S6=v(3,4,5,6)
S=27"2[0,(5,4,3,2)-04(6,4,3,2)]
Ss=2""2[04(5,3,2,1)-6x(6,3,2,1)]
So=2""[1(4,5)-1(4,6)]
S10=2""*[B(3,4,5)- B(3,4,6)]
S11=2"7[0,(5,4,3,2)-0,(6,4,3,2)

S12=27"04(5,3,2,1)-0,(6,3,2,1)]

Irrep.
a]
a1
a]
a]
a1
b
b
b
by
by
by

by

Description
C-H stretch
C-C stretch
C-C stretch
C-H symmetric stretch
CH,; scissor
CH, wag
out-of-plane C-C-C linear bend
out-of-plane C-C-H linear bend
C-H antisymmetric stretch
CH, rock
in-plane C-C-C linear bend

in-plane C-C-H linear bend

*See Fig. 2.1 for the numbering of atoms and sign conventions for the linear and out-of-plane bending modes. Definitions: r(i,j) = i-j bond length; B(i,j,k)

=i-j-k valence bond angle; v(i,j,k,1) = angle of i-j bond vector out of j-k-1 plane; 0, ,(i,j,k,I) = X,y component of k->1 unit vector in the local, right-handed

coordinate system in which the k-j bond vector defines the z axis and atom i lies in the xz plane in the +x direction.
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Table 2.3. Harmonic vibrational frequencies of propargyl radical computed with different basis sets.”

Mode

a)l(al)
(£

w3
W4
s

a)6(b1)

w7

wsg

w9(b2)

w10

w11

w12

Description cVTZ
C-H stretch 3456
C-H symmetric
stretch 3162
C-C stretch 1979
CH, scissor 1471
C-C stretch 1056
CH; wag 661
out-of-plane
C-C-H linear 447
bend
out-of-plane
C-C-C linear 375
bend
C-H
antisymmetric 3262
stretch
CH, rock 1034
in-plane C-C-H
linear bend 393
in-plane C-C-C 325

linear bend

a’VTZ
3439
3163

2002
1473
1073
694

465

393

3260

1029

611

335

aVTZ
3442
3157

1972
1464
1056
664

471

378

3257

1031

606

320

cVQZ
3451
3163

1982
1468
1060
668

472

385

3266

1034

613

330

avQz
3449
3161

1980
1466
1059
669

478

385

3264

1034

614

329

cV5Z
3451
3163

1983
1467
1060
669

482

388

3266

1034

617

331

CBS
3452
3163

1984
1465
1060
669

491

389

3266

1034

622

331

cCVQZ CBS-cc

3457 3458
3169 3169
1989 1992
1471 1468
1064 1064
673 674
478 498
388 392
3271 3272
1037 1036
618 627
333 334

cVTZ
CEPA-1"

3462
3172

2028
1475
1068
644

476

386

3268

987
621

351

ANO®
3460
3165

1983
1465
1058
667

477

389

3266

1034

616

330

"a’VTZ represents the full-electron correlation CCSD(T) calculation with a [C/H]=[aug-cc-pVTZ/cc-pVTZ] basis set. cVXZ

calculations use the respective cc-pVXZ basis sets in valence-electron correlation CCSD(T) calculations. Complete basis set (CBS)
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limit is achieved by focal point extrapolation. cCVQZ represents full-electron correlation cc-pCVQZ CCSD(T) calculation. CBS-cc
includes core-correlation effects computed with the cc-pCVQZ basis set in addition to the valence CBS result.
PReference 37.

“Reference 44.
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Table 2.4. Anharmonic constants (in cm™) of propareyl radical.
propargy

Qi Q P Qi Q i Qi Q i

1 1 -52.22 7 6 -1.50 10 8 19.31
2 1 -0.17 7 7 0.13 10 9 42.49
2 2 -32.06 8 1 -0.12 10 10 8.78
3 1 -0.11 8 2 -20.38 11 1 -0.91
3 2 -114.08 8 3 -11.88 11 2 0.20
3 3 -27.64 8 4 6.90 11 3 1.63
4 1 -8.27 8 5 47.04 11 4 -5.18
4 2 -0.98 8 6 -7.81 11 5 1.41
4 3 -1.11 8 7 25.10 11 6 4.19
4 4 -12.16 8 8 -7.23 11 7 0.51
5 1 0.17 9 1 -14.64 11 8 -3.21
5 2 -21.01 9 2 -0.84 11 9 4.38
5 3 -2.33 9 3 -1.23 11 10 8.54
5 4 -1.65 9 4 -13.44 11 11 -0.54
5 5 -9.13 9 5 -1.82 12 1 0.19
6 1 -0.16 9 6 -1.07 12 2 -0.09
6 2 0.93 9 7 -4.01 12 3 1.99
6 3 0.19 9 8 -0.44 12 4 -7.78
6 4 -12.90 9 9 8.13 12 5 -0.05
6 5 -3.19 10 1 -19.00 12 6 2.65
6 6 -0.92 10 2 -3.46 12 7 -1.34
7 1 0.14 10 3 -3.07 12 8 2.42
7 2 -10.90 10 4 -27.57 12 9 6.60
7 3 -8.58 10 5 1.79 12 10 1.37
7 4 -3.31 10 6 11.37 12 11 18.18
7 5 -11.39 10 7 1.10 12 12 -1.30
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Table 2.5. Final vibrational frequency (in cm'l) analysis of HCCCH,, DCCCH,, HCCCD,, and DCCCD,."

Mode

HCCCH,

\41 (al)

2
V3

V4

Vs
ve (b1)
V7

Vs

%) (bz)
V10

Vi1

V12

DCCCH;

vi(ar)

Description

C-H stretch

C-H symmetric stretch

C-C stretch

CH, scissor

C-C stretch

CH; wag

out-of-plane C-C-H

linear bend

out-of-plane C-C-C

linear bend

C-H antisymmetric stretch

CH, rock

in-plane C-C-H linear

bend

in-plane C-C-C linear

bend

C-D stretch

3458.2

3168.5
1991.5
1467.8

1064.1

674.4

498.4

391.6

3271.6
1036.3

626.9

334.2

2639.1

AAnh

-122.1

-123.5
-63.1
-18.4

-1.6
14.5
26.6

6.0

-147.4
-6.2

20.3

6.7

-74.2

3336.1

3045.0
1928.4
1449.4

1062.4

688.9

525.0

397.6

3124.2
1030.1

647.1

340.9

2564.9

TED

S1(100)

S4(100)
S2(85)-S5(15)

85(96)+S3(4)
S3(81)+Sx(14)
-S5(5)

S6(100)
Ss(96)+S7(4)
S7(96)+Ss(4)

So(100)
810(93)+811(7)

S12(96)+S11(4)

S11(94)-S10(6)

S1(82)-S(18)

cc-pVTZ
CEPA-1°

3462(3351)

3172(3112)
2028(1951)
1475(1458)

1068(1049)
644
476

386

3268
987

621

351

(2580)

ANO
CCSD(T)®

3460(3322)

3165(3037)
1983(1923)
1465(1444)

1058(1055)
667(689)
477(482)

389(398)

3266(3116)
1034(1018)

616(612)

330(338)

Expt.

3308.5°,
33104,
3308.8°,
3322.287"

3028.3¢
1935.4¢
1440.4¢

1061.6°

686.6°, 688,
687.17603%

483.6°, 4844

1016.7¢

620°

2547.2°,
2557.33h
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2
V3
V4
Vs
ve (by)

V7

Vs
%) (bz)
V10

Vi1

V12
HCCCD,

141 (al)
2

V3

V4

Vs
ve (by)

V7

C-H symmetric stretch
C-C stretch
CH, scissor
C-C stretch

CH; wag

out-of-plane C-C-D
linear bend
out-of-plane C-C-C
linear bend

C-H antisymmetric stretch

CH, rock

in-plane C-C-D linear
bend

in-plane C-C-C linear
bend

C-H stretch
C-D symmetric stretch

C-C stretch

CD, scissor

C-C stretch

CD; wag

out-of-plane C-C-H
linear bend

3168.6
1899.6
1467.0
1047.9
674.3

352.1

417.4

3271.6
1035.2

488.7

322.5

3458.2
2297.3
1989.3

1183.4

935.1
548.8

498.2

-123.3
-50.9
-18.5

-2.2
12.8

54

22.1

-146.9
-5.7

19.2

4.2

-122.1
-89.5
-60.0

-17.0

-14.3
8.8

21.1

3045.2
1848.7
1448.5
1045.7
687.0

357.5

439.5

3124.7
1029.5

507.9

326.7

3336.0
2207.8
1929.3

1166.4

920.8
557.6

519.3

S4(100)

S2(67)-S3(17)
+Sl(17)

S5(96)

S5(80)+Sa(15)
-Ss5(4)

S6(98)
Sg(54)+S7(45)

S7(53)-Ss(46)
Se(100)
S10(94)+S11(6)
S12(102)

S11(95)-S10(6)

S1(97)
S4(98)

S2(83)-S5(13)
S5(49)+S5(43)
-S2(7)
Ss(51)-S5(42)
-S2(6)
S6(86)-S7(13)

Ss(102)

(3112)
(1862)
(1457)
(1033)

(3351)
(2249)
(1953)

(1172)

(928)

3308.8°
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Vs

%) (bz)
V10

Vi1

V12

DCCCD,

\41 (al)

2
V3
V4
Vs

Ve (bl)

V7

Vs

%) (bz)
V10

Vi1

V12

out-of-plane C-C-C
linear bend

C-D antisymmetric stretch

CD; rock

in-plane C-C-H linear

bend

in-plane C-C-C linear

bend

C-D stretch

C-D symmetric stretch

C-C stretch
CD, scissor

C-C stretch

CD; wag

out-of-plane C-C-D
linear bend
out-of-plane C-C-C
linear bend

C-D antisymmetric stretch

CD; rock

in-plane C-C-D linear

bend

in-plane C-C-C linear

bend

369.8

2438.4
839.8

626.5

304.5

2639.1
2297.2

1897.0

1175.4

926.3

548.0

409.2

338.7

2438.4
838.0

488.0

293.4

1.2

-83.2
44

16.9

1.6

74 4
945

-45.6

-16.4

-9.1
8.7
16.7

-0.5

-83.0
-3.5

14.4

-0.3

371.0

2355.2
835.4

643.4

306.1

2564.7
2202.7

1851.4

1159.0

917.2

556.7

425.9

338.2

23554
834.5

502.4

293.1

S7(89)+S¢(13)

So(100)
S]0(87)+Sn(13)

S12(103)

S11(91)-S10(12)

S1(82)-S2(18)

S4(98)
S>(67)+S1(17)
-S5(16)
S<(53)+S5(38)
+S,(7)
S5(48)-S5(44)
-52(8)
Se(87)-S7(13)
Ss(63)-S7(32)
-S6(5)
$+(55)+Sx(37)
+S6(8)
S5(100)

S]0(88)+Sll(13)
S15(103)

S11(90)-S10(12)

(2580)
(2247)

(1867)
(1165)

(919)

2546.8°

"aug’-cc-pVTZ quartic force field with CBS-cc quardratic force field.
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PReference 37. Fundamental frequencies for the totally symmetric mode are listed in parentheses.

‘Reference 44.

Reference 15. Ar matrix. The 688 cm™ and 484 cm™ bands were originally assigned to v; and vs, respectively.
‘Reference 16.

"Reference 22.

fReference 24.

PReference 28.
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Table 2.6. Rotation-vibration interaction constants (in 10~ cm™) of propargyl radical.

alA 0.030 alB 0.816 alc 0.762
4 B C

o 106.965 o 0.243 oS 0.277

a4 161.322 oB 0.166 o€ 0.308
3 3 3
4 B C

a4 3.865 a4 1.582 a4 1.477
4 B C

o -105.041 ! -0.291 a 0.353
4 B C

o 13.029 al 1.176 al -0.049
4 B C

o -520.603 o 0.178 o 1.521

a4 436.165 oB 0.561 a& -0.092
8 8 8
4 B C

o -2948.205 al -0.483 al -0.103
4 B C

all 2947.222 af -0.485 a -0.874
4 B C

ot -5528.674 ol -0.534 af, -1.088
4 B C

all 5555.450 al, _1.454 o) -0.579
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Table 2.7. Spectroscopic constants of propargyl radical.

Constant ab initio results Experimental results Unit
e S
A 9.6844" 9.6627 9.6758 cm’!
B. 0.3183 0.31515 0.31781 cm’!
Ce 0.3081 0.30502 0.30770 cm’
Ay 9.6236 9.60847(36)°  9.60847(36)" cm’
By 0.3177 0.31757(8)!  0.317674(24)  0.3176757(2) cm’!
Co 0.3072 0.30705(8) 0.307098(24)  0.3071085(2) cm’!
Ay 2.96 2.88 2.20(73) 3.44(63) kHz
Ak 396 283 384(21) 375.3(28) kHz
Ak 21.51 21.43 22.62(41) MHz
dy 100 97 103(50) Hz
Ok 215.1 157.5 157.5 kHz
*This work.

PReference 37.

“Reference 43.

dReference 22. Infrared laser kinetic spectroscopy.

‘Reference 24. Infrared diode laser spectroscopy. 8x was fixed at the ab initio value obtained in Reference 37.

"Reference 25. Fourier-transform microwave (FTMW) spectroscopy. Ay was fixed at the value obtained in Reference 24.



Table 2.8. Quadratic force constants (Fjj) extrapolation of propargyl radical.*

SUPPLEMENTARY MATERIALS

1] cc-pVTZ cc-pvVQZ cc-pV5Z CBS pCVQZ CBS-cc
1 1 6.3939 6.3801 6.3810 6.3820 6.4030 6.4040
2 1 -0.1249 -0.1030 -0.1080 -0.1144 -0.1028 -0.1127
2 2 13.9299 13.9826 13.9944 14.0161 14.0935 14.1259
3 1 -0.0071 -0.0175 -0.0184 -0.0189 -0.0173 -0.0184
3 2 1.2391 1.2678 1.2674 1.2650 1.2821 1.2795
3 3 6.4263 6.4727 6.4779 6.4829 6.5162 6.5287
4 1 0.0014 0.0000 0.0000 -0.0012 0.0000 0.0000
4 2 -0.0380 -0.0411 -0.0422 -0.0435 -0.0415 -0.0439
4 3 0.1511 0.1605 0.1607 0.1603 0.1610 0.1608
4 4 5.7014 5.7058 5.7054 5.7032 5.7264 5.7239
5 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 2 -0.0443 -0.0457 -0.0465 -0.0471 -0.0453 -0.0467
5 3 -0.2758 -0.2748 -0.2739 -0.2730 -0.2740 -0.2724
5 4 0.0931 0.0896 0.0890 0.0886 0.0892 0.0882
5 5 0.6756 0.6710 0.6694 0.6676 0.6714 0.6680
6 6 0.1182 0.1198 0.1197 0.1194 0.1212 0.1210
7 6 0.0248 0.0231 0.0225 0.0218 0.0227 0.0214
7 7 0.1945 0.1951 0.1953 0.1955 0.1957 0.1971
8 6 0.0000 0.0011 0.0014 0.0016 0.0010 0.0015
8 7 0.0485 0.0448 0.0430 0.0414 0.0440 0.0407
8 8 0.0587 0.0643 0.0663 0.0681 0.0655 0.0695
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9 9 5.6485 5.6596 5.6606 5.6599 5.6799 5.6801

10 9 0.1410 0.1416 0.1414 0.1414 0.1417 0.1414
10 10 0.5080 0.5062 0.5059 0.5056 0.5064 0.5058
I 9 0.0084 0.0089 0.0088 0.0087 0.0089 0.0089
11 10 0.0480 0.0493 0.0491 0.0490 0.0495 0.0493
11 11 0.1765 0.1777 0.1773 0.1769 0.1794 0.1788
129 0.0052 0.0049 0.0048 0.0048 0.0048 0.0047
1210 0.0185 0.0186 0.0184 0.0182 0.0182 0.0178
12 11 0.0598 0.0566 0.0555 0.0546 0.0559 0.0538
12 12 0.1014 0.1066 0.1076 0.1086 0.1075 0.1098

“The units of the force constants are consistent with energy in aJ, bond lengths in A, and bond angles in radians. The internal
coordinates i, j for the Fj; values are defined in Table 2.2. cc-pVXZ (X=T, Q, 5) represents quardratic force constans F;; computed with
the corresponding correlation-consistent basis sets at the CCSD(T) level of theory. CBS represents the complete basis set limit of
quardratic force constants extrapolated using the cc-pVXZ data via focal point analysis. CBS CC includes additional core-correlation

effects computed at the cc-pVQZ CCSD(T) level of theory.
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Table 2.9. Cubic force constants (Fjx) extrapolation of propargyl radical.”

i1 jJ k cc-pVTZ cc-pVQZ cc-pV5Z CBS pCVQZ CBS-cc
11 1 -35.8209 -35.8438 -35.8998 -35.9543 -36.0925 -36.1979
2 1 1 0.0454 0.0505 0.0518 0.0531 0.0561 0.0581
2 2 1 0.0991 0.1024 0.1038 0.1050 0.1082 0.1105
2 2 2 -87.7550 -89.0158 -89.2978 -89.5668 -90.2311 -90.6712
31 1 -0.1511 -0.1528 -0.1534 -0.1540 -0.1556 -0.1567
32 1 -0.1157 -0.1159 -0.1161 -0.1163 -0.1169 -0.1173
32 2 1.8419 1.8382 1.8377 1.8368 1.8357 1.8349
3 3 1 0.0555 0.0572 0.0576 0.0579 0.0587 0.0593
3 3 2 -4.7167 -4.7275 -4.7303 -4.7323 -4.7388 -4.7431
3 3 3 -36.8000 -37.4684 -37.6263 -37.7594 -38.1402 -38.3837
4 1 1 -0.0031 -0.0031 -0.0030 -0.0030 -0.0030 -0.0030
4 2 1 -0.0241 -0.0246 -0.0248 -0.0249 -0.0252 -0.0254
4 2 2 -0.0639 -0.0631 -0.0629 -0.0627 -0.0623 -0.0618
4 3 1 -0.0400 -0.0408 -0.0410 -0.0412 -0.0417 -0.0420
4 3 2 0.1450 0.1473 0.1477 0.1481 0.1493 0.1500
4 3 3 -0.3155 -0.3076 -0.3055 -0.3038 -0.2985 -0.2952
4 4 1 -0.0127 -0.0130 -0.0130 -0.0131 -0.0131 -0.0131
4 4 2 -0.0155 -0.0150 -0.0148 -0.0147 -0.0142 -0.0140
4 4 3 0.2523 0.2594 0.2612 0.2626 0.2674 0.2701
4 4 4 -22.9210 -23.0208 -23.0526 -23.0744 -23.1861 -23.2353
5 1 1 0.0098 0.0098 0.0099 0.0099 0.0099 0.0099
5 2 1 0.0041 0.0041 0.0041 0.0041 0.0042 0.0042
5 2 2 -0.0106 -0.0109 -0.0110 -0.0110 -0.0112 -0.0113
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W N = B W= R W= R W= DR W= W

-0.0140
-0.0417
0.1767
0.0063
0.0516
0.1372
-0.2006
0.0065
-0.0423
-0.1091
-0.3717
-0.3256
-0.0058
0.1236
-0.5470
-0.1442
0.1237
-0.0001
0.0735
-0.0196
0.0209
-0.0371
-0.0121
-0.3238
-0.3393

-0.0142
-0.0416
0.1793

0.0064
0.0514
0.1366
-0.2007
0.0067
-0.0428
-0.1096
-0.3717
-0.3244
-0.0057
0.1241

-0.5468
-0.1443
0.1227

-0.0001
0.0734
-0.0193
0.0210
-0.0370
-0.0119
-0.3244
-0.3408

-0.0143
-0.0415
0.1799
0.0064
0.0514
0.1365
-0.2007
0.0067
-0.0429
-0.1098
-0.3716
-0.3241
-0.0057
0.1241

-0.5465
-0.1443
0.1224
-0.0001
0.0733

-0.0192
0.0210
-0.0369
-0.0118
-0.3245
-0.3411

-0.0144
-0.0414
0.1804
0.0064
0.0514
0.1364
-0.2008
0.0067

-0.0431
-0.1100
-0.3715
-0.3238
-0.0057
0.1241

-0.5463
-0.1442
0.1221

-0.0001
0.0733

-0.0192
0.0210

-0.0369
-0.0118
-0.3246
-0.3414

-0.0144
-0.0417
0.1819
0.0065
0.0514
0.1359
-0.2006
0.0067
-0.0432
-0.1097
-0.3716
-0.3234
-0.0056
0.1248

-0.5470
-0.1444
0.1217
-0.0001
0.0732
-0.0190
0.0211

-0.0369
-0.0117
-0.3249
-0.3423

-0.0145
-0.0414
0.1827
0.0066
0.0513

0.1358
-0.2007
0.0068
-0.0435
-0.1101
-0.3715
-0.3229
-0.0056
0.1247
-0.5465
-0.1444
0.1212
-0.0001
0.0732
-0.0189
0.0211

-0.0368
-0.0117
-0.3250
-0.3429
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0.0230
0.0098
0.0064
0.0089
-0.0011
0.0058
-0.0061
0.0103
0.0806
0.0303
-0.0072
-0.0058
-0.0580
-0.5584
0.2062
-0.0196
0.0019
-0.0183
-0.1086
0.2807
-22.9027
0.3672
0.0032
-0.0212
-0.3388

0.0228
0.0097
0.0064
0.0087
-0.0011
0.0057
-0.0060
0.0103
0.0809
0.0303
-0.0072
-0.0058
-0.0582
-0.5585
0.2071
-0.0198
0.0019
-0.0189
-0.1087
0.2868
-23.0069
0.3673
0.0034
-0.0208
-0.3405

0.0227
0.0097
0.0064
0.0086
-0.0012
0.0057
-0.0060
0.0103
0.0809
0.0303
-0.0072
-0.0058
-0.0583
-0.5585
0.2073
-0.0199
0.0019
-0.0190
-0.1087
0.2883
-23.0400
0.3671
0.0035
-0.0208
-0.3410

0.0227
0.0097
0.0064
0.0086
-0.0012
0.0057
-0.0060
0.0103
0.0810
0.0303
-0.0072
-0.0058
-0.0583
-0.5585
0.2074
-0.0200
0.0019
-0.0191
-0.1087
0.2894
-23.0628
0.3667
0.0035
-0.0207
-0.3414

0.0224
0.0096
0.0064
0.0085
-0.0012
0.0057
-0.0060
0.0104
0.0811
0.0303
-0.0073
-0.0058
-0.0584
-0.5586
0.2078
-0.0202
0.0018
-0.0194
-0.1090
0.2934
-23.1770
0.3686
0.0036
-0.0204
-0.3420

0.0223
0.0095
0.0064
0.0084
-0.0012
0.0057
-0.0059
0.0105
0.0812
0.0303
-0.0073
-0.0058
-0.0584
-0.5585
0.2080
-0.0203
0.0018
-0.0196
-0.1089
0.2955
-23.2282
0.3680
0.0037
-0.0203
-0.3428
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10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12

W N = B WD = DR W= R W= R W= B

0.0341

0.0801

0.0106
-0.0764
-0.2288
-0.1712
0.4540
-0.0019
-0.0637
-0.0386
0.0128

0.0052

-0.0107
-0.1089
-0.0170
-0.0406
0.0303

-0.0079
-0.4462
-0.3131
0.0173

0.0296
-0.0021
0.0169
-0.0105

0.0342
0.0811

0.0109
-0.0776
-0.2296
-0.1717
0.4558
-0.0018
-0.0639
-0.0396
0.0128
0.0054
-0.0107
-0.1089
-0.0169
-0.0410
0.0308
-0.0077
-0.4464
-0.3158
0.0165
0.0298
-0.0021
0.0170
-0.0105

0.0342
0.0813
0.0110
-0.0780
-0.2298
-0.1718
0.4563
-0.0018
-0.0640
-0.0399
0.0128
0.0054
-0.0107
-0.1090
-0.0169
-0.0411
0.0310
-0.0076
-0.4465
-0.3165
0.0163
0.0298
-0.0021
0.0170
-0.0104

0.0342

0.0816
0.0111

-0.0783
-0.2300
-0.1720
0.4567

-0.0018
-0.0640
-0.0401
0.0128

0.0055

-0.0107
-0.1090
-0.0170
-0.0412
0.0311

-0.0076
-0.4466
-0.3170
0.0162
0.0299
-0.0021
0.0170
-0.0104

0.0345
0.0819
0.0111
-0.0785
-0.2301
-0.1719
0.4575
-0.0018
-0.0641
-0.0406
0.0129
0.0055
-0.0107
-0.1090
-0.0168
-0.0413
0.0313
-0.0074
-0.4466
-0.3186
0.0156
0.0299
-0.0021
0.0171
-0.0104

0.0345

0.0824
0.0113

-0.0791
-0.2305
-0.1722
0.4582

-0.0018
-0.0642
-0.0411
0.0129

0.0056

-0.0107
-0.1090
-0.0169
-0.0415
0.0316
-0.0074
-0.4467
-0.3196
0.0153

0.0300
-0.0021
0.0171

-0.0104
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12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

10
10
10
10
10
11
11
11
11
11
12
12
12
12
12

AW N —= 0 AN W N = 0 N W N = N

5

-0.0012
0.0044
0.0054
0.0478
-0.0021
-0.0057
0.0147
-0.0084
0.1345
-0.0153
-0.0100
-0.0001
-0.0462
-0.4421
0.0377
-0.0116
-0.0027

-0.0012
0.0045

0.0054
0.0478
-0.0020
-0.0057
0.0146
-0.0084
0.1346
-0.0150
-0.0101
0.0000
-0.0463
-0.4423
0.0381

-0.0117
-0.0028

-0.0012
0.0045

0.0053

0.0478
-0.0020
-0.0057
0.0146
-0.0084
0.1346
-0.0150
-0.0101
0.0001

-0.0463
-0.4424
0.0382

-0.0117
-0.0028

-0.0012
0.0045
0.0053
0.0477

-0.0020

-0.0057
0.0145

-0.0084
0.1346

-0.0149

-0.0101
0.0001

-0.0463

-0.4424
0.0383

-0.0118

-0.0028

-0.0012
0.0046
0.0053
0.0476

-0.0020

-0.0057
0.0145

-0.0084
0.1347

-0.0147

-0.0101
0.0001

-0.0464

-0.4425
0.0384

-0.0119

-0.0028

-0.0012
0.0046
0.0053
0.0476
-0.0019
-0.0058
0.0145
-0.0083
0.1347
-0.0146
-0.0101
0.0002
-0.0464
-0.4425
0.0386
-0.0119
-0.0028

aSee footnote a of Table 2.8 for the units of the force constants.
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Table 2.10. Quartic force constants (Fjj) of propargyl radical.”

ijkl
1111
2111
2211
2221
2222
3111
3211
3221
3222
3311
3321
3322
3331
3332
3333
4111
4211
4221
4222
4311
4321
4322
4331

Fij
195.3746
-0.5645
-2.1897
-0.6354
421.1054
1.0610
0.4724
-0.3747
6.6844
0.0433
0.3404
-5.2638
-0.8826
9.0408
214.0445
-0.0208
-0.0125
-0.0582
-0.1354
0.0238
0.2087
-0.0664
0.0397

ijkl
7731
7732
7733
7741
7742
7743
7744
7751
7752
7753
7754
7755
7766
7776
77177
8611
8621
8622
8631
8632
8633
8641
8642

Fiju
-0.0628
-0.3132
0.7352
-0.0104
-0.1317
0.1394
0.1566
0.0075
0.0436
-0.0274
0.0376
0.0027
0.1232
-0.0024
0.5693
0.0011
0.0044
0.0606
-0.0035
-0.0009
0.0238
-0.0008
0.0141

ijkl
10954
10955
1096 6
10976
10977
10986
10987
10988
10999
101011
10102 1
101022
10103 1
101032
101033
10104 1
101042
101043
10104 4
10105 1
101052
101053
101054

Fijia
-0.0208
0.1491
0.1621
-0.0251
-0.0223
-0.0015
-0.0029
-0.0026
-0.2929
0.0506
-0.0355
-0.1530
-0.0894
0.5519
-0.3776
0.0238
-0.0493
0.1857
-0.0252
0.0924
-0.3128
-0.2098
-0.1853

ijkl
11111111
12911
12921
12922
12931
12932
12933
1294 1
12942
12943
12944
12951
12952
12953
12954
12955
12966
12976
12977
12986
12987
12988
12999

Fijua
0.1408
0.0032
0.0073
-0.0180
-0.0010
-0.0349
0.0195
-0.0102
0.0276
0.0015
-0.0395
0.0050
-0.0053
-0.0153
0.0020
-0.0081
0.0063
0.0027
-0.0408
0.0066
0.0067
-0.0090
-0.0859
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4332
4333
4411
4421
4422
4431
4432
4433
4441
4442
4443
4444
5111
5211
5221
5222
5311
5321
5322
5331
5332
5333
5411
5421
5422

-0.7776
-1.0449
-0.0351
0.0591
-0.1430
0.0709
0.1414
-2.0065
-0.1192
-0.4328
-1.2067
85.9312
-0.0192
-0.0138
0.0041
-0.1239
0.0088
-0.0096
0.1552
0.0844
-0.1452
-0.8666
0.0018
-0.0207
0.1108

8643
8644
8651
8652
8653
8654
8655
8666
8711
8721
8722
8731
8732
8733
8741
8742
8743
8744
8751
8752
8753
8754
8755
8766
8776

0.0025
0.0010
-0.0064
-0.0146
-0.0058
-0.0038
0.0072
-0.0297
-0.1163
0.0206
-0.2699
-0.0146
0.1497
-0.1418
-0.0081
0.0320
-0.0006
-0.0330
0.0045
-0.0049
-0.0073
0.0055
0.0042
0.0350
0.0842

101055
101066
101076
101077
101086
101087
101088
101099
1010109
10101010
11911
11921
11922
11931
11932
11933
11941
11942
11943
11944
11951
11952
11953
11954
11955

0.1795
0.9535
-0.0232
0.0097
-0.0092
-0.0264
0.0183
-0.1753
0.2502
0.3677
-0.0001
-0.0026
0.0517
-0.0066
0.0473
0.2570
-0.0109
-0.0395
0.0628
-0.0885
-0.0005
0.0055
-0.0704
0.0143
0.0333

121011
121021
121022
12103 1
121032
121033
121041
121042
121043
121044
121051
121052
121053
121054
121055
121066
121076
121077
121086
121087
12108 8
121099
1210109
121010 10
121111

0.0161

-0.0009
0.0416
0.0136
-0.0043
-0.0344
-0.0017
-0.0090
0.0294
-0.0218
-0.0220
0.0481

-0.0023
-0.0148
-0.0024
0.0426
0.0045

0.1408

-0.0083
-0.0468
-0.0182
-0.0210
0.0119

-0.0043
-0.1140

54



5431
5432
5433
5441
5442
5443
5444
5511
5521
5522
5531
5532
5533
5541
5542
5543
5544
5551
5552
5553
5554
5555
6611
6621
6622

-0.0163
-0.0658
0.2475

-0.0094
-0.0027
0.0285

-0.0140
0.0125

-0.0074
-0.0712
-0.0361
0.2371

-0.1259
0.0104
-0.0175
0.0680
-0.1378
0.0272
-0.0776
-0.3642
0.1250
0.1010
0.0018

-0.0170
0.2835

8777
8811
8821
8822
8831
8832
8833
8841
8842
8843
8844
8851
8852
8853
8854
8855
8866
8876
8877
8886
8887
8888
9911
9921
9922

0.2492
-0.1155
-0.1751
-0.5556
0.2089
0.6049
-0.9297
0.0827
-0.0065
0.0815
-0.0135
0.0036
0.0084
0.0014
0.0054
0.0113
0.1146
0.1172
0.2195
-0.0086
-0.1260
0.3047
-0.0053
0.0701
-0.1745

11966
11976
11977
11986
11987
11988
11999
111011
111021
111022
111031
111032
111033
111041
111042
111043
111044
111051
111052
111053
111054
111055
111066
111076
111077

0.0403

0.0046
-0.0082
0.0027
0.0366
-0.0058
-0.1926
-0.0137
-0.0186
0.0399
0.0191

-0.0532
-0.0404
0.0049
0.0554
0.1114

-0.0791
-0.0086
-0.0290
-0.1188
-0.0562
0.0746
0.0824
-0.0286
-0.0049

121121
121122
121131
121132
121133
121141
121142
121143
121144
121151
121152
121153
121154
121155
121166
121176
121177
121186
121187
121188
121199
1211109
1211 10 10
1211119
1211 11 10

0.0147
0.0118

0.0113

-0.0388
-0.0765
-0.0045
0.0109
0.0209
-0.0369
0.0017
-0.0181
-0.0196
0.0102
0.0081

0.0414
0.0126
-0.1031
0.0430
0.0951

-0.0472
-0.0494
-0.0138
0.0300
-0.0369
-0.0173
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6631
6632
6633
6641
6642
6643
6644
6651
6652
6653
6654
6655
6666
7611
7621
7622
7631
7632
7633
7641
7642
7643
7644
7651
7652

-0.0119
-0.4828
0.4422
0.0028
0.0949
-0.0423
-0.0304
0.0008
-0.2481
0.5301
0.0853
-0.1935
0.3744
0.0050
-0.0001
0.1179
-0.0006
-0.0525
-0.0293
-0.0022
-0.0154
-0.0210
0.0138
0.0028
-0.0231

9931
9932
9933
9941
9942
9943
9944
9951
9952
9953
9954
9955
9966
9976
9977
9986
9987
9988
9999
10911
10921
10922
10931
10932
10933

0.1421
0.2614
-2.1304
-0.0438
-0.1223
-0.4592
86.8350
0.0065
0.1337
-0.1086
-0.3346
-0.9670
0.0725
-0.0020
-0.0805
0.0008
-0.0062
0.0038
87.8679
0.0264
-0.0179
-0.0537
-0.0455
-0.0463
0.5422

111086
111087
111088
111099
1110109
1110 10 10
111111
111121
111122
111131
111132
111133
111141
111142
111143
111144
111151
111152
111153
111154
111155
111166
111176
111177
111186

0.0032
-0.0315
-0.0059
-0.0124
0.0823

0.1230
0.0701

-0.0191
0.0249
-0.0603
0.0874
0.7336
-0.0410
-0.0462
0.2119

0.2292

0.0035

-0.0365
-0.0406
0.0607

0.0287

0.1790
-0.0081
0.1646
0.1024

12111111
121211
121221
121222
121231
121232
121233
121241
121242
121243
121244
121251
121252
121253
121254
121255
121266
121276
121277
121286
121287
121288
121299
1212109
121210 10

-0.1396
-0.0304
-0.0713
-0.0389
0.0658
0.1072
-0.2492
0.0870
0.0147
0.0217
-0.0231
-0.0097
-0.0043
0.0183
-0.0052
-0.0260
0.0614
0.1834
0.4692
0.0038
-0.0319
0.1087
0.0015
-0.0034
-0.0569
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7653
7654
7655
7666
7711
7721
7722

-0.0078
-0.0030
0.0150
-0.0872
0.0331
0.0020
0.5712

10941
10942
10943
10944
10951
10952
10953

-0.0134
-0.0376
0.1163
-0.2652
0.0234
-0.0435
-0.2732

111187
111188
111199
1111109
11111010
1111119
11111110

0.2659
-0.0340
-0.0850
-0.0299
0.1002
0.0165
0.0315

1212119
121211 10
1212 11 11
1212129
12121210
12121211
121212 12

-0.0253
-0.0039
-0.0419
-0.0038
-0.0073
-0.1255
0.3681

aSee footnote a of Table 2.8 for the units of the force constants.
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CHAPTER 3

STRUCTURES AND ENERGETICS OF HOCO RADICAL, ANION, AND CATION:

HIGH-ACCURACY AB INITIO INVESTIGATION VIA FOCAL POINT ANALY SIS

Yan, G.; Allen, W. D.; Schaefer, H. F.; To be submitted
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3.1 ABSTRACT

Accurate equilibrium structures and energetics of trans- and cis-HOCO anion, radical, and cation
have been determined via systematic ab initio calculations. Electron affinities and ionization
potentials of trans- and cis-HOCO radicals have been predicted. State-of-the-art ab initio
electronic structure theory, including MP2 (second order Mgller-Plesset perturbation theory),
CCSD (coupled cluster single and double excitations), CCSD(T) (CCSD with perturbative
triples), and CCSDT (CCSD with full triple excitations), in combination with correlation basis
sets of the form aug-cc-p(C)VXZ (X=2-6), have been utilized to extrapolate to the complete
basis set full configuration interaction limit via the focal point analysis method developed by
Allen and co-workers. Core-correlation effects, special relativity, zero-point vibrational energy,
and diagonal Born-Oppenheimer corrections were explicitly incorporated in the results to
provide accuracy to the level of 0.1 kcal mol™. The final proposals for the adiabatic electron
affinities are: 1.3712 ¢V (trans-HOCO) and 1.5038 eV (cis-HOCO). The vertical detachment
energies are necessarily larger: 1.9618 ¢V (trans-HOCO) and 2.0809 ¢V (cis-HOCO). The
predicted adiabatic and vertical radical ionization potentials of the trans-HOCO are 8.1077 eV

and 9.7771 eV, respectively.

3.2 INTRODUCTION

The hydroxyformyl radical, HOCO, is one of the most important radicals in the combustion
process. It has long been shown as a critical intermediate in the reaction OH + CO — H+ CO,, a
key reaction for the production of CO, in combustion.'

HOCO neutral radical has been the subject of extensive experimental and theoretical studies.

Milligan and Jacox first identified trans- and cis-HOCO radicals by vacuum-ultraviolet
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photolysis of H,O in a CO matrix, and assigned vibrational frequencies to them.’ Vibrational
spectra of trans-HOCO free radical have also been obtained later in argon matrix,’ neon matrix,’
and gas phase.*'° Rotational spectra of trans-HOCO and DOCO were recorded by Radford, Wei,
and Sears using millimeter-wave spectroscopy.' Numerous ab initio computations have also
been performed on HOCO radical.'>*' Most recent high-level theoretical studies include coupled
cluster theory determination of the heats of formation for trans-HOCO radical by Feller, Dixon,
and Francisco,'® and the applications of G3MP2B3 and CCSD(T)-CBS methods to the
thermochemical properties of HOCO radicals by Fabian and Janoschek."

HOCO™ and HOCO", on the other hand, were less studied. HOCO™ anion was characterized
for the first time in 2002 by Clements, Continetti, and Francisco via dissociative
photodetachment spectroscopy.22 Later Dixon, Feller, and Francisco performed high-level
coupled cluster calculations on trans- and cis-HOCO anions, and predicted the electron affinities
of the two isomers as 1.36 and 1.42 eV, respectively.'” HOCO" cation was first studied with
photoionization spectroscopy in 1989 by Ruscic, Schwarz, and Berkowitz, and the adiabatic
ionization potential of trans-HOCO was determined as 8.486 + 0.012 eV, but this value was later
revised to a tentatively suggested value of 8.06 + 0.03 eV in a renewed photoionization study by
Ruscic and Litorja in 2000.** Francisco applied CCSD(T) 6-311++G(3df, 3pd)//CCSD(T)
6-311G(3df,3pd) methodology to trans-HOCO" and proposed an adiabatic ionization potential of
8.01 eV,” in good agreement with the renewed experimental results. v, fundamental band of
trans-HOCO" cation was determined by difference-frequency spectroscopy®®, and recently Jacox
and Thompson identified three vibrational modes of this cation via infrared spectroscopy in Ne
matrix.”” Complete rotational constants were also obtained by submillimeter wave

spectroscopy.28
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With the important role of the HOCO families of molecules in combustion chemistry and
recent advent of latest experimental discoveries, it is of great interest to provide improved and
highly accurate ab initio data on the geometrical structures and energetics of the relevant species
to assist further experimental studies. In the continuing pursuit of subchemical accuracy for
computational methods in our group, the focal point analysis scheme proposed by Allen and
co-workers have been applied to different systems to consistently achieve subchemical accuracy
to the level of 0.1 kcal/mol, which will be utilized in this study to make critical assessment of

current experimental and theoretical data.

3.3 COMPUTATIONAL METHODS
In this investigation, the focal point approach developed by Allen and co-workers™>* were
employed to extrapolate total and relative energies of relevant species toward the complete basis
set (CBS) full configuration interaction (FCI) limit. Focal-point analysis aims at a
two-dimensional extrapolation scheme for the basis set and correlation method dependence of
electronic energies. Supplemented with core correlation, special relativity, diagonal
Born-Oppenheimer, and zero-point vibrational energy corrections, it has been successfully
applied to a variety of molecular systems achieving subchemical accuracies to the level of 0.1
kcal mol™.

In the focal point scheme, the aug-cc-p(C)VXZ families of basis sets developed by Dunning

33-37
and co-workers

were utilized exclusively for the electronic structure calculations in this
study.

We begin with the determination of a set of high quality r. structural parameters for trans-

and cis-HOCO neutral radicals, anions, and cations at the aug-cc-pVQZ CCSD(T) level of theory,
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freezing the 1s orbitals of carbon and oxygen. The reference electronic wave functions were
determined by single-reference spin-restricted Hartree-Fock theory.*’ Geometry optimizations
were carried out via finite differences of energy points.

With the optimal equilibrium geometries, total energies of trans- and cis-HOCO radicals,
anions, and cations were first extrapolated under the frozen-core approximation. For this primary
extrapolation, valence correlation consistent basis sets of the form aug-cc-pVXZ (X=2,3,4,5,6)
were utilized to determine energies at the Hartree-Fock, MP2 (second-order Meoller-Plesset
perturbation theory),3 >4l cCcsSD (coupled-cluster singles and doubles),”** CCSD(T) (CCSD

4546

with perturbative triples),”" and CCSDT (full couple cluster with singles, doubles, and

triples)*’ levels of theory. In the second set of extrapolation, the core correlation effects were
extrapolated utilizing the core-valence basis set aug-cc-pCVXZ (X=2,3.4).

The functional form adopted for the Hartree-Fock extrapolation is
E., =E5 +ae™
whereas the correlation energy was extrapolated via

E_ =a+bXx™

corr

51-54

Auxiliary effects, including diagonal Born-Oppenheimer correction (DBOC) and special

55-58

relativistic effects were necessarily included in the results to ensure subchemical accuracy.

The DBOC was computed at the aug-cc-pVTZ SCF level of theory with PSI3.> Special

1.°° Harmonic

relativity corrections were carried out in aug-cc-pVTZ CCSD(T) with ACESI
vibrational frequency were computed at the aug-cc-pVTZ CCSD(T) level of theory by finite

differences of energy points to provide zero-point vibrational energy (ZPVE) corrections. All

energy points in the frequency calculation were converged to at least 10™'? hartrees.
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Ionization potential (IP), electron affinity (EA) and vertical detachment energies (VDE)
were evaluated as differences in total energies between relevant molecular species. The classical
adiabatic IPs are defined as

IP,=E(optimized cation)~E(optimized radical);
the classical adiabatic IPs with zero-point corrections are
IP,=E (zero-point corrected cation)~E(zero-point corrected radical);
the vertical IPs are determined by
IP=E (cation at optimized radical geometry)-E(optimized radical);
the classical adiabatic EAs are defined as
EA:=E (optimized radical)-E(optimized anion);
the classical adiabatic EAs with zero-point corrections are
EA:=E (zero-point corrected radical)~E (zero-point corrected anion);
and the vertical detachment energies are computed via
VDE=Eagical at optimized anion geometry)~E(optimized anion)-
Except for the DBOC and special relativity effects, all electronic structure calculations were

performed using Molpro®" and NWChem®*®*

suite of software packages.

3.4 RESULTS AND DISCUSSIONS

A. OPTIMIZED GEOMETRIES

High quality equilibrium structures for trans- and cis-HOCO anion, radical, and cation
determined at the aug-cc-pVQZ CCSD(T) level of theory are shown in Figure 1,. Theoretical and

experimental geometrical parameters for these molecular systems are summarized in Table 1.
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All molecules possess Cs symmetries in their ground electronic states. Agreement between
our equilibrium geometry and previous experimental and high level theoretical results are very
good. For all five species investigated in this study, the differences in bond lengths are less than
0.002 A and that in bond angles are less than 0.4° between our aug-cc-pVQZ CCSD(T) results

17,25

and earlier high level ab initio studies.” "~ Experimental rotational constants are only available

for the trans-HOCO radical and cation,'"****

where our equilibrium rotational constants are in
excellent agreement with the experimental values. The 35 GHz difference for the A value of
trans-HOCO" is typical between the calculated equilibrium and experimentally determined
zero-point rotational constants.

The geometry changes caused by the addition or removal of an electron from the neutral
radicals are significant. For trans-HOCO radical, with the addition of an electron, the O-C bond
length is increased by 0.168 A, the H-O-C angle is decreased by 7.3° and the O-C-O’ angle is
decreased by as much as 16.3° to trans-HOCQO". The geometry change from trans-HOCO radical
to cation is even more dramatic, with a 0.117 A decrease for the O-C bond length, a 10.1°
increase for the H-O-C angle, and a huge increase of 47.3° for the O-C-O’ angle. The O-C-O’
angle in trans-HOCO" is almost flat, and no cis-HOCO" structure can be located on the potential
energy surface.

Similar structural alterations are also observed for the cis isomer. For cis-HOCO™ anion, the

O-C bond length is 0.1213 A longer, whereas the H-O-C and O-C-O’ bond angles are 5.7° and

18.4° smaller than the corresponding cis-HOCO radical.
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B. VIBRATIONAL FREQUENCIES

Harmonic vibrational frequencies for trans-HOCO anion, radical, cation and cis-HOCO anion
and radical are computed at the aug-cc-pVTZ CCSD(T) level of theory in this work. A
comprehensive list of available experimental and high level theoretical vibrational frequencies is
collected in Table 2.

For vibrational study, trans-HOCO neutral radical is the most studied one among the five
molecules. Its vibrational spectrum has been obtained experimentally in CO, Ne, and Ar matrices
and gas phase.”” The O-H stretching mode in CO matrix is 150 cm™ or more lower than in other
matrices or in gas phase, a result of the strong interaction between the CO matrix and the radical.
Our predicted harmonic vibrational frequencies are in good agreement with other ab initio
methods as well as experimental fundamental frequencies, where anharmonic corrections are
needed to make direct comparisons.

The only available experimental vibrational study for cis-HOCO radical is performed in CO
matrix by Milligan and Jacox.” Similarly as the trans-HOCO radical, the O-H stretching mode
has been significantly perturbed by the CO matrix.

No experimental study has been reported for the vibrational spectra of trans- and cis-HOCO
anions. Dixon et al. reported harmonic vibrational frequencies for the two anions based on
aug-cc-pVDZ CCSD(T) study,'” which are in reasonable agreement with our results via
aug-cc-pVTZ CCSD(T) computations.

For the trans-HOCO cation, its v, O-H stretching mode has been reported in gas phase,” and
the O-H stretching, C-O stretching, and C-O’ stretching modes were recently reported in the Ne

matrix,”” which agree with ab initio calculations nicely.
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Based on the vibrational frequencies, zero-point vibrational energy corrections can be made

to the various energetics under investigation in the following discussions.

C. ELECTRON AFFINITIES
The theoretical determination of adiabatic electron affinity of trans- and cis-HOCO radicals is
listed in Table 3, 6, and 7.

In the valence focal point analysis in Table 3, explicit computations have been performed
with up to aug-cc-pV6Z basis set and correlation method up to the CCSDT level of theory. One
of the remarkable features of the extrapolation data is the rapid convergence of the RHF and
incremental correlation energies with respect to one- and many-particle basis. For example, the
explicitly computed aug-cc-pV6Z RHF energies are essentially the same as the extrapolated CBS
RHF energies, whereas the explicitly computed MP2 and CCSD incremental energies with the
aug-cc-pVo6Z basis set are within 0.014 eV of the extrapolated CBS limit. The increment with the
aug-cc-pV5Z CCSD(T) computation is within 0.0015 eV of the CBS CCSD(T) limit. In addition,
all of the coupled-cluster correlation increments are less than 0.12 eV in magnitude. An
interesting characteristic of the extrapolation is the mutually canceling effect of CCSD and
CCSD(T) incremental corrections, whose composite effect results in almost no post-MP2
corrections for trans-HOCO and less than 0.02 eV correction for cis-HOCO.

The extrapolated core correlation effect shown in Table 7 gives rise to less than 0.018 eV
corrections to adiabatic electron affinity of both trans- and cis-HOCO radicals. Zero-point
vibrational energy corrections contribute to less than 0.07 eV for both radicals. DBOC and
relativistic corrections are less than 0.003 eV. The final adiabatic electron affinities combining

valence and core correlation extrapolations, ZPVE, DBOC, and relativistic corrections are
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1.3712 and 1.5038 eV for trans- and cis-HOCO radicals, respectively. This final summary is
listed in Table 6.

Our renewed AEA for trans- and cis-HOCO are 0.01 eV and 0.08 eV larger than the value
obtained by Dixon et al.'” While the previous work did an impressive job in the extrapolation of
relative energies toward the CBS CCSD(T) limit using aug-cc-pVXZ (X=D, T, Q) basis sets,
inclusion of core correlation effects with cc-pCVTZ CCSD(T) calculation and ZPVE corrections
with aug-cc-pVDZ CCSD(T) harmonic vibrational frequency computation, our focal point
analysis with larger basis set and complete treatment for the correlation effects should yield more
accurate results.

The vertical detachment energy (VDE) is computed as the difference between the radical
and anion, where the radical is assumed to posses the anion geometry. Focal point analysis for
VDE is shown in Table 4, 6, and 7. Similar rapid convergence toward the one-particle basis is
observed throughout the table, although the CCSD and CCSD(T) increments do not cancel out
each other, and composite post-MP2 corrections contribute to more than 0.03 eV in magnitude to
the final predictions. Final predictions of VDE are 1.9618 and 2.0809 eV for trans- and

Ccis-HOCO radicals, respectively.

D. IONIZATION POTENTIALS

Adiabatic and vertical ionization potential data are only available to trans-HOCO radical, as
Ccis-HOCO cation is found non-existent from our calculations due to the nearly linear structure of
trans-HOCO cation. Valence-electron extrapolations of adiabatic and vertical ionization

potentials of trans-HOCO radical are listed in Table 5, core correlations extrapolations are shown
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in Table 7, and the final predictions are summarized in Table 6. Our final predictions for the
ionization potentials for trans-HOCO radical are 8.1077 eV (AIP) and 9.7771 eV (VIP).

In an early photoionization study of COOH species,” the adiabatic ionization potential of
HOCO was determined as 8.486+0.012 eV. A rather steep descent is followed by a more gradual
decline in the photoionization spectrum, consistent with the substantial geometry change
between the trans-HOCO neutral radical and cation. However, at a recent ab initio study at the
6-311++G(3df, 3pd)//CCSD(T) 6-311G(3df,3pd) level of theory, Francisco et al. reported an
adiabatic ionization potential of trans-HOCO as 8.01 eV,* a surprisingly large deviation from
the experimental value considering the high level of theory used in the computation. Soon after,
Ruscic and Litorja reexamined the photoionization threshold of HOCO radical with higher
resolution.”* Although the unfavorable Franck-Condon factors make the experimental detection
quite difficult, they were able to conclude for a strict upper limit of 8.1954+0.022 eV, and a
tentative value of 8.056+0.026 eV for the adiabatic ionization potential of trans-HOCO radical,

in excellent agreement with theoretical results.

3.5 SUMMARY

In this work, fully optimized geometries were obtained for trans- and cis-HOCO neutral radicals,
cations, and anions at the aug-cc-pVQZ CCSD(T) level of theory. Significant geometry changes
are observed between radicals, anions, and cations, where the O-C-O angle in the trans-HOCO is
almost linear. Harmonic vibrational frequencies determined at the aug-cc-pVTZ CCSD(T) level
of theory are comparable to previous theoretical and spectroscopic studies. Based on the focal
point analysis scheme developed by Allen and coworkers, adiabatic electron affinities, vertical

detachment energies, adiabatic and vertical ionization potentials of the radicals were extrapolated
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to the complete basis set (CBS) full configuration interaction (FCI) limit with aug-cc-p(C)VXZ
(X=2-6) basis sets, and core correlation effects, DBOC, relativistic and zero-point vibrational
energy corrections were explicitly included in the results to achieve subchemical accuracy in our
predictions.

Our final theoretical predictions are: AEA 1.3712 eV (trans-HOCO), 1.5038 eV (cis-HOCO);
VDE 1.9618 eV (trans-HOCO), 2.0809 eV (cis-HOCO); AIP 8.1077 eV (trans-HOCO); VIP
9.7771 eV (trans-HOCO). The adiabatic ionization potential derived in this work is in excellent

agreement with recent result from photoionization experiment.
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Figure 3.1: Equilibrium geometries for frans- and cis-isomers of HOCO species, Cg symmetry.
Optimized geometrical parameters are given in Table 3.1.
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TABLES
Table 3.1. The optimized geometrical parameters and rotational constants of trans- and cis-HOCO radical, anion, and cation. Bond

lengths are in A, bond angles are in degrees, and rotational constants are in GHz."

Molecule Method (H-0) 1(O-C) r(C-0’) O(H-0-C) 6(0-C-0) A B C
trans-HOCO
aVQZ CCSD(T) 09632 13439 11791  107.82  127.00 166251 11455 10.717
6-3 élccggg’)%pd) 0962 1345 1179  107.4 1268 164962 11470 10.724
millimeter wave® 167.8478 1143311 10.68676
cis-HOCO
aVQZ CCSD(T) 09726 13308 1.1845  108.10 13027  141.085 11767 10.861
trans-HOCO"
aVQZ CCSD(T) 09612 15119 12126 10056 11072 94.563 11508 10.259
aVQZ QCISD(T)® 0961 1515 1214 1005 110.7 94242 11473 10.228
cis-HOCO®
aVQZ CCSD(T) 09775 14521 12308 10239 11183 83972 12.459 10.849
aVQZ QCISD(T)® 0978 1454 1232 1023 111.8 83.763 12.435 10.828
trans-HOCO"
aVQZ CCSD(T) 09841 12269 1.1257 11795 17429 754826  10.742 10.592
6-3é1c(;([3)21£,)3bpd) 0983 1228 1126 1177 1743 751500 10.736 10.585
tflféfgl?c"yi 789.9385  10.773636  10.609502
submillimeter 789.951154 10.7746768 10.6103741
wave

*aVQZ CCSD(T) represents the aug-cc-pVQZ CCSD(T) equilibrium geometries determined in this work.
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PReference 25.
‘Reference 11.
Reference 17.
‘Reference 26.

Reference 28.

77



Table 3.2. Vibrational frequencies of trans- and cis-HOCO anion, radical, and cation.”

Molecule Method O-Hstretch  C-Ostretch  HOCbend  C-O’stretch  O'CO bend Torsion
Symmetry a' a' a' a' a' a"
trans-HOCO
aVTZ CCSD(T) 3805 1882 1253 1075 613 532
6-31G(d) CCSD(T)" 3728 1903 1279 1084 605 538
VTZ CCSD(T)* 3830 1898 1262 1087 620 533
VTZ B3LYP? 3794 1903 1243 1084 622 546
Ne matrix® 3628.0 1848.0 1210.4 1050.4
Ar matrix’ 3602.9 1843.6 1211.2 1064.6 515
CO matrix® 3456 1833 1261 1077 615
Gas Phase 3635.7" 1852.57'
cis-HOCO
aVTZ CCSD(T) 3639 1843 1308 1071 600 571
VTZ CCSD(T)* 3662 1860 1319 1077 608 578
VTZ B3LYP! 3571 1867 1299 1074 600 594
CO matrix® 3316 1797 1261 1088 620
trans-HOCO"
aVTZ CCSD(T) 3795 1654 1108 647 467 504
aVDZ CCSD(TY 3762 1639 1083 612 380 485
cis-HOCO
aVTZ CCSD(T) 3521 1572 1186 701 563 643
aVDZ CCSD(TY 3514 1551 1170 661 510 624
trans-HOCO" O-H stretch  C-O’stretch  C-O stretch ~ HOC bend O'CO bend Torsion
aVTZ CCSD(T) 3549 2419 1237 1070 531 583
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6-31G(d) CCSD(T)" 3479 2428 1240 1055 517 566
Gas Phase® 3375.37413
Ne matrix' 3280.9 2400.4 1019.9

*aVTZ CCSD(T) represents aug-cc-pVTZ CCSD(T) harmonic vibrational frequencies determined in his work.
PReference 25.
‘Reference 16.
Reference 19.
‘Reference 7.
"Reference 6.
fReference 5.
"Reference 8.
Reference 9.
IReference 17.
“Reference 26.

'Reference 27.
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Table 3.3. Valence focal point analysis for adiabatic electron affinity (in eV) of trans- and cis-HOCO radicals.”

Basis Set AE[RHF] +3[MP2] +6[CCSD] +6[CCSD(T)] +6[CCSDT] AE[CCSDT]
trans-HOCO

aug-cc-pVDZ 0.2670 0.9420 -0.0077 0.0808 -0.0026 [1.2796]
aug-cc-pVTZ 0.2012 1.0623 -0.0540 0.0944 [-0.0026] [1.3012]
aug-cc-pVQZ 0.1862 1.1032 -0.0723 0.0975 [-0.0026] [1.3120]
aug-cc-pV5Z 0.1841 1.1211 -0.0832 0.0987 [-0.0026] [1.3181]
aug-cc-pVo6Z 0.1838 1.1307 -0.0892 [0.0992] [-0.0026] [1.3220]

CBS Limit [0.1838] [1.1439] [-0.0974] [0.1000] [-0.0026] [1.3276]

cis-HOCO

aug-cc-pVDZ 0.3488 1.0076 -0.0205 0.0825 -0.0039 [1.4146]
aug-cc-pVTZ 0.2803 1.1360 -0.0671 0.0975 [-0.0039] [1.4429]
aug-cc-pVQZ 0.2644 1.1787 -0.0861 0.1010 [-0.0039] [1.4542]
aug-cc-pV5Z 0.2621 1.1970 -0.0970 0.1022 [-0.0039] [1.4605]
aug-cc-pVo6Z 0.2617 1.2064 -0.1029 [0.1028] [-0.0039] [1.4642]

CBS Limit [0.2617] [1.2195] [-0.1110] [0.1036] [-0.0039] [1.4698]

Extrapolation Scheme a+be ™ a+bX a+bX a+bX additive
Points (X=) 4,5,6 5,6 5,6 4,5

*The symbol & denotes the incremental correlation energy with respect to the previous level of theory in the hierarchy
RHF->MP2->CCSD->CCSD(T)->CCSDT. Values in brackets are extrapolated according to the fitting formula in the last rows of the

tables, while all other results were explicitly computed. Final predictions are in boldface.
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Table 3.4. Valence focal point analysis for vertical detachment energy (in eV) of trans- and cis-HOCO radicals.”

Basis Set AE.[RHF] +5[MP2] +3[CCSD] +8[CCSD(T)] +8[CCSDT] AE[CCSDT]
trans-HOCO
aug-cc-pVDZ 1.3355 0.3319 0.0971 -0.0054 -0.0068 [1.7523]
aug-cc-pVTZ 1.3379 0.4864 0.0719 -0.0037 [-0.0068] [1.8857]
aug-cc-pVQZ 1.3356 0.5410 0.0617 -0.0031 [-0.0068] [1.9285]
aug-cc-pV5Z 1.3353 0.5635 0.0535 -0.0029 [-0.0068] [1.9425]
aug-cc-pV6Z 1.3354 0.5750 0.0484 [-0.0028] [-0.0068] [1.9491]
CBS Limit [1.3353] [0.5907] [0.0414] [-0.0027] [-0.0068] [1.9580]
cis-HOCO
aug-cc-pVDZ 1.3292 0.5473 0.0131 0.0055 -0.0096 [1.8856]
aug-cc-pVTZ 1.3241 0.7066 -0.0175 0.0075 [-0.0096] [2.0111]
aug-cc-pVQZ 1.3207 0.7596 -0.0289 0.0083 [-0.0096] [2.0501]
aug-cc-pV5Z 1.3198 0.7813 -0.0373 0.0085 [-0.0096] [2.0627]
aug-cc-pV6Z 1.3198 0.7920 -0.0420 [0.0086] [-0.0096] [2.0687]
CBS Limit [1.3198] [0.8067] [-0.0486] [0.0087] [-0.0096] [2.0769]

aSee footnote “a” of Table 3.3.
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Table 3.5. Valence focal point analysis for adiabatic and vertical ionization potential (in eV) of trans-HOCO radical.”

Basis Set AE[RHF] +6[MP2] +6[CCSD] +6[CCSD(T)] +6[CCSDT] AE[CCSDT]
Adiabatic IP
aug-cc-pVDZ 7.6412 0.2465 0.1543 -0.0011 0.0096 [8.0505]
aug-cc-pVTZ 7.5574 0.3524 0.1491 0.0095 [0.0096] [8.0780]
aug-cc-pVQZ 7.5438 0.3813 0.1424 0.0128 [0.0096] [8.0898]
aug-cc-pV5Z 7.5433 0.3936 0.1374 0.0140 [0.0096] [8.0978]
aug-cc-pVo6Z 7.5430 0.3993 0.1345 [0.0145] [0.0096] [8.1010]
CBS Limit [7.5427] [0.4072] [0.1307] [0.0152] [0.0096] [8.1053]
Vertical IP
aug-cc-pVDZ 10.0113 -0.6274 0.2754 -0.1446 0.0072 [9.5219]
aug-cc-pVTZ 10.0066 -0.4938 0.3045 -0.1513 [0.0072] [9.6733]
aug-cc-pVQZ 10.0064 -0.4457 0.3099 -0.1517 [0.0072] [9.7261]
aug-cc-pV5Z 10.0066 -0.4266 0.3078 -0.1519 [0.0072] [9.7430]
aug-cc-pVo6Z 10.0066 -0.4172 0.3058 [-0.1520] [0.0072] [9.7505]
CBS Limit [10.0067] [-0.4042] [0.3031] [-0.1521] [0.0072] [9.7607]

aSee footnote “a” of Table 3.3.
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Table 3.6. Determination of adiabatic electron affinity (AEA), vertical detachment energy (VDE), adiabatic and vertical ionization

potentials (AIP, VIP) of trans- and cis-HOCO radicals.

AEg(valence) AEg(core) AZPVE ADBOC AREL AE(final)
trans-HOCO
AEA 1.3276 -0.0175 0.0610 -0.0012 0.0013 1.3712
VDE 1.9580 0.0061 -0.0006 -0.0017 1.9618
AIP 8.1053 -0.0093 0.0142 -0.0020 -0.0005 8.1077
VIP 9.7607 0.0213 -0.0009 -0.0040 9.7771
cis-HOCO
AEA 1.4698 -0.0172 0.0524 -0.0027 0.0015 1.5038
VDE 2.0769 0.0048 -0.0009 0.0001 2.0809
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Table 3.7. Focal point analysis of core-correlation effects (in eV) for adiabatic electron affinity, vertical detachment energy, and

ionization potentials of trans- and cis-HOCO radicals.”

Basis Set AEg,(core)[MP2] +8[CCSD] +86[CCSD(T)] AEg(core)[CCSD(T)]
AEA of trans-HOCO
aug-cc-pCVDZ -0.0046 -0.0039 0.0006 [-0.0079]
aug-cc-pCVTZ -0.0082 -0.0056 0.0009 [-0.0129]
aug-cc-pCvVQZ -0.0104 -0.0061 0.0009 [-0.0156]
CBS Limit [-0.0120] [-0.0064] [0.0010] [-0.0175]
AEA of cis-HOCO
aug-cc-pCVDZ -0.0039 -0.0041 0.0007 [-0.0073]
aug-cc-pCVTZ -0.0076 -0.0058 0.0010 [-0.0124]
aug-cc-pCvVQZ -0.0099 -0.0064 0.0011 [-0.0152]
CBS Limit [-0.0116] [-0.0068] [0.0011] [-0.0172]
VDE of trans-HOCO
aug-cc-pCVDZ 0.0047 -0.0026 -0.0001 [0.0019]
aug-cc-pCVTZ 0.0108 -0.0044 -0.0012 [0.0051]
aug-cc-pCvVQZ 0.0119 -0.0048 -0.0015 [0.0057]
CBS Limit [0.0128] [-0.0050] [-0.0017] [0.0061]
VDE of cis-HOCO
aug-cc-pCVDZ 0.0051 -0.0034 0.0000 [0.0018]
aug-cc-pCVTZ 0.0098 -0.0048 -0.0010 [0.0039]
aug-cc-pCvVQZ 0.0109 -0.0052 -0.0013 [0.0044]
CBS Limit [0.0116] [-0.0054] [-0.0014] [0.0048]
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aug-cc-pCVDZ

aug-cc-pCVTZ

aug-cc-pCvVQZ
CBS Limit

aug-cc-pCVDZ
aug-cc-pCVTZ
aug-cc-pCvVQZ
CBS Limit
Extrapolation Scheme
Points (X=)

-0.0076
-0.0047
-0.0046

[-0.0045]

0.0043
0.0189
0.0233
[0.0265]
atbX’
3,4

AIP of trans-HOCO
-0.0008
-0.0020
-0.0026

[-0.0030]

VIP of trans-HOCO
0.0028
0.0024
0.0022
[0.0022]
a+tbXx’?

34

-0.0006
-0.0012
-0.0016

[-0.0019]

-0.0026
-0.0057
-0.0067
[-0.0074]
atbX
3,4

[-0.0089]
[-0.0079]
[-0.0087]
[-0.0093]

[0.0045]
[0.0156]
[0.0189]
[0.0213]

aSee footnote a of Table 3.3.
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CHAPTER 4

ENERGETICS AND STRUCTURES OF ADAMANTANE AND THE

1- AND 2-ADAMANTYL RADICALS, CATIONS AND ANIONS'

'Yan, G.; Brinkmann, N. R.; Schaefer, H. F.; Journal of Physical Chemistry A.; 2003; 107(44),
9479-9485. Reprinted by permission of the American Chemical Society.
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4.1 ABSTRACT

Equilibrium structures and harmonic vibrational frequencies were computed for adamantane
(Ad), the 1- and 2-adamantyl radicals (1-Ad’, 2-Ad), cations (1-Ad", 2-Ad"), and anions (1-Ad’,
2-Ad). Ionization potentials and electron affinities of Ad, 1-Ad and 2-Ad have been predicted
using four different density functional and hybrid Hartree—Fock/density functional methods. The
equilibrium structure of adamantane (Tq symmetry) is in excellent agreement with electron
diffraction experiments. 1-Ad and 1-Ad" are predicted to lie about 4 kJ mol™ below their 2-
isomers, while 1-Ad" is predicted to lie 47 kJ mol™ below 2-Ad". For 1-Ad, 1-Ad", and 1-Ad’,
Csy structures are found to be the minima, while a C; structure lies lowest for 2-Ad’, 2-Ad", and
2-Ad'. The final predicted adiabatic ionization potentials for the radicals are 6.22 (1-Ad’) and
6.70 eV (2-Ad). The vertical radical ionization potentials are necessarily larger: 6.85 (1-Ad) and
7.08 eV (2-Ad). The predicted adiabatic electron affinities are all negative: -0.13 (1-Ad) and -
0.13 eV (2-Ad). The vertical electron affinities are: -0.28 (1-Ad) and -0.37 eV (2-Ad). The

vertical detachment energies are 0.07 (1-Ad’) and 0.22 eV (2-Ad).

4.2 INTRODUCTION

Adamantane has been the subject of much chemical interest because of its highly symmetric cage
structure. Schleyer’s 1957 synthesis' transformed adamantane from an exotic species into one of
the staples of organic chemistry. Adamantane and its derivatives have a broad range of
chemical,* polymer* and pharmaceutical®® applications. Compounds containing adamantyl
radicals are useful catalysts for many chemical reactions,” such as the refining of halogen atoms
and preparation of heterogeneous bimetallic catalysts. The rigid, spherical structure of

adamantane reduces interchain interaction in polymers and helps the synthesis of polymers,*’
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such as MAE-PPV. Adamantane-containing molecules have also been found to have antiviral
activity. They have been used in the treatment of inﬂuenza,6 HIV-l,7 leukemia and deafness,8
and many other diseases.’

Adamantane and its derivatives have been the subject of many studies, both experimental
and theoretical. The molecular structure of adamantane was determined by Hargittai, et al. in
1972 using gas-phase electron diffraction.'® Adamantane has also been studied with two-
dimensional Penning ionization electron spectroscopy,'' by which the adiabatic (IP,) and vertical
(IPy) ionization potentials were reported as 9.40 and 9.67 eV, respectively. Valuable information
concerning the 1- and 2-adamantyl radicals (1-Ad and 2-Ad’) was obtained by Kruppa and
Beauchamp using photoelectron spectroscopy,' and the IP, and IP, were found for each system
(IP,: 6.21£0.03 eV, IP,: 6.36%+0.05 eV for 1-Ad, IP,: 6.73+0.03 eV, IPy: 6.99+ 0.05 eV for 2-
Ad). ESR studies have been performed on 2-Ad’,"” and a planar radical site was suggested.
Electron impact appearance energies were used to measure the heats of formation of the 1- and
2-adamantyl cations (1- and 2-Ad") and 2-Ad,"* and these were recently computed using the
G2(MP2) methodology. "> The Raman and IR spectra of adamantane and 2-adamantanone were
computed using density functional theory.'® Dutler, Rauk, Sorensen, and Whitworth used the
MP2/6-31G* method to study 2-Ad" and proposed that the ground electronic state has Cs
symmetry.'” However, very little experimental research has been reported for the adamantyl
anions, because of their apparent general instability. Complete molecular structures for the
adamantyl radicals and anions are not available. Theoretical predictions on the properties of
these species can thus provide valuable information concerning their relative stabilities and

reactivities.
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Density functional theory (DFT) has been shown to be a relatively inexpensive and
reliable theoretical method for predicting ionization potentials (IPs) as well as electron affinities
(EAs)."™" Using a moderate DZP++ basis set, DFT has been exhaustively tested and shown to
predict molecular EAs to within 0.15 eV of the experimentally reported values on average. "° In
the present study we predicted the structures, vibrational frequencies, and relative energies of
adamantane, 1- and 2-Ad’, 1- and 2-Ad", and 1- and 2-Ad" as well as IPs and EAs of 1- and 2-

Ad to investigate the relative stabilities and reactivity of these species.

4.3 METHODS
The DFT quantum chemical computations were performed on Ad, 1- and 2-Ad’, 1- and 2-Ad"
and 1- and 2-Ad” using the Gaussian 94 program package.”’ Several gradient-corrected
functionals, denoted B3LYP, BHLYP, BLYP and BP86, were used to compute the geometries,
energies, and harmonic vibrational frequencies. Energies were converged to at least 10 hartrees
in the self-consisted-field procedures, although the absolute accuracy may be somewhat lower,
due to errors inherent in the numerical integration procedures.

The different functionals used may be described as follows. B3LYP is a hybrid Hartree-
Fock and density functional theory (HF/DFT) method using Becke’s three-parameter gradient-
corrected exchange functional (B3)*! with the Lee-Yang-Parr’s correlation functional (LYP).”
The BHLYP functional combines Becke’s half-and-half exchange functional®® (BH) with the
LYP correlation functional and is a HF/DFT method. BLYP uses Becke’s 1988 exchange
function (B)** and the LYP functional, and BP86 is formed from the Becke’s exchange
functional (B) and the 1986 correlation correction of Perdew (P86).>> Geometries were optimized

for each molecular species with each functional using analytic gradient technique. Residual
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Cartesian gradients were less than 1.5x10” hartrees/Bohr. Stationary points found in
optimizations were confirmed as minimum by computing the harmonic vibrational frequencies
using analytic second derivatives with each functional.

A double-{ basis set with polarization and diffuse functions, denoted DZP++, was

26,2
27 set of

utilized in this study. The basis set was constructed from the Huzinaga-Dunning
contracted double-{ Gaussian functions. Added to this was one set of p-type polarization
functions for each H atom and one set of d-type polarization functions for each C atom
[ap(H)=0.75 and a4(C)=0.75]. To complete the DZP++ basis, the above set of functions was
augmented with an “even-tempered” s diffuse function for each H atom and “even-tempered” s
and p diffuse functions for each C atom with orbital exponents determined by the formula
expressed by Lee and Schaefer™ [0 (H)=0.04415, 0(C)=0.04302, and a,(H)=0.03629]. The final
contraction scheme for this basis is H [5s1p/3s1p] and C [10s6p1d/5s3pld].
IPs and EAs were evaluated as differences in total energies between molecular species.
The classical adiabatic IPs are defined as
IP.=E (optimized cation)~E(optimized radical);
the classical adiabatic IPs with zero-point corrections are
IP=E (zero-point corrected cation)~E(zero-point corrected radical);
the vertical IPs are determined by
IPy=Ecation at optimized radical geometry)~E (optimized radical);
The classical adiabatic EAs are defined as
EA=E (optimized radical)-E(optimized anion);

the vertical EAs are

EAV:E(optimized radical)'E(anion at optimized radical geometry)s
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and the vertical detachment energies computed via

VDE:E(radical at optimized anion geometry)‘E(optimized anion)-

4.4 RESULTS AND DISCUSSION

A. STRUCTURES AND ENERGETICS

Optimized structures of Ad, 1- and 2-Ad, Ad" and Ad with all functionals are shown in Figures
1-3, and geometrical parameters are summarized in Tables I to VII. The total and relative ground
state energies of Ad, 1- and 2-Ad, Ad", Ad" are summarized in Tables VIII and IX.

The theoretical geometry of the T4 symmetry adamantane (Table I) is in excellent
agreement with the electron diffraction experiments. The B3LYP predicted geometry is the
closest to experimental values, with C-C and C-H bond lengths of 1.544 A and 1.100 A,
respectively, and the C-Ce.-C and C-C,-C bond angles of 109.7° and 109.4°, respectively.

For the molecular anion 1-Ad™ (Table IV), the ground state is found to possess Csy
symmetry. The geometry change at the formal anionic center is rather small compared to neutral
adamantane. At the DZP++ B3LYP level, The C-C, bond length was shortened by 0.019A and
the C,-C"-C, angle is decreased by 0.5° upon the removal of the proton from Ad. The C,-Cg bond
length is increased by 0.014A and the C'-C,-Cp angle is decreased by 1.5°.

In the case of 2-Ad" (Table VII), Cs symmetry is found for the ground state rather than the
more symmetrical C,, structure. The vibrational frequency analysis shows a C,, imaginary
frequency (553i cm™ with the B3LYP method) for the out-of-plane bending mode of the C-H
bond for the 2-Ad’ structure, leading to the C; minimum. The potential energy surface is found to
be rather flat, with an energy difference of 20.0 kJ mol ™! between the C,y and C; structures at the

DZP++/B3LYP level. The geometry change at the formal anionic site is similar to that of 1-Ad".
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The C-C, bond length was shortened by 0.010 A and the C,-C-C, angle is decreased by 1.5°,
while the C,-Cp bond length is increased by 0.019 A and the C"- C,-Cp angle decreased by 3.3°.
The 1-Ad” anion is 2.6 (B3LYP), -2.1 (BHLYP), 6.6 (BLYP), and 5.5 (BP86) kJ mol™ lower in
energy than the 2-isomer, respectively.

For the radical 1-Ad (Table II), the ground state is found to have Cs, symmetry. The
geometry change at the radical site with respect to the neutral Ad is quite substantial. At the
DZP++/B3LYP level, The C-C, bond length was shortened by 0.044 A and the C,-C-C, angle is
increased by 3.6° upon the removal of one proton from the neutral Ad, whereas the C,-Cg bond
length is increased by 0.019 A and C'- C,-Cy angle decreased by 3.7°.

The ground state of 2-Ad is also found in Cs symmetry (Table V). At the DZP++/B3LYP
level, The C-C, bond length was shortened by 0.029 A and the  C,-C-C, angle is increased by
5.9° upon the removal of one electron from the formal anionic site of 2-Ad". The potential energy
surface near the minimum is rather flat, with only a 0.23 kJ mol energy difference between the
C; and C,, isomers with the B3LYP functional. Bond lengths and bond angles for the two
structures are quite similar. However, the dihedral angle between the C,-C-C, plane and the a-H
of the C; structure was decreased by 19.3° from the 180° value for the Cy, structure. The 1-

Ad radical is 3.0 (B3LYP), 1.2 (BHLYP), 4.4 (BLYP), and 4.7 (BP86) kJ mol™ lower in energy
than the 2-isomer, respectively.

The ground state of the cation 1-Ad" is found to possess C3, symmetry (Table III). The
geometry change at what was the radical site prior to ionization is quite substantial. At the
DZP++/B3LYP level, the C*-C, bond length is shorter by 0.048 A and the C,~-C"-C, angle is
increased by 4.9° upon the removal of the electron from the radical site of 1-Ad". The C,-Cp bond

length is increased by 0.063 A and C'- C,-Cp angle decreased by 7.3°.
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For the 2-Ad" cation, Dutler, et al. used the MP2/6-31G* method and suggested a ground
electronic state with Cs symmetry rather than the more symmetric C,, symmetry.'” This is
confirmed by the present research (Table VI). The energy difference between the C,, and Cs
structures is 7.1 kJ mol™ at the DZP++/B3LYP level. The geometry change at the formal cationic
site is similar to that of the 1-Ad". A natural bond orbital analysis has been performed on the 2-
Ad" cation and a positive natural charge of 0.270 was found at what was the radical site prior to
ionization. Compared with 2-Ad’, the C"-C, bond length is shorter by 0.060 A and the C,-C"-C,
angle has increased by 5.9° upon the removal of the electron from the radical site, and the Co-Cp
bond length is lengthened by 0.078 A and the C'-C,-Cy angle decreased by 10.8°. The 1-Ad”
cation is found to be 47.4 (B3LYP), 46.3 (BHLYP), 47.5 (BLYP), and 49.0 (BP86) kJ mol™
lower in energy than the 2-isomer, respectively.

At the DZP++/B3LYP level, 1-Ad was found to be lowest in energy among 1-Ad’, Ad"
and Ad" (Table VIII). The energy difference between 1-Ad and 1-Ad" is quite small, with 1-Ad"
predicted to lie only 12.9 kJ mol™ higher than 1-Ad'. 1-Ad" is of course much higher in energy
than the neutral radical, lying 591.6 kJ mol™ above the neutral. These energy differences are
similar for the case of the 2-Ad series (Table IX), with 2-Ad" lying 12.5 kJ mol™ higher in energy
than 2-Ad’, and 2-Ad” 636.0 kJ mol™ above 2-Ad'. This energy ordering is consistent with the
predicted ordering at the BHLYP and BLYP levels of theory. However, using DZP++/BHLYP
level of theory, much larger energy differences between the anions and the neutral radicals are
predicted. Both 1-Ad” and 2-Ad” were both found to lie about 50 kJ mol™ above that of their
radical counterparts. It is clear that the electron affinities of both the 1- and 2-adamantyl radicals

are close to zero, explaining the difficulty observed in preparing the anions.
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B. IONIZATION POTENTIALS

Adiabatic and vertical ionization potentials (IP,, IP,) were computed and are shown in Table X.
For 1-Ad, the IP, predicted by four different functionals range from 5.84 eV (BLYP) to 6.13 eV
(B3LYP). Zero-point vibrational energy (ZPVE) corrections by the B3LYP method added 0.03
eV to the results. With the ZPVE corrections, all but the BLYP functional are within 0.02 eV of
the photoelectron spectroscopy result reported by Kruppa and Beauchamp,'? which is 6.21 + 0.03
eV. BLYP underestimates the ionization potentials by 0.34 eV, and BHLYP gives the closest
agreement with the experimental result. The IP, of 1-Ad is larger than the IP, by as much as 0.60
(B3LYP), 0.66 (BHLYP), 0.53 (BLYP), and 0.54 (BP86) eV, respectively. This is attributed to
the significant differences between the geometries of 1-Ad'and 1-Ad". BHLYP overestimates the
IP, of 1-Ad by almost 0.5 eV, and BLYP (6.37 eV) gives the best agreement with experiment
(6.36+0.05 eV)."?

For 2-Ad, the BHLYP result of 6.70 eV (6.66 eV without ZPVE corrections) was found
to give the best agreement with the experimental IP, of 6.73+0.03 eV. The B3LYP and BP86
values are both within 0.20 eV of the experimental value, while BLYP underestimates the IP, by
0.41 eV. The BHLYP and B3LYP results are within 0.1 eV of the experimental IP;, of 2-

Ad (6.9910.05 eV). BP86 underestimates the IP, by 0.16 eV, and BLYP underestimates it by

almost 0.40 eV.

C. ELECTRON AFFINITIES
Adiabatic and vertical electron affinities and vertical detachment energies (EA,, EA,, VDE) of
the adamantly radicals are shown in Table XI. For 1-Ad), the predicted adiabatic EAs range from

-0.55 (BHLYP) to 0.07 eV (BP86). Only the BP86 functional gives a positive EA. ZPVE
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corrections increase the EA, by as much as 0.14 eV. This is an expected result of the anions
being more loosely held together entities. Rienstra-Kiracofe, Barden, Brown, and Schaefer®’
used DFT to study the EAs of several polycyclic aromatic hydrocarbons including benzene,
naphthalene, anthracene, tetracene, and perinaphthenyl radical, and comparable ZPVE
corrections were found for their systems.

The EA, differs considerably from the EA, for 1-Ad". This is attributed to the significant
geometry difference between 1-Ad and 1-Ad". All four functionals predicted a negative EA,,
with the most negative value (-0.77 eV) reported by the BHLYP functional and the least negative
value (-0.04 eV) by the BP86 functional. =~ The geometry difference between 1-Ad and 1-Ad
also leads to VDEs that are quite different from the adiabatic EAs. Only BHLYP predicted a
negative value (-0.24 eV) for the VDE of 1-Ad while the other three functionals predicted
positive VDEs, with the largest value (0.23 eV) reported by the BP86 functional. The dipole
moment of 1-Ad’ at the 1-Ad equilibrium geometry is predicted to be 1.1 debye; thus the 1-Ad
anion would not be dipole bound.

The adiabatic EAs of 2-Ad’ are quite similar to those of 1-Ad. BHLYP gives the lowest
value of -0.51 eV, followed by B3LYP (-0.13 eV) and BLYP (-0.07 eV). BP86 is the only
functional to give a positive EA, (0.06 V). The B3LYP ZPVE correction is 0.09 eV. The
vertical EAs are also negative for 2-Ad using each functional. BHLYP gives the lowest EA,. -
0.82 eV, while BP86 gives the highest value, -0.15 eV. For the VDEs, only BHLYP predicted a

negative value of -0.09 eV, while the other three functionals predicted positive VDEs.
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D. VIBRATIONAL FREQUENCIES

The observed and computed vibrational frequencies of Ad are given in Table XII. The
vibrational frequencies of 1- and 2- Ad’, Ad", and Ad” computed by the B3LYP method are given
in Tables XIII and XIV. Bistri¢i¢, Baranovi¢, and Mlinari¢-Majerski have reported Raman and
infrared spectra, as well as a scaled semiempirical force field based on the vibrational
assignments for Ad.>® In our reported DFT harmonic vibrational frequencies without scaling
factors, the qualitative agreement with the experiment is good. The B3LYP, BLYP, and BP86
functionals all give mean absolute errors of less than 50 cm™. The BHLYP functional is the
worst in predicting the vibrational frequencies, with the largest mean absolute error (98 cm™), as
one might expect because BHLYP includes 50% Hartree-Fock exchange. No experimental
vibrational spectra for 1- and 2- Ad’, Ad", or Ad” have been reported, and we have predicted their
harmonic vibrational frequencies using the B3LYP method. The vibrational frequencies of the
adamantyl anions are generally smaller than those of the radicals, while the adamantyl cations
have the largest vibrational frequencies for the same modes, compared with the anions and

neutral radicals.

4.5 CONCLUSIONS

In the extensive review of Rienstra-Kiracofe, Tschumper, and Schaefer'® on the electron
affinities from photoelectron experiments and theoretical computations, it was found that DFT
EA results tend to overestimate experimental values for all but the BHLYP functional. Rienstra-
Kiracofe et al.'® also found that for the EAs in closed-shell anion to open-shell neutral systems
(like 1- and 2- Ad to Ad), the B3LYP functional gives the smallest average absolute errors

compared to experimental results. Therefore it is reasonable to argue that the true electron
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affinities for the systems studied here should lie between the predicted values of BHLYP and the
other functionals and should be closest to the B3LYP predicted values. Also we have found that
the ZPVE corrections are as large as 0.13 eV for the 1-Ad and 0.10 eV for the 2-Ad. However,
the negative EAs suggested non-bound anions, and ZPVE corrections are not necessary for these
cases. Therefore it is reasonable to give theoretical predictions for EAs from the B3LYP results
without ZPVE corrections. Our final predicted values are: EA, -0.13 eV(1- and 2-Ad)); EA, -0.28
eV(1-Ad), -0.37 eV(2-Ad); VDE 0.07 eV(1-Ad), 0.22 eV(2-Ad). It is clear that the adamantyl
radicals do not readily attract an electron. Of course, suitable substituted adamantyl radicals are

expected to have positive electron affinities.
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Figure 4.1. Adamantane (C,oH ), 7,; symmetry. Optimized geometrical
parameters are given in Table 4.1.
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Figure 4.2. 1-Adamantyl radical, 1-adamantyl cation, and
I-adamantyl anion (C,yH,5), C5, symmetry. Optimized
geometrical parameters are given in Tables 4.2 - 4.4, respectively.
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Figure 4.3. 2-Adamantyl radical, 2-adamantyl cation, and
2-adamantyl anion (C,oH,5), (s symmetry. Optimized
geometrical parameters are given in Tables 4.5- 4.7, respectively.
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TABLES
Table 4.1. Optimized geometry of adamantane (C;oH;¢, Tq). Bond lengths are in A and bond angles are in degrees. Geometric

parameters correspond to those labeled in Figure 4.1.

method B3LYP BHLYP BLYP BP86 Experiment®
I 1.544 1.533 1.557 1.549 1.540+0.002
V) 1.100 1.091 1.108 1.109 1.112+0.004
13 1.101 1.092 1.108 1.109 1.112+0.004
0: 109.4 109.3 109.4 109.4 109.8+0.5
0, 109.7 109.7 109.7 109.7 108.8+1

*Reference 10.
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Table 4.2. Optimized structures of the 1-adamantyl radical (CjoH;s, Csy). Bond lengths are in A and bond angles are in degrees.

Geometric parameters correspond to those labeled in Figure 4.2.

method B3LYP BHLYP BLYP BP86
I 1.509 1.502 1.518 1.512
I 1.563 1.548 1.579 1.569
13 1.545 1.534 1.558 1.550
T4 1.100 1.091 1.107 1.109
Is 1.101 1.091 1.109 1.110
0, 113.0 112.9 113.1 113.1
0, 106.0 106.1 106.0 105.9
03 108.9 109.0 108.8 108.8
04 109.6 109.5 109.7 109.6
0s 110.2 110.2 110.1 110.2
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Table 4.3. Optimized structures of the 1-adamantyl cation (C1oH;s, C3y). Bond lengths are in A and bond angles are in degrees.

Geometric parameters correspond to those labeled in Figure 4.2.

method B3LYP BHLYP BLYP BP86
I 1.461 1.454 1.470 1.465
I 1.626 1.604 1.648 1.634
13 1.537 1.527 1.548 1.540
I4 1.093 1.085 1.100 1.102
Is 1.096 1.087 1.104 1.105
0, 117.9 117.9 117.8 117.8
0, 98.7 98.5 99.0 98.8
03 108.2 108.4 108.0 108.0
04 111.4 111.1 111.7 111.7
0s 109.8 109.7 109.9 109.9
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Table 4.4. Optimized structures of the 1-adamantyl anion (C1oH;s, C3y). Bond lengths are in A and bond angles are in degrees.

Geometric parameters correspond to those labeled in Figure 4.2.

method B3LYP BHLYP BLYP BP86
I 1.525 1.524 1.530 1.525
I 1.558 1.547 1.569 1.561
13 1.545 1.533 1.558 1.550
I4 1.109 1.099 1.117 1.118
Is 1.112 1.100 1.122 1.123
0, 108.8 107.6 109.9 109.6
0, 111.2 112.3 110.0 110.4
03 108.7 108.9 108.6 108.6
04 109.3 109.2 109.5 109.5
0s 110.0 109.8 110.2 110.2
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Table 4.5. Optimized structures of the 2-adamantyl radical (CjoH;s, Cs). Bond lengths are in A and bond angles are in degrees.

Geometric parameters correspond to those labeled in Figure 4.3.

method B3LYP BHLYP BLYP BP86
I 1.505 1.499 1.512 1.507
I 1.560 1.545 1.567 1.558
13 1.545 1.534 1.558 1.549
T4 1.544 1.532 1.557 1.549
Is 1.544 1.533 1.557 1.548
I6 1.545 1.533 1.558 1.549
7 1.552 1.538 1.575 1.565
I3 1.090 1.081 1.097 1.098
0, 114.1 113.8 114.3 114.2
0, 108.6 108.0 109.1 109.0
03 109.1 109.0 108.3 108.2
04 108.1 109.5 109.5 109.5
0s 109.4 109.3 109.4 109.4
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Table 4.6. Optimized structures of the 2-adamantyl cation (C;oH;s, Cs). Bond lengths are in A and bond angles are in degrees.

Geometric parameters correspond to those labeled in Figure 4.3.

method B3LYP BHLYP BLYP BP86
I 1.445 1.439 1.454 1.450
I 1.638 1.613 1.662 1.647
13 1.530 1.522 1.539 1.532
T4 1.544 1.532 1.557 1.548
Is 1.543 1.532 1.556 1.548
T6 1.540 1.530 1.552 1.544
7 1.547 1.535 1.562 1.551
I3 1.095 1.086 1.102 1.103
0, 119.9 120.0 119.7 119.7
0, 97.7 97.4 98.6 97.7
03 114.6 114.3 114.5 114.8
04 108.2 108.6 107.9 108.0
0s 111.2 110.9 111.4 111.5
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Table 4.7. Optimized structures of the 2-adamantyl anion (C1oH;s, Cs). Bond lengths are in A and bond angles are in degrees.

Geometric parameters correspond to those labeled in Figure 4.3.

method B3LYP BHLYP BLYP BP86
I 1.534 1.530 1.540 1.535
I 1.563 1.549 1.576 1.567
13 1.547 1.535 1.561 1.553
T4 1.545 1.534 1.557 1.549
Is 1.545 1.534 1.558 1.550
I6 1.546 1.534 1.559 1.551
7 1.549 1.537 1.563 1.554
I3 1.110 1.093 1.108 1.110
0, 108.2 107.5 109.2 108.8
0, 112.6 113.0 111.9 112.3
03 109.5 109.4 109.7 109.5
04 109.2 109.4 109.0 109.1
0s 108.9 109.0 108.9 108.9

111



06
07

Bs

109.6

109.1

109.4

109.6

109.0

109.5

109.6

109.1

109.4

109.6

109.0

109.4
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TABLE 4.8. Total electronic energies in hartrees and relative electronic energies in kJ mol™ of the 1-adamantyl cation, anion, and

radical. Total energies of each system are followed by the relative energies.

method B3LYP BHLYP BLYP BP86
1-Ad" -389.89031 591.6 -389.65228 597.1 -389.65106 563.1 -389.87865 583.2
1-Ad -390.11070 12.9 -389.85967 52.6 -389.86373 4.7 -390.10341 -6.9

1-Ad -390.11563 0.0 -389.87971 0.0 -389.86551 0.0 -390.10080 0.0
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TABLE 4.9. Total electronic energies in hartrees and relative electronic energies in kJ mol™ of the 2-adamantyl cation, anion, and

radical. Total energies of each system are followed by the relative energies.

method B3LYP BHLYP BLYP BP8&6
2-Ad" -389.87227 636.0 -389.63465 642.2 -389.63298 606.1  -389.86001 627.5
2-Ad -390.10973 12.5 -389.86047 49.3 -389.86121 6.9 -390.10131 -6.0

2-Ad -390.11449 0.0 -389.87925 0.0 -389.86384 0.0 -390.09901 0.0
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TABLE 4.10. Adiabatic ionization potentials (in eV) of the 1- and 2-adamantyl radicals. Zero-point energy corrected values are listed

in parentheses. Vertical ionization potentials are listed in boldface.

molecule B3LYP BHLYP BLYP BP86 Experiment”
I-Ad 6.13 6.19 5.84 6.04
(6.16) (6.22) (5.87) (6.08) 6.21+0.03
6.73 6.85 6.37 6.58 6.36+0.05
2-Ad 6.59 6.66 6.28 6.50
(6.63) (6.70) (6.32) (6.55) 6.73+0.03
6.97 7.08 6.60 6.83 6.99+ 0.05

*Reference 11.
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TABLE 4.11. Adiabatic electron affinities (in eV) of the 1- and 2-adamantyl radicals. Zero-point energy corrected values are listed in

parentheses. Vertical electron affinities are listed in bold face, and vertical detachment energy are in italics.

molecule B3LYP BHLYP BLYP BP86
I-Ad -0.13 -0.55 -0.05 0.07
(0.00) (-0.41) (0.08) (0.21)
-0.28 -0.77 -0.14 -0.04
0.07 -0.24 0.08 0.23
2-Ad -0.13 -0.51 -0.07 0.06
(-0.04) (-0.42) (0.01) (0.16)
-0.37 -0.82 -0.27 -0.15
0.22 -0.09 0.20 0.37
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TABLE 4.12. Observed and computed vibrational wavenumbers o, (in cm™) for adamantane. Infrared intensities (in km mol™) larger

than 1 km mol" are shown in parenthesis following the wavenumbers.

mode Symmetry Experiment” B3LYP BHLYP BLYP BP86
] Ay 2950 3048 3147 2964 2972
0% Ay 2913 3013 3109 2930 2937
®3 Ay 1472 1519 1573 1480 1467
04 A 990 1049 1093 1015 1015
OF Ay 756 755 787 726 741
0% A; 1189 1124 1165 1092 1088
®7 E 2900 3015 3109 2934 2941
o3 E 1439 1483 1536 1446 1429
®9 E 1370 1401 1464 1351 1356
®10 E 1217 1228 1277 1190 1189
®1 E 953 922 959 887 906
®12 E 402 412 422 403 402
®13 T, - 3054 3149 2971 2984
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®14

15

®17

18

20

(O]

®22

23

W24

25

W26

W27

W28

®29

T,
T
T
T
T

T,

T
T
T,
T,
T,
T,

T

T

1321

1288

1043

2940

2910

2850

1455

1359

1310

1101

970

800

638

1341
1317
1125
1060
901
340

3060 (109)

3037 (179)

3015 (38)
1497 (11)
1380
1340
1115 (3)
981 (1)
817 (1)

657

1399
1380
1170
1103
932
341
3156 (109)
3135 (163)
3109 (43)
1550 (11)
1440
1408
1159 (3)
1018 (1)
846 (1)

678

1299
1266
1091
1018
876
335
2976 (117)
2952 (207)
2933 (26)
1459 (10)
1336
1284
1081 (3)
948 (1)
788

639

1291
1276
1086
1035
871
338
2987 (102)
2962 (186)
2939 (47)
1444 (12)
1331
1292
1081 (3)
957 (2)
805 (1)

639
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®30 T, 444 458 467 449 447

*Reference 30.
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TABLE 4.13 Harmonic vibrational wavenumbers . (in cm™) for the 1-adamantyl radical, anion, and cation by the B3LYP method.

Infrared intensities (in km mol™) larger than 1 km mol™ are shown in parenthesis following the wavenumbers.
g p g

mode Symmetry 1-Ad 1-Ad 1-Ad"
@ A 3060 (105) 2084 (28) 3109 (6)
. A 3044 (15) 2969 (86) 3106 (1)
- A 3023 (99) 2910 (9) 3099 (1)
o A 3012 (7) 2869 (238) 3063 (1)
s Al 1509 1492 (1 1540 (3)
o6 Al 1491 (12) 1448 1496 (15)
@7 A 1349 1334 (9) 1320 (4)
- A 1266 (5) 1242 (14) 1203 (61)
- A 1097 (5) 1085 1081 (29)
10 A 1028 (1) 997 (28) 1010 (10)
on A 924 (1) 918 (37) 882 (3)
o1 A 778 (3) 761 (45) 826 (1)
13 Ay 757 (1) 742 (27) 766 (3)
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014

W15

17

W18

20

21

022

W23

24

W25

26

027

28

29

636 (6)
439
3065
1337
1303
1124
1110
1048
901
311

3071 (89)

3054 (12)

3034 (196)

3018 (6)

3013 (14)

1487 (11)

556 (220)
404 (62)
2942
1332
1302
1114
1108
1048
874
328
2989 (133)
2958 (272)
2945 (149)
2905 (778)
2880 (324)

1476 (2)

682 (16)
468
3169
1335
1290
1130
1087
1050
927
289

3175 (2)

3104 (11)

3102 (4)

3096 (1)

3059 (8)

1520 (23)
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30

W31

32

033

34

035

036

037

38

139

140

4]

42

043

044

045

1476
1387
1362
1333

1294 (1)
1260
1173

1113 3)
1041

984 (2)

920
890
799

638 (1)

447

395

1447 (2)
1377 (12)
1353 (2)
1313 (21)
1274 (19)
1242 (1)
1161 (3)
1100 (36)
1034 (22)
976 (28)
909 (8)
888 (5)
787 (26)
651
447

406

1475 (12)
1411 (2)
1381 (1)
1351 (6)
1276 (5)
1210 (18)
1135
1095 (13)
1020 (16)
983 (9)
895
859 (17)
737 (5)
569 (19)
460 (1)

358 (8)
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W46 E 320 315 (2) 337 (4)
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TABLE 4.14. Harmonic vibrational wavenumbers . (in cm™) for the 2-adamantyl radical, anion, and cation by the B3LYP method.

Infrared intensities (in km mol™) are shown in parenthesis following the wavenumbers.
p g

mode Symmetry 2-Ad 2-Ad 2-Ad"
@ A’ 3178 (35) 3054 (47) 3160
. A’ 3068 (79) 3031 (97) 3129 (12)
- A’ 3063 (94) 2991 (167) 3116 (4)
- A’ 3057 (2) 2977 (89) 3113 (14)
s A’ 3042 (127) 2966 (28) 3087 (14)
o A’ 3036 (128) 2959 (109) 3074 (7)
@7 A’ 3017 (4) 2041 (26) 3066 (3)
- A’ 3014 (19) 2916 (281) 3058 (17)
- A’ 3012 (20) 2865 (771) 3045 (4)
10 A’ 1508 (2) 1494 (2) 1518 (2)
o1 A’ 1485 (10) 1467 (25) 1497 (16)
o1 A’ 1482 (4) 1466 (15) 1487 (7)
o3 A’ 1394 1374 (1) 1440 (11)
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014

W15

17

W18

20

21

022

W23

24

W25

26

027

28

29

A’

A)

1377
1375
1337
1326
1318
1271
1225
1124

1103 (2)

1063 (1)
1046

1023 (1)

964 (2)

947 (2)
911

816 (1)

1361 (1)
1349 (9)
1326 (1)
1311 (19)
1296 (3)
1261 (6)
1201 (8)
1110
1090 (4)
1066 (2)
1041 (1)
1016 (1)
959 (3)
933 (1)
900

804 (5)

1380
1369 (1)
1345 (4)
1322
1318
1228 (17)
1180 (9)
1128 (2)
1108 (5)
1077 (7)
1056 (2)
1018 (4)
982 (11)
948 (4)
929 (2)

875 (19)
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30

W31

32

033

34

035

036

037

38

139

140

4]

42

043

044

045

A)

A’)

A”

A”

A”

A”

A”

A”

799 (1)
759
681 (2)
652
535 (10)
438
406
349 (4)
214 (17)
3066 (26)
3060 (5)
3056 (152)
3055 (24)
3018 (78)
3013 (31)

1486 (11)

787 (10)
749 (2)
731 (129)
647 (5)
628 (105)
461 (8)
441 (6)
393 (36)
317 (12)
3049
3026 (6)
3009 (99)
2966 (461)
2946 (18)
2869 (617)

1465

810 (1)
791 (1)
742 (3)
667 (16)
619 (1)
443
435 (6)
372 (4)
326 (7)
3127
3117 (1)
3111(11)
3102 (12)
3070 (3)
3064 (15)

1515 (32)
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046

047

W48

49

050

051

052

053

054

55

56

057

058

059

M60

W61

A”

A’)

A’)

A”

A”

A”

A”

A”

A”

A’)

A’)

A”

A”

A”

A”

A”

1470
1381
1374
1341
1333
1321
1304
1261
1161

1125 (1)
1122

1112 (3)
1069
1050

983 (1)

906

1452 (6)
1381
1349 (1)
1321
1316
1306 (1)
1258 (13)
1244 (8)
1153
1112 (1)
1102 (7)
1094 (4)
1049 (11)
1026 (17)
977 (3)

899

1480
1465 (2)
1387
1346
1325 (12)
1307
1292 (6)
1201 (12)
1178 (1)
1160
1111
1098 (2)
1063 (15)
990 (35)
976 (5)

896
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063

W63

164

065

W66

067

068

069

A”

A’)

A’)

A”

A”

A”

A”

A”

896

884

797

644

446

401

313

305

895 (2)
862 (1)
786
646 (1)
447
406
322

317 (1)

877
844 (22)
666 (18)
581 (26)
441 (1)
353 (5)
301

169 (27)
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CHAPTER 5

CONCLUDING REMARKS
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Development of modern quantum mechanical methods and advent of faster computers have
revolutionized the way chemists understand the world. Scientific computations performed on
laboratory computer clusters and national supercomputing centers have yielded abundant
theoretical results of various qualities, from qualitative description of reaction pathways, to
accurate determinations of relative energies. Computational data have already played an
important role in predicting, confirming, or even challenging experimental discoveries.

In carrying out computational chemistry research work, a sensible choice of computational
methods is essential to achieve proper balance between chemical accuracy and computational
cost. In this work, three molecular systems of different sizes have been investigated by different
theoretical methods to illustrate the accuracy and applicability of modern quantum mechanical
methods to real world problems.

In the first two investigations, two small yet fundamental systems have been studied with
highly accurate ab initio methods. For these two molecular systems, propargyl and
hydroxyformyl radicals, only three non-hydrogen heavy atoms are present, which enable
accurate theoretical computations with high level computational methods within a reasonable
amount of period. Such high accuracy computations usually employ correlated methods such as
MP2, CCSD, CCSD(T) and even CCSDT, where the scaling factor can be as high as N, with N
being the number of basis functions. Large basis sets such as aug-cc-pVXZ (X=2-6) are routinely
used in such studies to provide a more accurate and complete description of molecular orbitals.
Theoretical results from such calculations are usually of chemical or even subchemical accuracy
due to the extensive and rigorous treatment of correlation energies, and agreement between ab
initio and available experimental results are usually excellent.

For larger systems, however, high level ab initio methods will be inapplicable due to
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extremely expensive computational cost. In Chapter 4, we have examined the geometries and
energetics of adamantane and several of its derivatives. For such large systems which contain ten
heavy atoms, high level ab initio computations such as the coupled cluster methods will take
tremendous amount of time to finish. As such, methods based on density functional theory (DFT)
are usually employed in these cases. As a method depends on electron density instead of wave
function, DFT is much faster than highly correlated ab initio methods with a N* scaling factor,
yet it yields adequately accurate results that still provide many useful insights into large chemical
systems out of reach by ab initio method with current computing power, therefore it becomes the
natural choice for computational studies of larger molecules.

Through these three studies, the importance of computational chemistry in modern
chemistry has been clearly demonstrated. With properly chosen theoretical methods, detailed
information about chemical systems can be accurately determined from informed computations.
As the computing power continuously to increase, computational chemistry will play an even

more important role in broad areas of modern chemistry.
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