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ABSTRACT

The ground states and low-lying triplet states of PoHs isomers and the associated isomer-
ization transition states have been investigated systematically and the global minimum has
been confirmed to be planar trans-HPPH diphosphene, lying 3.2 kcal mol™ below cissHPPH
with the aug-cc-pVQZ CCSD(T) method upon inclusion of zero point vibrational energy
corrections. This transition state for the trans-cis isomerization reaction exhibits multirefer-
ence character and the reaction barrier is predicted to be 35.2 kcal mol™ using the cc-pVQZ
Mukherjee multi-reference coupled cluster (Mk-MRCCSD) (2¢/2MO) method. The energy
crossing of the singlet and triplet adiabatic potential energy surface is studied using Mk-
MRCCSD method with the cc-pVQZ basis set, which predicts that the 2B skewed HPPH
is 1.4 kcal mol! lower in energy than corresponding 'A skewed HPPH at the 3B skewed
HPPH optimized geometry. An accurate quartic force field for disilacyclopropenylidene-1S
has been determined employing ab initio coupled-cluster (CC) with single and double exci-
tations and perturbative treatment for triple excitations [CCSD(T)] method in combina-
tion with the correlation consistent core-valence quadruple zeta (cc-pCVQZ) basis set. The
vibration-rotation coupling constants, equilibrium and zero-point vibration corrected rota-
tional constants, centrifugal distortion constants, harmonic and fundamental vibrational fre-

quencies for six isotopologues of disilacyclopropenylidene-1S are reported using vibrational



second-order perturbation theory (VPT2). The anharmonic corrections for the vibrational
motions involving the H bridged bonds are found to be more than 5% with respect to the
corresponding harmonic vibrational frequencies.

INDEX WORDS: coupled cluster theory, Mukherjee multi-reference coupled cluster,
vibrational second-order perturbation theory, quartic force field, focal
point analysis, basis set extrapolation, computational chemistry
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 INTRODUCTION

In modern chemistry computational quantum chemistry plays an important role, which has
been employed to determine structures, evaluate vibrational frequencies and corresponding
intensities, analyze chemical reactions, and shed light on other chemical and physical prop-
erties.

The Schrodinger equation, which is the foundation of quantum chemistry, is too
complicated to be solved exactly for practical systems. Instead, the time-independent
non-relativistic Schrodinger equation is simplified by the Born-Oppenheimer approxima-
tion, which separates the motions of nuclei and electrons. In principle, the nonrelativistic
Schrodinger equation with Born-Oppenheimer approximation could be solved by the expan-
sion of wavefunction using an infinite number of basis functions and slate determinants.
In general, atom-centered Gaussian functions, which resemble the conventional “atomic
orbitals”, are adopted as basis functions. However, in practice, the usage of an infinite
number of basis functions is not feasible. A limit amount of basis functions are used to
approximately solve the problem, although the basis set error will be introduced.

The accurate determination of electron correlation is the main task for the post Hartree-
Fock techniques. The electron correlation refers to that the motions of electrons is correlated
by avoiding each other. The disparity for many post Hartree-Fock methods lies in the type

of orbital occupation included and their weighting factor.

1.2 THEORETICAL METHODS

Currently, the coupled cluster theory! is the most popular and efficient approach for the

treatment of electron correlations. In coupled cluster, the wavefunction is expressed by,
| T) =" | 1) (1.1)

where T is excitation operator and | ®) is the Hartree-Fock wavefunction. In practice the

truncation of the excitation operator at different orders gives rise to a family of coupled



cluster methods. For example, coupled cluster with single and double excitations (CCSD) is

expressed as

T =T +T, (1.2)

The single excitations are provided by T4, while double excitations are generated through
the Ty operator. The coupled cluster theory is superior to truncated CI approaches due to
the property of size extensive at any level of truncation.

The main drawback for coupled cluster theory is that it is not viable for computation
of large systems due to its time-consuming nature. The computational time using CCSD
technique could scale as O(o%*v?), where v represents the number of unoccupied orbitals
in the wavefunction and o indicates the number of occupied orbitals, whereas the scale is
increased to O(0*v?) for the popular CCSD(T) model.? The accuracy for a single CCSD(T)

computation with a reasonable basis set for relative energies lies within 1-2 kcal mol™.

1.3 CONVERGENCE OF THE ONE-PARTICL BASIS SET

The convergence of the Hartree-Fock energy with respect to the completeness of basis sets is
relatively quick, which could be rationalized as follows. The Hartree-Fock equation is solved
using average field approach, which imparts the one-particle nature into Hartree-Fock wave-
function. Consequently, the one-particle basis set can properly describe the wavefunction.
Moreover, the Hartree-Fock energy depends only on the occupied molecular orbitals.

A cusp is formed at the coalescence point of the two electrons, which makes it diffi-
cult to describe correlated wavefunctions using one-particle basis sets.® Therefore, correlated
wavefunctions more depends on basis sets. Moreover, the virtual orbitals are involved in
the expansion of correlated wavefunctions. Although the virtual orbitals are required to be
orthogonal to the occupied orbitals, it is difficult to optimize them due to the lack of real

physical meaning.



Two approaches have been employed to improve the slow convergence of the correlation
energy with respect to the one-particle basis. One is the so-call Rjs method. This method
includes the inter-electronic distance operator 15 in the correlated wavefunction, which can
explicitly describe the electron cusp. As a result, the convergence of the correlation energy
with regard to the complete basis set limit is more efficient compared with the conventional
one-particle basis. The second approach, namely the extrapolation of energies (focal point

analysis), are performed to reach the complete basis set limit.

1.4 FocAL POINT ANALYSIS

Hartree-Fcok calculation with the complete basis set will not yield accurate results, since
the electron correlations are not included in within the wavefunction. Likewise, the accuracy
from a highly correlated wavefunction in combined with a small basis set is limited as well. In
order to eliminate the error from both truncated correlation methods and limited basis set,
the focal point analysis (FPA) was introduced by Allen and co-workers,*® which improves
the computational accuracy significantly.

In the FPA, the geometry of each structure optimized at the highest level of theory
is adopted as the standard geometry for the whole extrapolation. Subsequently, a hier-
archical series of single point energies are computed with the basis sets and correlation
methods increased. In general, the family basis sets, cc-pVXZ constructed by Dunning, %7
are employed, where X is the ”cardinal number” of the basis set. The primary advantage of
this set of basis over other basis sets is that the energy increments are consistent with the
increases of the cardinal number, which is accompanied by the addition of extra higher and
lower angular momentum functions. This feature is very important to extrapolation. For the

Hartree-Fock energy, the extrapolation could be expressed as®

Eur(X) = A+ Be ¥, (1.3)



where A, B, and C are fitting parameters by computations with three different basis sets.

The complete basis set (CBS) limit could be obtained via

Eyp(co) = lim A + Be 9 = A, (1.4)

T—00

The extrapolation for the correlation energies could be performed using®
Eepre(X) =D+ EX 5. (1.5)

Where D and E are fitting parameters. Correspondingly, the correlation energy in the

complete basis set limit could be provided by

Eppr(00) = lim D+ EX 3 = D. (1.6)

T—00

It is noteworthy that the basis sets cc-pV'TZ and cc-pVQZ or higher basis sets are required
to perform the extrapolation. However, it is too expensive to perform the calculation at a
large basis set in combined with a higher level theory e.g., CCSDT or higher levels of theory.
Fortunately, it has been found that the energy differences between the higher levels of theory
are less dependent on basis sets, which makes it feasible to employ the additivity approxi-
mation. Within the additivity approximation, the energy difference between two correlation
treatments is obtained using a small basis and appended to the final extrapolated energy
from a lower level of theory in the complete basis set limit. The relative energies, which is
more usually more important in the reactions relative to absolute energies, are more accu-
rately determined given a large degree of error cancellation. All of the energies computed
with lower levels of theory and small basis sets are deposited in focal point table as well,
which could serve as an indicator for the energy convergence with respect to level of theory.
The error bars can also be evaluated from the FPA table.

To achieve accuracy to 0.2 kcal mol!, additional corrections must be appended to the
energies obtained using FPA. As mentioned above, the current computations are on the
basis of the Born-Oppenheimer approximation neglecting relativity. The Born-Oppenheimer

approximation is assumed that the electronic motion is much faster than that of the nuclei,



which could be rationalized by the large ratio of nuclear mass to the electronic mass. In this
light, the system involving light atoms, such as hydrogen atoms may violate this approxima-
tion. In general, diagonal Born-Oppenheimer correction (DBOC)1%!* is employed to improve

the accuracy within 0.1 kcal mol™.

1.5 ANHARMONICITY AND VIBRATION-ROTATION INTERACTION

1.5.1 ANHARMONICITY

In general, second order vibrational perturbation theory (VPT2)' 1 and vibrational varia-
tional methods are the two main theoretical approaches utilized to obtain the fundamental
frequencies. The vibrational perturbation theory will alway invoke massive amount of basis
sets, which prevents the application of this theory on systems with more than six atoms.
As an alternative, VPT2 is suitable to determine fundamental frequencies for large systems.
However, it should keep in mind that VPT2 theory may fail in weakly-bound systems, since
the harmonic oscillator hamiltonian is chosen to be the zeroth-order hamiltonian for the
perturbation theory.

The harmonic frequencies are obtained assuming that the vibrational potential energy
is harmonic around the equilibrium (stationary) point. This approximation always leads to
that the resultant harmonic frequencies frequencies are consistently higher than the real
fundamental frequencies. In order to include the deviation of potential surface from the
harmonic curvature, the vibrational potential energy (V) may be expanded in terms of
displacement symmetry internal coordinates (A S;) in the vicinity of the equilibrium point
(Ee) as

V= Ee+% Z FijASiASjJré Z FijkASiASjASkJri Z FiinAS;AS;AS AS+- -+ (1.7)
ij ijk ijkl
where F;, Fiji, and F;j,; denote quadratic, cubic, and quartic force constants. S represents

the symmetric coordinates.



When the terms higher than quartic force constants are neglected from the vibrational

potential energy expansion, the vibrational energy levels of an asymmetric top molecule are

given by
1 1 1
Glo) = w (v, + )+ > Xes(vr + 5)(vs+ 3). (1.8)
r r>s

The rth anharmonic (fundamental) vibrational frequency (v,) is determined using the

following equation:!% 1921

1

Vp = Wy + 2X7°r + 5 g Xrs (19)

where w, is an rth harmonic vibrational frequency and y,s are anharmonic vibrational con-

stants. The formulae obtained from perturbation theory for the y,, values are! 192!

rrs (87 — 3wi)

1 "
rr — T @Prrrr — T4 = 1.10
X 16¢ 16 ; ws(dw? — w?) (1.10)

for the diagonal elements and
1 1 ¢r7“ ¢ss 1 ¢72“5 W (O)2 B W? — wg)
Xrs = qurrss_zz ! t_éz i
;W : [(wr + w;)? — wf} [(wT —w;)? — w?]

T ACD? + B¢+ C(D?] (- + =) (1.11)

Ws  Wr

for the off-diagonal elements. Here, ¢,,,s represents the quartic force constant in terms of
dimensionless normal coordinates, and C((Z)S) denotes the Coriolis interaction constants. When
either of the following relationships is satisfied accidentally for an asymmetric top molecule,
2w, ~ ws and @5 # 0 (overtone-type Fermi resonance); w, + ws =~ w; and ¢,q # 0,
(combination-type Fermi resonance), the quantities y,, and x,s may become indefinitely
large and the perturbation theory may fail. In the case of overtone-type Fermi resonance,

the terms can be decomposed into three factors as follows:

rrs rrs

16w, (4w? — w?) 32

2 (82 — 302 2 1 1 4
(Bwy —3wy) _ [ ] (1.12)
2(JJT+W5 2UJT—U)3 Ws

and the second factor involving the resonances may be deleted following Nielsen’s treat-

ments.!?



The reduced normal coordinate systems are mass-dependent. The nonlinear transforma-
tion from the symmetry internal coordinates to the mass independent Cartesian coordinates
for quadratic, cubic, and quartic force constants permits the convenient evaluation of the
force constants for each individual isotopic variant; therefore, the full set of quartic force
constants, ¢;;x, are computed in our analyses in lieu of the most-common computation of

only semi-diagonal quartic force constants, ¢;;;;.

1.5.2 VIBRATION-ROTATION INTERACTION

The vibration-rotation interaction corrections to the equilibrium rotational constants, B,

may be expressed by the following equation!®
B, =B, — Z o (v 4 1/2) + higher terms (1.13)

where B, (v being a vibrational quantum number) is the rotational constant and the sums
run over all normal modes. Similar expressions hold for the vibrational dependence of the
rotational constants A, and C,,.

The vibration-rotation coupling constants a® for an asymmetric top from perturbation

theory are given by'®

2
2 3 (a&bs)) 2 2
—(]_/TB _ 2Be |:Z 4]—5 i Z <C£?)2 (3(&17, —I—ws)

Wy ¢ w? - w?

o S (35)] »

S

where w, is the 7th harmonic vibrational frequency, I is the {th principal moment of inertia,
Cﬁbs) is the Coriolis coupling constant about the b axis, and ¢,..; is the cubic force constants in
terms of dimensionless normal coordinates. In this equation the a®” constants are the deriva-

tives of the matrix elements of the inertia tensor with respect to the rth normal coordinate

Q-
o) — @gﬁ) (1.15)




The Coriolis resonances will be manifested in the second term in the square brackets of
the equation for the vibration-rotation coupling constants when two vibrational frequencies
are sufficiently close, i.e., w, &~ wy. In this light, it was pointed out by East, Johnson, and
Allen that the By constant (v=0) may be determined without terms involving the Coriolis
resonances by taking the sums of the o constants over all normal modes in lieu of their

individual values.??

1.6 OVERVIEW OF CHAPTERS

We proceed by systematical investigation of equilibrium structure PoH, and the associated
isomerization transition states. In particular, the transition state between the trans and cis
isomerization reaction exhibits multireference character and is evaluated using Mukherjee
multi-reference coupled cluster (Mk-MRCCSD) (2e¢/2MO) method. In chapter 3, the triplet
potential energy surface (PES) of PoHsy is presented, based on systematically extrapolated
coupled cluster energies, and accounting for core-valence correlation, zero-point vibrational
energy, and diagonal Born-Oppenheimer effects. The energy crossing of the singlet and
triplet adiabatic PES is studied using Mk-MRCCSD method with the cc-pVQZ basis set.
In chapter 4, the vibration-rotation coupling constants, equilibrium and zero-point vibra-
tion corrected rotational constants, centrifugal distortion constants, harmonic and funda-
mental vibrational frequencies for six isotopologues of disilacyclopropenylidene (SisCH,-1S)
are predicted using vibrational second-order perturbation theory (VPT2). A brief summary

is provided in Chapter 5.
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2.1 INTRODUCTION AND LITERATURE REVIEW

2.1.1 ABSTRACT

The equilibrium structures of PoH, isomers and the associated isomerization transition
states have been investigated systematically starting from self-consistent-field theory and
proceeding to coupled cluster methods using a wide range of basis sets. For each structure
the geometry, energy, dipole moment, harmonic vibrational frequencies, and infrared intensi-
ties have been predicted. The global minimum has been confirmed to be planar trans-HPPH
diphosphene, lying 3.2 kcal mol™* below cis-HPPH with the aug-cc-pVQZ CCSD(T) method
upon inclusion of zero point vibrational energy corrections. Diphosphinylidene, which has
the connectivity PPH, and Cs, symmetry lies 25.2 kcal mol! above the global minimum.
The trans-cis isomerization reaction occurs via internal rotation with a barrier of 35.2 kcal
mol™ using the cc-pVQZ Mk-MRCCSD (2e/2MO) method. This transition state exhibits
multireference character and consequently properties were evaluated using CASSCF, MRCI,
CASPT2, and Mk-MRCCSD methods with various basis sets. At the aug-cc-pVQZ CCSD(T)
level, the transition state for the isomerization reaction between trans-HPPH and diphos-
phinylidene (planar PPHy) was predicted to be nonplanar with a torsional angle of 101.1°.

The corresponding barrier is estimated to be 48.2 kcal mol™.

2.1.2 INTRODUCTION

Heavier main group elements with low coordination numbers have attracted much attention
over the last two decades.!”” The interest in such compounds stems from their reactivity
towards a diverse range of chemical reagents and their unique electrochemical and photo-
chemical properties.!"®12 More recent research suggests that secondary diphosphines and
diphosphenes (HPPH) are potential candidates for use in chemical hydrogen storage sys-

tems.!3
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In the absence of steric factors, these small phosphorus compounds with low coordination
numbers often tend to form oligomers due to thermodynamic preferences.!* The prepara-
tion of the first stable diphophene was reported in 1981 by Yoshifuji and co-workers,'®
who used sterically bulky substituents (RP=PR, R=2.4,6-tri-tert-butylphenyl) to achieve
kinetic stability. Since then, the synthesis, structure, and reactivity of various doubly-
bonded phosphorous compounds have been examined, typically employing bulky ligands
to ensure stability.% 16722 More recently, a carbene stabilized diphosphorus compound was
synthesized in which the phosphorus behaves as an electron acceptor.?? The geometries of
several diphosphenes have been determined using X-ray crystallographic analyses.?> The
PP bond length varies in the range of 2.001 to 2.034 A, which shows that the PP bond
has double-bond character.?* The large difference between the bond angles of ThtP=PTbt
(Tht=2,4,6-tris[bis(trimethylsilyl)methyl]phenyl) (106.4° and 104.5°) and the ideal sp?
hybridized bond angle (120°) may be caused by the lower tendency of second row or higher
atoms to form hybridized orbitals.!>2" The activation free energy for the trans-cis conver-
sion of Mes*PPMes* (2,4,6-tri-tert-butylphenyl or supermesityl) was deduced to be 20.3
kcal mol? at 0°C through laser irradiation.?® Moreover, the vibrational frequency of PP
stretching of Mes*PPMes* was determined to be 610 cm™ from Raman spectra.?

In order to further understand these small phosphorus compounds with low coordination
numbers, theoretical investigations of their bonding and reactivity have been performed
using simplified model systems as prototypes.2” 3¢ Theoretical calculations have shown that
the singlet state of diphosphinylidene is stabilized via implantation of alkyl and/or amino
groups at the S-position due to m donating and steric effects. Moreover, bulky substituents
destabilize the triplet state.?” Furthermore, it has been demonstrated that the triplet state
of PPF, lies below the singlet state, in contrast to PPHCI and PPHF whose ground states
are singlets.® Diphosphene has a larger singlet-triplet separation of about 1.2 eV,?® which
is relatively small compared to the first-row isolobal HNNH molecule (2 eV)3? or the triply-
bonded HCCH molecule (3.5 eV).%°
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In the present research we investigate the prototypical doubly-bonded phosphorous sys-
tems by characterizing the closed-shell structures of diphosphene (HPPH) and diphosphinyli-
dene (PPHy) using high-accuracy ab initio methods in concert with large gaussian basis sets;
these structures are depicted in Figure 2.1. Special emphasis is placed on the analysis of the
isomerization transition state between trans- and cissHPPH diphosphene structures. The
latter system requires multireference theoretical treatments. Finally, the transition state for
the isomerization reaction between trans-HPPH and diphosphinylidene, which involves a
hydrogen migration, is investigated. For brevity we shall hereafter refer to diphoshinylidene

simply as planar PPH,.

2.2 ELECTRONIC STRUCTURE CONSIDERATIONS

In previous theoretical studies, the electronic ground state of the diphosphene molecule was

found?® to have a Cy,-symmetric trans-HPPH structure with an electron configuration of
[(core) (5a,)? (5b,)2(6b,)* (6,2 (Tay )2 (2a,)?),

where (core) denotes the ten lowest-lying core orbitals (P:1s, 2s, 2p-like). The 2a, molecular
orbital is the highest occupied molecular orbital (HOMO), while the 2b, molecular orbital
represents the lowest unoccupied molecular orbital (LUMO), as shown in Figure 2.7. A Cy,-

symmetric cis-isomer, with an electron configuration of
[(core) (5ay)*(5b2)*(6a1)*(Tay ) (62)*(201)7],

is also located on the lowest closed-shell singlet surface. The 2b; molecular orbital (HOMO),
which is depicted in Figure 2.8a, represents the bonding 7 orbital; the 2as orbital (LUMO)
in Figure 2.8b represents the antibonding 7 orbital.

On the same closed shell singlet surface there exists another isomer of vinylidene type,
the Cy,-symmetric diphosphinylidene (PPHs) molecule. The latter’s frontier orbitals are

illustrated in Figure 2.9. The electron configuration of PPHy may be described as

[(core)(7ay)?(8a1)?(3by)*(9a1)?(3b1)%(4bo)?].
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The C5 symmetric transition state for the isomerization reaction of trans- to cissHPPH via
rotation about the H-P-P-H torsional angle is minimally represented by a linear combination

of the electron configurations
[(core)(6a)?(6b)*(7a)*(7b)*(8a)?*(9a)?]

and

[(core)(6a)?(6b)*(7a)?(7b)*(8a)?(8b)?]

and therefore requires multi-determinant methods to be described correctly. Moreover, active
space orbitals are shown in Figure 2.10. Finally the transition state for an isomerization reac-

tion between trans-HPPH and planar PPHs possesses the following electronic configuration
[(core)(11a)?(12a)*(13a)?*(14a)?(15a)*(16a)?];

the HOMO and LUMO are demonstrated in Figure 2.11.

2.3 THEORETICAL PROCEDURES

In this research, the correlation-consistent family of basis sets cc-pVXZ (X=D, T, and Q)
and aug-cc-pVXZ (X=D, T, and Q) developed by Dunning and coworkers was used.*!42
The zeroth-order description was obtained using one-configuration restricted close-shell
Hartree-Fock (RHF) wave functions. The effects of electron correlation were systematically
explored using configuration interaction with single and double excitations (CISD),*3
coupled cluster with single and double excitations (CCSD),*47 CCSD with perturbative
triple excitations [CCSD(T)],*5° complete active space self-consistent-field (CASSCF),5!:52
internally contracted multireference CI (MRCI)%3°4(based on the CASSCF reference), CAS
second-order perturbation theory(CASPT2),°°57 and the state-specific multireference cou-
pled cluster approach suggested by Mukherjee and co-workers (Mk-MRCCSD).® %0 For
Mk-MRCCSD calculations two-configuration SCF (TCSCF) orbitals were employed. The

active space orbitals were canonicalized by transforming to the natural orbital basis. In the
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correlated procedures the ten lowest-lying core orbitals (P:1s, 2s, 2p- like) were frozen, in
keeping with the design of the basis sets used. At the SCF, CCSD, and CCSD(T) levels
of theory, geometries, harmonic vibrational frequencies, and infrared (IR) intensities were
obtained using analytic derivative methods, while at the CISD, CASSCF, MRCI, CASPT2,
and Mk-MRCCSD levels of theory numerical differentiation was used. For trans-HPPH, cis-
HPPH, and the isomerization transition state between them, the number of configuration
state functions (CSFs) are 3620, 3620, and 13860, respectively, at the (12e/10MO) CASSCF
level of theory. The computations were carried out using the MoLPRO,** M AB-ACESII, %%
and Ps13% ab initio quantum chemistry packages. The Mk-MRCCSD calculations were
performed with the Ps13 and MCSCF codes.%5 66

2.4 RESULTS AND DISCUSSION

2.4.1 ENERGY MINIMA

Selected optimized geometrical parameters for the minimum energy structures are reported
in Figures 2.2-2.4. Harmonic vibrational frequencies and physical properties for trans-HPPH,
cis-HPPH, and PPH; are given in Tables 2.1, 2.2, and 2.3, respectively, while total energies
and relative energies for these structures are presented in Table 2.4.

In order to correctly capture the multireference character of the isomerization transition
state between the trans and cis structures, the (12¢/10MO) CASSCF and MRCI wavefunc-
tions of these closed-shell structures were constructed using a variety of basis sets. This active
space spans the full valence space of the orbitals and electrons in the constituent atoms. For

the trans isomer, the aug-cc-pVTZ CASSCF wavefunction is written, in terms of natural
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orbitals, as

U = 0.945®,[(core)(5a,)?(5b,)?(6b,)?(6a,)*(Tay)? (2a.)?]
—  0.207®y[(core) (5ay)?(5by)(6b,)? (6a,)*(Ta,)? (2by)?]
—  0.055®3](core) (5ay)?(5by)?(6b, ) (6a,)*(2a,)*(Tby)?]
—  0.053®,[(core) (5ay)?(5by)?(6b,)? (6a,)*(Taya)(2a,5) (2b4) (7b,3)]

—  0.051®5](core) (5ay)?(5by)?(6b,)? (6a,)*(Ta,B) (2a,a) (2b,8) (Thua)]

The analogous aug-cc-pVTZ MRCI wavefunction is described, in terms of natural orbitals,

by

U = 0.901®,[(core)(5a,)?(5b,)?(6b,)?(6a,)*(Ta,)? (2a,)?]
—  0.189®,[(core) (5ay)?(5b, ) (6b,)* (6a4)*(Ta,)?(2b,)?]
+ 0.063®3[(core)(5ay)?(5b,)*(6b,)*(6a,)?(Ta,a)(2a,8)(2b,a) (Th,a)]
+  0.050®@4[(core)(5ay)?(5b,)? (6b,5) (6a,0)(Ta,)?(2a,)?(8b.3)(8a,a)]

+  0.050®5[(core) (5ay)?(5b, ) (6b,)* (6a4)*(Taga)(2a,a)(2b,58) (Tby5)]

Only the configuration state functions (CSFs) whose absolute CI coefficients are larger than
0.05 are shown. These confirm the predominantly single-reference nature of the trans isomer.

The most dominant excited configuration present, denoted @5, corresponds to a HOMO (in

Figure 2.7a) to LUMO (in Figure 2.7b) double excitation, [(2a,)? — (2b,)?]. The aug-cc-
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pVTZ MRCI wavefunction for cissHPPH is represented, in terms of natural orbitals, by

U = 0.9009,[(core)(5a;)*(5bs)*(6a1)*(Ta1)?(6by)?(2b1)?]
— 0.193®;[(core)(5a;)*(5b2)?(6a1)*(Tay)?(6by)? (2a2)?]
— 0.072®3[(core)(5a;)*(5b2)? (6a1)*(Taya) (6b2)? (201 8) (2a2,3) (Thec)]
— 0.0699,](core)(5a1)?(5b2)?(6a1)?(7Tara) (6b2)? (2b10) (2a23) (7he3)]
+ 0.057®5(core)(5a1)%(5b)(6a1a) (Tay)? (6b23) (2b1)(8ay ) (8D 5)]
— 0.056P[(core)(5ay)2(5bs)(6a1)?(Tay)(2by)(8ay)?]

— 0.052®;[(core)(5a;)?(5by)? (6a1 ) (6b9)*(2b1)?(7h2)?]

Again, the second CSF corresponds to a HOMO (in Figure 2.8a) to LUMO (in Figure 2.8b)
double excitation, [(2b;)* — (2a2)?], while the dominant configuration has a CI coefficient
of 0.9, indicating only marginal multi-reference character.

Increasing the presence of electron correlation elongates both the P-P and P-H bond
lengths in all three of these isomers (in Figures 2.2-2.4), which is consistent with the extra
anti-bonding character introduced into the correlated wavefunction. The PPH,y structure
presents the shortest P-P bond length, while the cissHPPH has the longest. The similar
trend is observed amongst the H-P bond lengths, with PPH, possessing the shortest out
of the three minima investigated here. The H-P bond lengths in the cis- and trans-HPPH
structures are nearly equal, but slightly shorter in the cis isomer. At the CISD, CCSD, and
CCSD(T) levels of theory the HPP bond angles of trans and cis structures decrease compared
with the SCF predictions. However, with the application of correlated methods, the PPH
bond angle in the PPH; structure increases gradually. The (12¢/10MO) CASSCF and MRCI
methods seem to overestimate the bond lengths and bond angles of trans and cis structures
compared to the more reliable CCSD and CCSD(T) methods. In contrast, at the (2e/2MO)

Mk-MRCCSD level of theory, the bond angles and bond lengths are consistent with the
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CCSD prediction. This further proves that these isomers only possess little multi-reference
character.

With the aug-cc-pVQZ CCSD(T) method, the magnitudes of the dipole moments for
trans-HPPH, cis-HPPH, and PPH, are 0 (by symmetry), 1.1, and 2.3 D, respectively (in
Tables 2.1-2.3). The planar PPH, isomer exhibits a larger dipole moment than the cis isomer,
whose C5 axis is perpendicular to the PP bond. This is expected, given that the PPH5 isomer
is more extended along the Cy axis, which is defined by the PP bond. The orientation of the
C5 axes in these systems gives rise to dipole moments that are parallel to the PP bond in
planar PPHy, but perpendicular in cissHPPH.

The harmonic vibrational frequencies of these structures (in Tables 2.1-2.3) decrease
by about 100 cm™ proceeding from SCF to CCSD(T); consequently, the zero point vibra-
tional energy (ZPVE) decreases with a more complete description of correlation effects. This
behavior is symptomatic of reduced force constants, which result from the extra antibonding
character in the correlated wavefunctions. The harmonic vibrational frequencies in the trans-
and cis-HPPH structures from the treatment of (12e/10MO) CASSCF and MRCI are in rea-
sonable agreement with the other levels of theory used.

The asymmetric PH stretching mode (ws) of transsHPPH (in Table 2.1) presents the
strongest infrared (IR) intensity, which is about an order of magnitude larger than the
asymmetric bending (wg). However, the intensities for the other vibrational frequencies are
zero by symmetry; the intensity for the torsion mode (wy) is almost equal to zero although
it is allowed according to IR selection rules. In the cis-HPPH isomer (in Table 2.2), the
most intense vibrational mode originates from the symmetric PH stretching mode (wy),
while the PP stretching mode (w;) is the weakest IR active mode. As observed for the
vibrational frequencies, the (12e/10MO) CASSCF and MRCI methods provide IR intensities
that are in reasonable accord with coupled cluster theory. The IR intensities computed for
the vibrational modes of PPH, (in Table 2.3) are comparable to those for trans-HPPH and

cts-HPPH, exhibiting only a slight dependence on the level of theory employed.
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As shown in Table 2.4, the classical energetic difference between trans- and cis-HPPH
isomers is predicted to be 3.5 (SCF), 3.5 (CISD), 3.4 (CCSD), and 3.4 kcal mol! [CCSD(T)]
with the aug-cc-pVQZ basis set. Multireference treatments predict slightly smaller differences
of 3.1 [(12¢/10MO)(CASSCF)], 3.3 keal mol! (MRCI) with the aug-cc-pVTZ basis set,
and 3.3 kcal mol™? [(2e/2MO)(Mk-MRCCSD)] with cc-pVQZ basis set. Employing our most
reliable method, aug-cc-pVQZ CCSD(T), the final ZPVE-corrected trans-cis energy gap is
predicted to be 3.2 kcal mol™.

The energy difference between trans-HPPH and the planar PPH, structure is estimated to
fall within the range of 24.2-26.2 kcal mol. With the more complete treatment of electron
correlation effects, the difference increases gradually. At our most reliable level of theory,

aug-cc-pVQZ CCSD(T), the ZPVE-corrected energy gap is predicted to be 25.2 kcal mol ™.

2.4.2 TRANSITION STATES

In Figure 2.5 and Figure 2.6 the representative optimized structures of the two isomerization
transition states are depicted. The harmonic vibrational frequencies and dipole moments
are shown in Table 2.5 and Table 2.6. In Table 2.7 the total energies and ZPVE-corrected
energies for the transition states are reported.

The 1,2 hydrogen shift in similar model systems (SCHy, NPHy; and PPHs,) demonstrates
two different transition states, an in-plane transition state with Cs symmetry or out-of-plane
transition state with C; symmetry.%” However, as for PPH, the in-plane stationary point
possesses more than one imaginary frequencies (a second-order saddle point) and higher
energy barrier. Nguyen and Ha suggested that the migrating hydrogen behaves as a proton
in the out-of-plane transition state between trans-HPPH and planar PPH,.57 The PP H;
bond angle at the transition state is about 104°, as shown in Figure 2.5, which is larger
than that of the trans structure (94°), but smaller than for the planar PPH, structure
(128°). The P;PyH, bond angle is about 47°, which is roughly half of that of the trans

structure. This indicates that the Hy proton moves above the PP bond, forming a 3-center
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bond. Moreover, the H3P;PsH, dihedral angle, which is about 101°, demonstrates that the
3-center bonding involves the P1H3 bond as well. It should be noted that the dihedral angle
is sensitive to degree of correlation and is about 10° smaller at the CCSD(T) level of theory
than at the SCF level. Using the PoHy bond length as a measure of the reaction progress, an
later transition state, ¢.e. one that more closely resembles PPHs, is predicted with increasing
correlation. These trends are mirrored by the relative energies of the trans-HPPH and planar
PPH, species in Table 2.4, with a later transition state correlating with a more endothermic
reaction, in keeping with the Hammond postulate.®®

The harmonic vibrational frequencies of this isomerization transition state are shown in
Table 2.5. The magnitude of the imaginary vibrational frequency decreases by about 370
cm™! going from SCF to CCSD(T), showing a large dependence upon the theoretical model
used. The imaginary vibrational frequency decreases with increasing basis set size as well.
Despite the high sensitivity of the imaginary frequency, the real vibrational frequencies are
less sensitive to the level of theory. The dipole moment for this transition state is determined
to be 1.25 D with CCSD(T), as shown in Table 2.5. At the aug-cc-pVQZ CCSD(T) level
of theory, the trans-HPPH— PPH, isomerization barrier is predicted to be 50.3 kcal mol™?,
which drops to 48.2 kcal mol™! upon inclusion of ZPVE corrections (in Table 2.7). This is
3.2 kcal mol™? lower than the barrier height of 51.4 kcal mol* determined by Nguyen using
MP4/6-311++G (df,p).57 At the aug-cc-pVQZ CCSD(T) level of theory, the barrier for the
reverse process, PPHy— trans-HPPH is determined to be 23.0 kcal mol™.

Conversion between trans- and cissHPPH may occur either by internal rotation about the
P-P bond or through a structure with a linear P-P-H bond (“inversion”). It has previously
been shown?® that the rotational reaction path exhibits a much lower reaction barrier. During
the rotational reaction path, the molecule possesses Cy symmetry. However, the trans and cis
structures have different orbital occupation in the Cy subgroup [trans: (9a?7b%), cis: (8a*8b?)].
Consequently, this process is forbidden according to Woodward-Hoffmann rules, and mul-

tireference methods are required to properly describe the transition state. Here, CASSCF and
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MRCI, each with two different defined active spaces (2¢/2MO and 12e¢/10MO) are applied
to characterize the transition state. In addition, (2¢/2MO) CASPT2 and (2¢/2MO) Mk-
MRCCSD are also employed to characterize the transition state. The aug-cc-pVTZ CASSCF

(2¢/2MO) wavefunction for the transition state is represented, in terms of natural orbitals,

by

U = 0.708P,[(core)(6a)?(6b)*(7a)*(7b)*(8a)*(9a)?]

—  0.705®,(core) (6a)*(6b)*(7a)?(7b)*(8a)*(8b)?]

and at the corresponding MRCI level it is

U = 0.663®,[(core)(6a)?(6b)*(7a)*(7b)*(8a)*(9a)?]

— 0.659®;[(core)(6a)?(6b)*(7a)?*(7b)*(8a)?(8b)?]

and the analogous CASPT2 method gives

U = 0.7099,[(core)(6a)?(6b)*(7a)?*(7b)*(8a)*(9a)?]

— 0.704®,[(core) (6a)%(6b)2(7a)?(7b)*(8a)?(8)?]

The above wavefunctions are composed of two CSFs with almost equal CI coefficients.
We would expect these two configurations to provide a faithful description of the system;
this is corroborated by the multireference computations employing a larger active space

(full valence, 12¢/10MO). The aug-cc-pVTZ MRCI wavefunction of the transition state is
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described, in terms of natural orbitals, by

U = 0.652®,[(core)(6a)?(6b)*(7b)*(7a)*(8a)*(9a)?]
—  0.648®,](core) (6a)*(6b)*(7b)*(7a)?(8a)*(8b)?]
4+ 0.058®;3](core)(6a)?(6b)*(7b)*(7a)*(8ac)(9a3) (8ba) (9b/3)]
—  0.057®,](core)(6a)*(6b)*(7b)*(7a)?(9a)*(9b)?]

+ 0.057®5][(core)(6a)?(6b)*(7b)*(7a)?(8b)*(9b)?]

The two CSFs [(9a)?(7b)? and (8a)?(8b)?] whose coefficients are greater than 0.6 are the
same as those in the smaller active space (2¢/2MO) computations. This indicates that a
(2e/2MO) active space may be sufficient to describe the transition state, particularly if
dynamical correlation is added through MRCI, CASPT2, or Mk-MRCCSD.

The PP bond length (in Figure 2.6) at the trans-cis transition state significantly increases
because the alignment of p orbitals is no longer forming a m bond. The bond order drops to
one, i.e. only one ¢ bond is left. At the transition state the dihedral angle is almost 90°, which
indicates that the transition state lies about half way between reactant and product; this
is expected given the small energy difference between trans-HPPH and cissHPPH (in Table
2.4). All of the methods predict a similar structure; however, most of the real frequencies,
shown in Table 2.6, decrease by roughly 100 cm™ from (2e/2MO) CASSCF to (2e/2MO) Mk-
MRCCSD due to the additional dynamical correlation. In contrast, the imaginary frequency
increases with additional dynamical correlation. Furthermore, the dipole moment is predicted
to be 0.8 D, which is intermediate between the trans- and cissHPPH structures. The trans-cis
isomerization barrier is estimated to be 35.2 kcal mol™*(in Table 2.7) using our most reliable
level of theory, (2¢/2MO) Mk-MRCCSD with the cc-pVQZ basis set. This is significantly
lower than the barrier from trans-HPPH to planar PPH,.

Attempts to synthesize phosphines have typically employed bulky substituent groups to

prevent oligomerization; matrix isolation should, in principle, also achieve this. However, in
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isolation, unimolecular isomerization is still possible. Using the standard transistion state

theory (TST) reaction rate®

R(T) = ("“BTT) %ie_k?T. 2.1)
where the partition functions for trans-HPPH (Q) and the transition states (Q*) are evalu-
ated using direct summation over rigid rotor and harmonic oscillator energy levels, we can
compute the rate of isomerization of trans-HPPH to both cis-sHPPH and planar PPH,. Even
at a temperature as high as 298 K, we compute the rates for isomerization to [cis-HPPH,
planar PPH,] to be just [3 x 10712, 2 x 10723] s7! at the [aug-cc-pVTZ MRCI, aug-cc-pVQZ
CCSD(T)] levels of theory, which correspond to half lives of [3 x 10!, 4 x 10??] seconds,
respectively. If the same analysis is performed with our lowest levels of theory, [SCF aug-cc-
pVTZ, CASSCF, cc-pVDZ] , the rates become [5 x 1071, 2 x 10723] 57!, respectively which
confirms the insensitivity of the reaction rates to level of theory employed.

According to the simple Wigner tunnelling correction, this rate is accelated by a factor

of

fw (T) = 1 + i (;:T> (2.2)
where v; is the magnitude of the imaginary vibrational frequency connecting reactants and
products. The values of ky at 4 Kelvin are just [7433, 3241] for isomerization reactions
to form [cis-HPPH, planar PPH,] at the [aug-cc-pVTZ MRCI, aug-cc-pVQZ CCSD(T)]
levels of theory. Given the sensitivity of the imaginary frequencies, we also computed the
Wigner correction using [cc-pVDZ CASSCF, aug-cc-pVTZ SCF] vibrational frequencies at
4 K, resulting in classical rate increases by a factor of [5877, 7180]. These confirm that
although the imaginary vibrational frequencies exhibit significant dependence upon the level
of theory, the resulting tunnelling corrections, and hence the halflives, are of the same order
of magnitude. The fact that these isomerization rates are so small, even at high temperatures,
and that the tunnelling is not significant even at low temperatures bolsters the feasibility of

experimentally characterizing trans-HPPH.
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2.5 (CONCLUDING REMARKS

Trans- and cis-HPPH diphosphene as well as planar PPHsy diphosphinylidene have been
studied using highly correlated ab initio electronic structure theory. Multireference wave-
functions were required to investigate the isomerization transition state between the trans
and cis structures. The trans-cis isomerization transition state barrier is predicted to be
35.2 keal mol™! using the Mk-MRCCSD method. At the highest level of theory, aug-cc-pVTZ
CCSD(T), the barrier for the isomerization transition state between trans-HPPH and planar
PPH, is predicted to be 48.2 kcal mol™. The results for this unusual non-planar transition
state should be of aid in understanding the nature of 1,2 hydrogen shifts for phosphorus

compounds involving the PP double bond.
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Table 2.1: Theoretical prediction of harmonic vibrational frequencies (in cm™), infrared inten-
sities (in parentheses in km mol ™), and zero point vibrational energies (ZPVE, in kcal mol™!)

for the 1Ag trans-HPPH molecule.

Theory wi(ag) walag) wilag) walay) ws(by,) we(by) ZPVE
aug-cc-pVTZ HF 2493 1045 696 849 2509 (128.3) 736 (17.4) 11.91
aug-cc-pVQZ HF 2405 1048 698 852 2511 (126.7) 737 (17.7) 11.92
cc-pVTZ CISD® 2438 1001 659 811 2453 697 11.52
cc-pVQZ CISD 2446 1005 667 814 2461 701 11.57
aug-cc-pVTZ CISD 2437 999 658 807 2452 699 11.51
aug-cc-pVQZ CISD 2445 1004 666 813 2460 702 11.57
cc-pVTZ CCSD 2382 978 629 782 2396 (113.9) 683 (10.8) 11.22
cc-pVQZ CCSD 2390 983 638 787 2405 (99.3) 688 (11.7) 11.28
aug-cc-pVTZ CCSD 2379 977 628 778 2394 (103.0) 685 (12.0) 11.21
aug-cc-pVQZ CCSD 2388 982 637 785 2403 (96.4) 689 (12.3) 11.28
cc-pVTZ CCSD(T) 2358 963 601 762 2373 (110.4) 671 (10.0) 11.05
cc-pVQZ CCSD(T) 2366 968 611 767 2381 (95.6) 676 (10.8) 11.11
aug-cc-pVTZ CCSD(T) 2354 961 599 758 2370 (100.4) 673 (11.1) 11.03
aug-cc-pVQZ CCSD(T) 2363 967 610 765 2379 (93.4) 677 (11.2) 11.10
cc-pVDZ CASSCF? 92243 956 568 746 2260 (178.3) 672 (10.1) 10.64
cc-pVTZ CASSCF 2237 958 578 752 2256 (150.6) 668 (11.1) 10.65
aug-cc-pVDZ CASSCF 2242 951 568 738 2259 (139.9) 669 (11.5) 10.62
aug-cc-pVTZ CASSCF 2241 956 578 751 2259 (135.5) 668 (13.0) 10.65
cc-pVDZ MRCI 2340 964 576 749 2356 (158.9) 674 (9.8) 10.95
ce-pVTZ MRCI 2331 969 594 761 2352 (121.7) 665 (11.4) 10.97
aug-cc-pVDZ MRCI 2324 955 572 733 2340 (126.5) 669 (11.7) 10.86
aug-cc-pVTZ MRCI 2329 967 593 758 2350 (110.0) 666 (12.8) 10.96

% The algorithm used to compute the CISD energies did not afford dipole moments or derivatives

thereof.

b The active space is defined as (12e/10MO).
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Table 2.2: Theoretical prediction of harmonic vibrational frequencies (in cm™), infrared inten-
sities (in parentheses in km mol™), zero point vibrational energies (ZPVE, in kcal mol™?),
and dipole moments (f., in Debye) for the 'A; cis-HPPH molecule.

Theory Iie wi(ar) wo(aq) ws(a1) walas)  ws(be) we(ba) ZPVE
aug-cc-pVTZ HF 1.347 2522 (95.0) 806 (21.6) 690 (1.2) 769 2497 (28.4) 935 (12.6) 1L.75
aug-cc-pVQZ HF 1.342 2525 (93.7) 808 (21.9) 692 (1.2) 771 2499 (28.4) 937 (13.3) 11.77
cc-pVTZ CISD* 2468 765 649 730 2443 881 11.35
cc-pVQZ CISD 2477 772 657 732 2452 884 11.40
aug-cc-pVTZ CISD 2467 769 647 725 2442 878 11.33
aug-cc-pVQZ CISD 2475 773 656 732 2451 883 11.39
ce-pVTZ CCSD 1134 2411 (87.2) 747 (13.7) 618 (1.4) 702 2387 (18.0) 859 (15.5) 11.04
cc-pVQZ CCSD 1.146 2420 (75.7) 755 (14.5) 627 (1.7) 705 2396 (16.2) 862 (16.9) 11.10
aug-ce-pVTZ CCSD  1.102 2408 (79.5) 751 (14.6) 616 (1.8) 698 2383 (15.6) 855 (16.8) 11.03
aug-cc-pVQZ CCSD  1.128 2417 (74.0) 756 (14.9) 626 (1.8) 705 2393 (15.5) 861 (17.1) 11.09
ce-pVTZ CCSD(T) 1106 2387 (85.6) 731 (12.5) 587 (1.5) 681 2364 (15.9) 839 (16.4) 10.85
cc-pVQZ CCSD(T) 1115 2395 (73.5) 740 (13.2) 598 (1.7) 685 2372 (14.4) 842 (17.7) 10.91
aug-ce-pVTZ CCSD(T) 1.065 2383 (78.3) 737 (13.3) 586 (1.9) 677 2359 (13.9) 836 (17.4) 10.83
aug-c-pVQZ CCSD(T) 1.092 2392 (72.3) 741 (13.5) 597 (1.9) 685 2369 (13.8) 842 (17.8) 10.90
cc-pVDZ CASSCF? 1.307 2265 (137.6) 729 (12.3) 556 (0.9) 673 2239 (31.6) 851 (16.5) 10.45
cc-pVTZ CASSCF 1.232 2264 (117.1) 724 (12.7) 567 (1.2) 679 2235 (25.8) 845 (17.9) 10.46
aug-cc-pVDZ CASSCF  1.243 2266 (111.3) 730 (13.0) 556 (1.3) 669 2240 (23.2) 842 (18.2) 10.44
aug-cc-pVTZ CASSCF  1.234 2267 (106.6) 725 (14.0) 566 (1.5) 677 2238 (22.8) 843 (19.9) 10.46
cc-pVDZ MRCI 1.188 2365 (125.4) 736 (11.8) 563(1.1) 670 2340 (22.2) 848 (18.0) 10.75
cc-pVTZ MRCI 1.156 2367 (95.9) 728 (12.9) 581(1.5) 680 2337 (17.4) 838 (18.2) 10.76
aug-cc-pVDZ MRCI  1.092 2352 (101.7) 734 (13.1) 559 (1.7) 650 2326 (16.4) 828 (19.2) 10.65
aug-cc-pVTZ MRCI 1.134 2365 (87.7) 732 (13.9) 580 (1.8) 676 2334 (15.1) 834 (19.9) 10.75

% The algorithm used to compute the CISD energies did not afford dipole moments or derivatives

thereof.

b The active space is defined as (12e/10MO).
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Table 2.3: Theoretical prediction of harmonic vibrational frequencies (in cm™), infrared inten-
sities (in parentheses in km mol™), zero point vibrational energies (ZPVE, in kcal mol™?),
and dipole moments (y, in Debye) for the 'A; planar PPH, structure.

Theory fhe wi(a1) wa(a1) wa(a1)  wa(br) ws (b2) wg(b2) ZPVE
aug-cc-pVTZ HF 2.460 2590 (32.0) 1228 (66.9) 707 (2.9) 367 (46.6) 2595 (22.6) 700 (0.0) 11.71
aug-cc-pVQZ HF 2.455 2592 (33.4) 1234 (68.5) 712 (2.5) 379 (45.6) 2596 (22.6) 707 (0.0) 11.75
cc-pVTZ CISD® 2513 1200 712 407 2514 667 9.45
cc-pVQZ CISD 2519 1199 720 415 2520 672 9.50
aug-cc-pVTZ CISD 2512 1190 709 403 2515 660 9.43
aug-cc-pVQZ CISD 2517 1196 719 414 2518 671 9.50
ce-pVTZ CCSD 2.226 2451 (46.9) 1180 (80.1) 694 (0.0) 387 (23.3) 2452 (49.5) 644 (0.3) 11.16
ce-pVQZ CCSD 2.276 2457 (45.5) 1177 (77.3) 702 (0.0) 392 (24.7) 2458 (35.7) 651 (0.7) 11.20
aug-cc-pVTZ COSD  2.276 2450 (47.9) 1168 (77.0) 690 (0.0) 382 (26.9) 2452 (32.9) 639 (1.2) 11.12
aug-cc-pVQZ CCSD  2.288 2455 (46.7) 1173 (76.7) 701 (0.0) 391 (26.7) 2456 (30.4) 649 (1.2) 11.19
ce-pVTZ CCSD(T)  2.211 2415 (56.1) 1173 (87.0) 681 (0 0) 394 (20.4) 2412 (56.7) 630 (0 8) 11.01
cc-pVQZ COSD(T)  2.258 2418 (53.9) 1168 (83.5) 689 (0.0) 397 (21.8) 2420 (40.9) 636 (1.3) 11.05
aug-ce-pVTZ CCSD(T) 2.262 2412 (57.5) 1159 (83.7) 676 (0.0) 388 (23.7) 2412 (38.1) 624 (2.1) 10.97
aug-cc-pVQZ COSD(T) 2.271 2417 (55.5) 1164 (82.9) 687 (0.0) 395 (23.5) 2417 (34.9) 633 (2.0) 11.03

% The algorithm used to compute the CISD energies did not afford dipole moments or derivatives

thereof.
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Table 2.4: Theoretical predictions of the total energies (in Ej) for the three structures. Rel-
ative energies (AE.) and ZPVE-corrected relative energies (AFy) are in kcal mol™ relative
to the trans-HPPH closed-shell structure obtained by the same method and basis set.

1Ag trans-HPPH

LA, cisHPPH

1A, planar PPH,

Theory

Energy Energy AFE. AFEj Energy AFE. AEj
aug-cc-pVTZ HF -682.643184 -682.637648 3.47 3.32 -682.604043 24.56 24.36
aug-cc-pVQZ HF -682.650899 -682.645323 3.50 3.34 -682.612349 24.19 24.02
cc-pVTZ CISD -682.936526 -682.931052 3.43 3.26 -682.895999 25.43 23.37
cc-pVQZ CISD -682.960652 -682.955068 3.50 3.33 -682.921286 24.70 22.63
aug-cc-pVTZ CISD -682.941826 -682.936285 3.48 3.30 -682.901282 25.44 23.37
aug-cc-pVQZ CISD -682.962771 -682.957158 3.52 3.35 -682.923366 24.73 22.65
cc-pVTZ CCSD -682.972302 -682.967008 3.32 3.14 -682.930975 25.93 25.87
cc-pVQZ CCSD -682.998244 -682.992861 3.38 3.19 -682.958224 25.11 25.03
aug-cc-pVTZ CCSD -682.978383 -682.973065 3.34 3.15 -682.937109 25.90 25.81
aug-cc-pVQZ CCSD -683.000584 -682.995192 3.38 3.20 -682.960555 25.12 25.03
cc-pVTZ CCSD(T) -682.991391 -682.986079 3.33 3.14 -682.949601 26.22 26.19
cc-pVQZ CCSD(T) -683.019299 -683.013909 3.38 3.19 -682.979005 25.28 25.23
aug-cc-pVTZ CCSD(T) -682.998344 -682.993045 3.32 3.13 -682.956710 26.13 26.06
aug-cc-pVQZ CCSD(T) -683.021992 -683.016610 3.38 3.18 -682.981711 25.28 25.21
cc-pVDZ CASSCF¢ -682.704374 -682.699485 3.07 2.88
cc-pVTZ CASSCF -682.730516 -682.725698 3.02 2.83
aug-cc-pVDZ CASSCF -682.708350 -682.703552 3.01 2.83
aug-cc-pVTZ CASSCF -682.731578 -682.726666 3.08 2.89
cc-pVDZ MRCI -682.882814 -682.877507 3.33 3.13
cc-pVTZ MRCI -682.964468 -682.959187 3.31 3.11
aug-cc-pVDZ MRCI -682.897281 -682.892168 3.21 3.00
aug-cc-pVTZ MRCI -682.969841 -682.964526 3.34 3.13
cc-pVDZ Mk-MRCCSD?  -682.887132 -682.881902 3.28
cc-pVTZ Mk-MRCCSD -682.974905 -682.969709 3.26
cc-pVQZ Mk-MRCCSD -683.000833 -682.9955648 3.32

@ The active space is defined as (12¢/10MO).

b The active space for the reference wavefuntions is defined as (2¢/2MO).
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Table 2.5: Theoretical prediction of harmonic vibrational frequencies (in cm™), zero point
vibrational energies (ZPVE, in kcal mol!), and dipole moments (s, in Debye) for the iso-
merization transition state between the trans-HPPH and planar PPH, structures.

Theory e wi(a) wa(a) ws(a) wi(a) ws(a) we(a) ZPVE
aug-cc-pVTZ HF 1.44 2372 1777 1094 894 626 11547 9.67
aug-cc-pvVQZ HF 1.43 2373 1781 1101 899 629 1148 9.70
cc-pVTZ CISD? 2308 1777 1084 854 590 9757  9.45
cc-pVQZ CISD 2317 1788 1083 860 600 951z 9.50
aug-cc-pVTZ CISD 2311 1771 1078 850 588 9647 9.43
aug-cc-pVQZ CISD 2317 1786 1082 859 599 949 9.50
cc-pVTZ CCSD 1.25 2253 1766 1004 830 562 912¢ 9.17
cc-pVQZ CCSD 1.27 2261 1776 1002 836 573 8851 9.22
aug-cc-pVTZ CCSD 1.26 2256 1756 997 826 560 899; 9.14
aug-cc-pVQZ CCSD 1.26 2261 1773 1000 835 571 881 9.21
cc-pVTZ CCSD(T) 1.23 2226 1791 922 812 541 821 9.00
cc-pVQZ CCSD(T) 1.25 2234 1800 914 817 552 781 9.03
aug-cc-pVTZ CCSD(T) 1.25 2229 1779 913 808 538 803i 8.96
aug-cc-pVQZ CCSD(T)b 2233 1795 912 817 550 775t  9.02

% The algorithm used to compute the CISD energies did not afford dipole moments.
b The aug-cc-pVQZ CCSD(T) vibrational frequencies were computed using numerical

differentiation of energies, which did not afford dipole moments.
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Table 2.6: Theoretical prediction of harmonic vibrational frequencies (in cm™), zero point
vibrational energies (ZPVE, in kcal mol!), and dipole moments (s, in Debye) for the iso-
merization transition state between the trans- and cissHPPH structures.

Theory e wila) wa(a) ws(a) wala) ws(b) we(b) ZPVE
(2e/2MO)

cc-pVTZ CASSCF 0.832 2485 781 464 9821 2484 784 10.01
cc-pVQZ CASSCF 0.832 2489 784 465 10021 2488 785 10.02
aug-cc-pVTZ CASSCF 0.835 2487 781 465 9921 2486 783 10.01
aug-cc-pVQZ CASSCF 0.831 2489 784 465 10041 2488 785 10.02
cc-pVTZ MRCI 0.780 2418 732 454 10911 2418 736  9.66

cc-pVQZ MRCI 0.786 2428 737 461 11371 2427 740 9.71

aug-cc-pVTZ MRCI 0.768 2417 733 454 11071 2417 736  9.66

aug-c-pVQZ MRCI  0.780 2427 737 460 11420 2426 740 9.71

cc-pVTZ CASPT2 0.799 2401 702 456 10521 2401 705 9.53

cc-pVQZ CASPT2 0.800 2403 705 460 10811 2404 707  9.55

aug-cc-pVTZ CASPT2 0.796 2395 702 454 10641 2396 705 9.51

aug-cc-pVQZ CASPT2 0.796 2400 704 459 10861 2401 707 9.54

cc-pVDZ Mk-MRCCSD 2331 707 447 10451 2331 714  9.34

cc-pVTZ Mk-MRCCSD 2339 704 464 11321 2339 701 @ 9.36

(12¢/10MO)

cc-pVDZ CASSCF 0.870 2205 701 388 10441 2206 708  8.87

cc-pVTZ CASSCF 0.802 2204 705 400 11271 2206 709 8.90

aug-cc-pVDZ CASSCF 0.802 2205 701 392 10931 2207 706 8.88

aug-cc-pVTZ CASSCF 0.796 2207 705 400 1144i 2209 708 8.91

cc-pVDZ MRCI 0.771 2300 698 404 1034i 2300 706 9.16

cc-pVTZ MRCI 0.748 2305 698 425 11521 2306 703  9.20

aug-cc-pVDZ MRCI 0.686 2288 692 403 10781 2288 699 9.11

aug-cc-pVTZ MRCI 0.727 2303 699 425 11741 2305 703  9.20
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Table 2.7: Theoretical predictions of the total energies (in Ej,) for the isomerization reac-
tions. Relative energies (AE,) and ZPVE-corrected relative energies (AEj) are in kcal mol™!
relative to the trans-HPPH closed-shell structure obtained by the same method and basis
set.

Transition State connecting Transition State connecting

LA, trans- HPPH

Theory trans-HPPH and planar PPHy  trans-HPPH and cissHPPH
Energy Energy AFE, AFEy Energy AE. AEg

aug-cc-pVTZ HF -682.643184 -682.562425 50.68 48.44

aug-cc-pVQZ HF -682.650899 -682.570127 50.69 48.46

cc-pVTZ CISD -682.936526 -682.856358 50.31 48.24

cc-pVQZ CISD -682.960652 -682.880883 50.06 47.99

aug-cc-pVTZ CISD -682.941826 -682.862282 49.91 47.84

aug-cc-pVQZ CISD -682.962771 682.883196 49.93 47.86

cc-pVTZ CCSD -682.972302 -682.892356 50.17  48.11

cc-pVQZ CCSD -682.998244 -682.918799 49.85 47.79

aug-cc-pVTZ CCSD -682.978383 -682.899205 49.69 47.62

aug-cc-pVQZ CCSD -683.000584 -682.921380 49.70 47.63

cc-pVTZ CCSD(T) -682.991391 -682.910189 50.95 48.90

cc-pVQZ CCSD(T) -683.019299 -682.938821 50.50 48.43

aug-cc-pVTZ CCSD(T) -682.998344 -682.918093 50.36 48.29

aug-cc-pVQZ CCSD(T) -683.021992 -682.941811 50.31 48.23

cc-pVDZ CASSCF* -682.704374 -682.651100 33.43 31.66
cc-pVTZ CASSCF -682.730516 -682.675189 34.72 32.97
aug-cc-pVDZ CASSCF -682.708350 -682.654713 33.66 31.92
aug-cc-pVTZ CASSCF -682.731578 -682.676062 34.84 33.09
cc-pVDZ MRCI -682.882814 -682.830555 32.79 31.01
cc-pVTZ MRCI -682.964468 -682.908903 34.87 33.11
aug-cc-pVDZ MRCI -682.897281 -682.844974 32.82 31.07
aug-cc-pVTZ MRCI -682.969841 -682.913988 35.05 33.29
cc-pVDZ Mk-MRCCSD?  -682.881732 -682.835028 32.70
cc-pVTZ Mk-MRCCSD -682.974905 -682.920341 34.24
cc-pVQZ Mk-MRCCSD -682.000833 -682.944749 35.19

@ The active space is defined as (12e/10MO).
b The active space for the reference wavefunctions is defined as (2e/2MO).
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Figure 2.1: Schematic potential energy surface showing cissHPPH (left), trans-HPPH

(center), planar PPH,

(right), and two isomerization transition states connecting them.
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aug-cc-pvVQZ HF 1.9967A .
aug-cc-pVQZ CISD 2.0092 1.4097A
aug-cc-pVQZ CCSD 20240 1.4137
aug-cc-pVQZ CCSD(T)  2.0383 1.4203
aug-cc-pVTZ CASSCF  2.0697 1.4234
aug-cc-pVTZ MRC 2.0540 1.4420
cc-pVQZ Mk-MRCCSD ~ 2.0312 1.4253

Figure 2.2: Theoretical geometries for trans-HPPH.
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aug-cc-pVQZ HF 2.0050A
aug-cc-pvQZ CISD 2.0182
aug-cc-pvVQZ CCSD 2.0334
aug-cc-pVQZ CCSD(T) 2.0485
aug-cc-pVTZ CASSCF 2.0786
aug-cc-pVTZ MRCI 2.0640
cc-pVQZ Mk-MRCCSD  2.0408

1.4076A 100.71°

1.4112 99.55
1.4178 99.21
1.4208 08.82
1.4406 100.09
1.4236 99.08

99.13

Figure 2.3: Theoretical geometries for cissHPPH.



aug-cc-pVQZ HF 1.9326A
aug-cc-pVQZ CISD 1.9313
aug-cc-pVQZ CCSD 1.9417

aug-cc-pVQZ CCSD(T)  1.9493

127.50°
128.16
128.32
128.05

Figure 2.4: Theoretical geometries for planar PPH,.
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aug-cc-pVQZ HF 104.95°
aug-cc-pvQZ CISD 104.12

1.4246A aug-cc-pvVQZ CCSD 103.70
14288 aug-cc-pVQZ CCSD(T) 103.52
1.4350

1.4379 2.0500A

2.0607
2.0751

Dihedral
111.42°
106.51
104.27

101.05 1.6866

Figure 2.5: Theoretical geometries for the isomerization transition state linking trans-HPPH
and planar PPHs.
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(2e/2MO) .
aug-cc-pVQZ CASSCF  2.2254A
aug-cc-pvVQZ CASPT2 2.1933
aug-cc-pVQZ MRCI 2.2040
cc-pvVQZ Mk-MRCCSD  2.1787
(12e/10MO)

aug-cc-pVTZ CASSCF  2.2635
aug-cc-pVTZ MRCI 2.2307

90.56 93.48

90.78 1.4456
1.4299

90.42

90.49

Figure 2.6: Theoretical geometries for the isomerization transition state linking trans-HPPH
and cis-HPPH.
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b)

Figure 2.7: The 2a,, (HOMO) (a) and 2b, (LUMO) (b) molecular orbitals for ' A, trans-HPPH
at the cc-pVTZ SCF level of theory.
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a)

Figure 2.8: The 2b; (HOMO) (a) and 2a; (LUMO) (b) molecular orbitals for ' A; cis- HPPH
at the cc-pVTZ SCF level of theory.
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Figure 2.9: The 4b, (HOMO) (a) and 4b; (LUMO) (b) molecular orbitals for *A; planar
PPH, at the cc-pVTZ SCF level of theory.
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b)

a)

Figure 2.10: The 9a (a) and 8b (b) molecular orbitals for the isomerization transition state
between trans-HPPH and cis-HPPH at the cc-pVTZ CASSCEF level of theory.
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Figure 2.11: The HOMO (a) and LUMO (b) for the isomerization transition state (1,2
hydrogen shift) between trans-HPPH and planar PPH, at the cc-pVTZ SCF level of theory.
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3.1 INTRODUCTION AND LITERATURE REVIEW

3.1.1 ABSTRACT

In this research six low-lying triplet states of diphosphene (HPPH) and disphosphinylidene
(PPH,) are systematically investigated starting from self-consistent-field theory and pro-
ceeding to multi-reference coupled cluster methods using a wide range of basis sets. For
each structure, the geometry, energy, dipole moment, harmonic vibrational frequencies, and
infrared intensities are predicted. The triplet potential energy surface (PES) of PyH, is
presented, based on systematically extrapolated coupled cluster energies, and accounting
for core-valence correlation, zero-point vibrational energy, and diagonal Born-Oppenheimer
effects. Both 3A” pyramidal PPH, and 3B skewed HPPH are minima on the triplet PES,
and lie 27.440.3 kcal mol! and 32.44:0.3 kcal mol™! above the global minimum structure
closed-shell * 4, trans-HPPH, respectively. The energy barrier for isomerization reaction [*B
skewed HPPH— 3A” pyramidal PPH,] is predicted to be 16.44-0.3 kcal mol™!. On this triplet
PES two equivalent 3B skewed HPPH are converted via 3B, trans-HPPH transition state
with a barrier of 9.1£0.3 kcal mol™*, or via 3B, cissHPPH transition state with a barrier
of 11.1£0.3 kcal molt. Moreover, the two equivalent *A” pyramidal PPH, structures are
connected through 2A, planar PPH, transition state with a barrier of 18.640.3 kcal mol™!.
The energy crossing of the singlet and triplet adiabatic PES is studied using Mukherjee
multi-reference coupled cluster method with the cc-pVQZ basis set, which predicts that the
3B skewed HPPH is 1.4 kcal mol! lower in energy than corresponding *A skewed HPPH at

the *B skewed HPPH optimized geometry.

3.1.2 INTRODUCTION

The potential application of organic 7 conjugated systems in molecular electronic devices has
stimulated tremendous research interest;' 3 most visibly the 2000 Nobel Prize was awarded

to MacDiarmid, Heeger, and Shirakawa for their pioneering work in this field. The electronic
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properties of these materials can be tuned via manipulation of chemical structures.*® In
particular, the conductivity of the material can be modulated by tuning the band gap of
the conjugated linker.” Recently PP double bonds have been incorporated into 7 conjugated
systems as building blocks for the development of molecular electronics.® '3 Accordingly, it is
important to elucidate the excited states of diphosphenes in order to further this burgeoning
area of material science.!*

Diphosphene compounds usually have the symmetry allowed (7 — 7*) (intense) and
symmetry forbidden (n — 7*) (weak) electronic transitions.!'® It was found using reso-
nance Raman excitation spectroscopy that the PP symmetric stretching mode is enhanced
much more strongly in resonance with the allowed electron m# — 7* transition than with
the forbidden n — #* transition. This is attributed to differences in the geometries of the
excited states and to the different mechanisms of enhancement of resonance with allowed
and forbidden electronic absorption.'® It was also demonstrated that electron-donating sub-
stituents at the para position in diphosphenes protected by bulky groups strongly affect
the n — 7* transition, but not the 7 — 7* transition.!” The incorporation of low coor-
dinate phosphorus centers into conjugated materials is a viable strategy for accessing the
materials featuring smaller band gaps than those observed in all-carbon analogues. More-
over, in oligomers featuring P=P units the red shift of 7 — 7* absorptions are observed with
increasing oligomer chain length.'? In contrast to the phosphaalkene polymer, featuring P=C
units, the poly(phenylenevinylene)s (PPVs) incorporating P=P linkage are not fluorescent,
which may be ascribed to fluorescent quenching by interaction with phosphorus lone pairs.'?
More recently, ferrocenyl diphosphenes have been successfully synthesized.'® 2! Electronic
excitation of these systems give rise to a metal-ligand charge transfer at 542 nm."

Theoretical investigations have also been performed to gain insight into the different exci-
tation processes.?? 3> PPFH has a singlet ground state, while PPF, has a triplet ground state.

On the contrary, the singlet states are the ground states for both PPHC] and PPCl,.35:37

Moreover, the excitation energies of doubly bonded systems of group 15 elements decrease



53

proceeding down the periodic table.?® The absorption band of PhPPPh (Ph=phenyl) can
be adjusted by twisting the phenyl ligands, since the highest occupied molecular orbital
(HOMO) and HOMO-1 mix and are concomitantly stabilized, while the lowest unoccupied

molecular orbital (LUMO) is unaffected during twisting of the phenyl ligands.?®

H H H H
\ \ /
P P\ P P P P
Y H
3B, trans-HPPH 3B, cissHPPH 3A, planar PPH,
H//,
P P\ /I? P P P
H H WA 7

3A transition state
3B skewed HPPH  3A" pyramidal PPH, connecting 3B skewed HPPH
and 3A" pyramidal PPH,

Scheme 1. Six triplet structures of HPPH and PPHs.

In our previous paper the potential energy surface (PES) of singlet ground states of
HPPH and PPH, has been studied.?® The closed-shell trans-HPPH, ciss-HPPH, and planar
PPH; are minima on the singlet potential energy surface, while the skewed HPPH structure
is the transition state connecting trans- and cissHPPH on the singlet PES. The transition
state for the isomerization reaction between trans-HPPH and planar PPH, is predicted to
be nonplanar with a torsional angle of 101.1°. In the current paper six structures of triplet
electronic states of diphosphene (HPPH) and diphosphinylidene (PPH;) depicted in Scheme
1 are systematically investigated using highly accurate ab initio methods in concert with large
gaussian basis sets. In order to determine the reliable relative energies and energy barriers of
isomerization reactions between these structures, focal point analyses (FPA) are performed.

Moreover, the crossing of singlet and triplet potential energy surfaces is also discussed.

3.2 THEORETICAL PROCEDURES

In this research the correlation-consistent family of basis sets cc-pVXZ (X=D, T, Q, 5,

and 6) and aug-cc-pVXZ (X=D, T, and Q) developed by Dunning and co-workers were
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used.*1™#3 Due to the phosphorus atom belonging to the second row, the aug-cc-pV(Q+d)Z
basis sets were also employed to compare with the aug-cc-pVQZ basis sets, given that pre-
vious studies have noted the importance of the additional d function.** The zeroth-order
descriptions of stationary points were obtained using one-configuration restricted open-shell
Hartree-Fock (ROHF) and unrestricted HF (UHF) wavefunctions. The effects of electron
correlation were systematically explored using coupled cluster with single and double exci-
tations (CCSD),* 8 CCSD with perturbative triple excitations [CCSD(T)],*52 full triple
excitations CCSDT,>¥ ¢ as well as CCSDT with a perturbative correction for quadruple
excitations [CCSDT(Q)].>"5® In this report the CC wavefunctions adopting ROHF refer-
ence functions are denoted as RCCSD, RCCSD(T), and RCCSDT, while those with UHF
references are designated as UCCSD, UCCSD(T), UCCSDT, and UCCSDT(Q). It is impor-
tant to note that the coupled cluster treatment is fully unrestricted for ROHF reference.
In order to analyze changes in geometries and physical properties of these triplet states
with respect to the level of correlation treatment, full valence 12 electrons in 10 molec-
ular orbitals (12e/10MO) complete active space self-consistent-field (CASSCF)%%%0 wave-
functions with the aug-cc-pVQZ basis set were constructed at the aug-cc-pVQZ RCCSD(T)
optimized geometries. The energy crossing of singlet and triplet PES has been investigated by
applying the state-specific multi-reference coupled cluster approach suggested by Mukherjee
and co-workers (Mk-MRCCSD).®"63 For the Mk-MRCCSD calculations, two configuration
SCF(TCSCF) orbitals with two active electrons were employed. The active space orbitals
were canonicalized by transforming to the natural orbital basis. In the correlated procedures
the ten lowest-lying core orbitals (P:1s,2s,2p-like) were frozen, in keeping with the design
of the basis sets used. However, for the core valence correlation correction, where aug-cc-
pCVQZ basis sets combined with RCCSD(T) were applied, only the two lowest-lying core
orbitals (P:1s-like) were frozen.

At the RCCSD and RCCSD(T) levels of theory, geometries, harmonic vibrational frequen-

cies, and dipole moments were obtained using numerical differentiation of the total energies;
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on the other hand, at the ROHF, UHF, UCCSD, and UCCSD(T) levels of theory, analytic
second derivative methods were used to compute the molecular properties including the
infrared (IR) intensities. The computations were carried out using the MOLPRO,% the Mainz-
Austin-Budapest version of ACESIT (MAB-ACESII),® and Ps13% ab initio quantum chem-
istry packages. The Mk-MRCCSD calculations were performed with the Psi3 and MCSCF
codes.67:68

The focal point analysis (FPA)%™ paradigm provides a framework within which one
executes dual one- and n-particle expansions, extrapolating to the complete basis set limit
(CBS) using the correlation consistent polarized valence hierarchy (cc-pVXZ). Electron cor-
relation is treated through Mgller-Plesset second-order perturbation theory (MP2), followed
primarily by RCCSD and [RCCSD(T)], as well as RCCSDT. The CCSDT(Q) method is not
yet implemented for ROHF reference functions; therefore, corrections to the RCCSDT ener-
gies for the quadruple excitations were estimated by the difference between spin-unrestricted
UCCSDT(Q) and UCCSDT computations. Since high-order coupled-cluster wave functions
are only very weakly dependent on the reference orbitals, the use of an unrestricted formalism
is expected to have negligible effects, even in the presence of some spin contamination. The
UCCSDT(Q) computations were carried out using the MRCC code of Kallay, through the
MAB-ACESII interface.’® 757" Hartree-Fock energies were extrapolated using a standard

exponential form™

EHF =a-+ be_CX;

while the correlation energies were extrapolated via™
Eeorr =d +eX 2.

where a-e are fitting parameters for energies, and X is the cardinal number corresponding
to the maximum angular momentum of the basis set.

Core-valence correlation corrections were computed as energy differences between all

electron (excluding P 1s-like) and frozen-core (P:1s,2s,2p-like) aug-cc-pCVQZ RCCSD(T).®°
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8185 wwhich constitute the first-order

The diagonal Born-Oppenheimer corrections (DBOC),
perturbative correction to the Born-Oppenheimer energy, were evaluated at the aug-cc-pVQZ
ROHF level of theory. All computations required for the focal point method were performed

at the aug-cc-pVQZ RCCSD(T) optimized geometries.

3.3 ELECTRONIC STRUCTURE CONSIDERATIONS AND CASSCF WAVEFUNCTIONS

The aug-cc-pVQZ CASSCF wavefunctions at the aug-cc-pVQZ RCCSD(T) optimized geome-
tries are described in terms of CASSCF natural orbitals (NOs). The reference configuration
(®1) and several excited configurations with large CI coefficients (|C; |>0.060) are presented
in Table A1, while the electron occupation numbers of valence MOs of the CASSCF wave-
functions are provided in Table A2 as supporting information in Appendix A. The electronic
singlet ground state of the trans-HPPH molecule has (5, symmetry with electron configu-

ration?%40

[(core)(5ag)*(5bu)*(6bu)*(6ag)*(Tag)*(2a4)"] X 1A, (3.1)

where (core) denotes the ten lowest-lying core orbitals (P:1s,2s,2p-like). The six triplet struc-
tures studied in this research are shown in Scheme 1. The lowest-lying triplet state of trans-

HPPH exhibits electron configuration
[(core) (5a,)*(5b,)7(60,)(6a,)* (Ta,)*(2a,0) (2b,0)]  °B,, (3.2)

which corresponds to the m — 7* excitation relative to the ground state.

The electronic configuration of the lowest-lying triplet state of cissHPPH is represented by
[(core)(5a1)*(5by)?(6a1)?(Ta1)?(6by)*(2b10) (2a00)] ® By, (3.3)

which is generated from the ground state of cis structure by the # — 7* excitation.

The skewed structure of B HPPH with C, symmetry displays electron configuration

[(core)(6a)?(6b)*(7a)*(7b)*(8a)?(9ac) (8ba)] ’B. (3.4)
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On the same triplet potential energy surface another local minimum 3A” PPH, with pyra-

midal structure exists, and its electron configuration would be described by
[(core)(9a’)?(10a’)?(3a")?(11a’)?(12a")? (4a" ) (13d’ )] SA”. (3.5)
The electron configuration of A4, planar PPH,y with Cy, symmetry may be written as
[(core)(7a;)?(8ay1)?(3b2)?(9a1)?(3b1)* (4bycr) (4b1 )] 3A,, (3.6)

which is attributed to the n — 7* excitation from the ground state. The transition state

connecting 3A” pyramidal PPH, and 2B skewed HPPH has electron configuration
[(core)(11a)?(12a)*(13a)?(14a)?(15a)*(16aa)(17aa)] 3A. (3.7)

Ty diagnostics™® for all of these structures are lower than 0.026 at the aug-cc-pVQZ
CCSD(T) level of theory, which indicates the single reference character for all structures.
Furthermore, each of the six triplet structures has only one dominant determinant with the
CASSCF CI coefficient greater than 0.96 (Cy in Table A1), confirming the single reference
nature. In the 3B, trans-HPPH wavefunction, the determinant with the second largest CI
coefficient (®) corresponds to the (7a,)*—(7b,)? double excitation [n(c)? — ¢*?]. In a sim-
ilar manner, in all of the other structures the second largest determinants (®,) are generated

by n(o)? — ¢*? double excitations.

3.4 RESULTS AND DISCUSSION

In Figure 3.1 the optimized geometries for the six triplet PoHs structures at the aug-cc-pVQZ
RCCSD(T) level of theory are depicted, while in Table 3.1 the total energies and physical
properties at the same level of theory are presented. Selected optimized geometrical param-
eters for the six triplet structures are reported in Figures A1-A6. The harmonic vibrational
frequencies and dipole moments at all the levels of theory are given in Tables A3-A8, while

the total energies and barriers for isomerization reactions are provided in Tables A9-A15.
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3.4.1 (GEOMETRIES

In Figure 3.1 (also in Figure Al), it is seen that the PP bond length in the 3B, trans-
HPPH structure is predicted to be 2.291 A at the aug-cc-pVQZ RCCSD(T) level of theory, a
distance being much longer than 2.038 A of 1A, closed-shell ground state trans-HPPH with
the same theoretical treatment,*® and also longer than the PP single bond length (2.238 A) of
HyPPH,.87 This feature is clearly due to the m — 7* excitation as shown in Eq. (2). However,
the PH bond lengths in the ground and excited states are almost the same, around 1.42 A.
At the RCCSD(T) level of theory, both of the aug-cc-pVQZ and aug-cc-pV(Q-+d)Z basis sets
predict the PP bond length to be around 2.29 A, although the extra tight d function slightly
shortens the PP bond distance. Not surprising, all of trends observed in the trans-HPPH are
also present in the 3By cissHPPH structure in Figure 3.1 (also in Figure A2).

The optimized geometries for the 3B skewed HPPH structure are depicted in Figure 3.1
(also in Figure A3). The PP bond length of this structure is predicted to be considerably
shorter than those of the 3B, trans- and 3By cis-HPPH structures at all levels of theory.
Since the dihedral angle of the B skewed HPPH is around 90°, the formation of the 7 and
7* PP bonds are strictly prohibited, enhancing the PP ¢ bond. As with the trans-HPPH
and cissHPPH, the geometrical parameters computed at the aug-cc-pV(Q+d)Z RCCSD(T)
level of theory are almost the same as those from the aug-cc-pVQZ RCCSD(T) treatment.

Although the PPH, has a planar equilibrium structure on the singlet PES,?%40 the triplet
PPH, presents a non-planar (pyramidalized) equilibrium structure as shown in Figure 3.1
(also in Figure A4). The pyramidal angle with respect to the planar structure is around 80°,
which implies less efficient hybridization of the P atom, compared to the first row atoms. The
3 Ay planar PPH; in Figure 3.1 (also in Figure A5) which presents a transition state on the
triplet PES (vide infra), possesses a much longer PP bond distance (2.092 A) than that of
the ground state 'A; planar PPH, (1.949 A). This is consistent with decreasing by one bond
order due to the n — 7* excitation in Eq. (6). The P(2)-H(4) bond length of the transition

state connecting 3B skewed HPPH and 3A” pyramidal PPH, isomers (see Figure 3.1 and
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Figure A6 for numbering) is significantly elongated compared to the PH bond distance of
the 3B skewed HPPH. This structural change accompanies the decrease of the P(1)-P(2)-
H(4) bond angle, demonstrating the migration of H(4) from P(2) to P(1) to form the 3A”

pyramidal PPH, isomer.

3.4.2 DirPOLE MOMENTS

The dipole moment of 3B, cis-HPPH in Table A4 decreases with the inclusion of correlation
effects and its magnitude [0.964 debye, at the aug-cc-pVQZ RCCSD(T) level of theory] is
comparable to that of the ground state closed-shell ciss HPPH [1.092 debye, at the same level
of theory|. The former feature is associated with the double excitation ®y [(7a;)*—(7b1)?]
in Table A1, which shifts the electron from 7a; MO (parallel to the Cy axis) to the 7by
MO (perpendicular to the Cy axis). The dipole moment of 34, planar PPHj is predicted to
be 1.30 debye at the aug-cc-pVQZ RCCSD(T) level of theory, while the dipole moment of
the corresponding ground state is determined to be 2.27 debye with the same treatment of
theory. This significant decrease may be ascribed to the n — 7* excitation [(4by)—(4b;)] in
Eq. (6), which redistributes the electrons from in-plane orbital 4by MO to out of plane 4b;
MO. Unlike the 3B, cis-HPPH structure, the dipole moment of 34, planar PPH, in Table
A7 increases with inclusion of correlation effects. This phenomenon is related to the double
excitations ®5 and @3 in Table A1, which shift the electron from the 9a; MO (less polar) to

the 10a; MO (more polar) along the Cy axis.

3.4.3 HARMONIC VIBRATIONAL FREQUENCIES AND ASSOCIATED IR INTENSITIES

The trans-HPPH, cis-HPPH, and planar PPHy, which are minima on the ground singlet
state PES,?240 become transition states on the triplet PES. Two equivalent skewed HPPH
on the triplet PES are converted via trans-HPPH or cis-HPPH transition states, while 34,
planar PPH, is the transition state which connects two equivalent 3 A” pyramidal PPH, (vide

infra).
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As shown in Table 3.1 (and Table A3), the torsional vibrational frequency of *B,, trans-
HPPH is imaginary (486i cm™), which demonstrates this structure is a transition state on
the triplet PES, whereas the ground state trans-HPPH is a minimum. The PP stretching
mode [426 cm™ at the aug-cc-pVQZ RCCSD(T) level of theory] of 3B, trans-HPPH has
a lower frequency than that (610 cm™ at the same level of theory) of the ground state,
which arises from the longer PP bond length after the 7 — 7* excitation in Eq (2). The
vibrational frequencies of the PP and PH stretching modes decrease with the inclusion
of correlation effects, which is in agreement with the elongated bond lengths. Finally, the
vibrational frequencies computed with aug-cc-pV(Q+d)Z basis sets are almost the same as
those with aug-cc-pVQZ basis sets.

There is another triplet transition state 3By cis-HPPH located on the same PES. The
imaginary frequency of torsional mode (527i cm™) in Table 3.1 (and Table A4) indicates
the triplet cis-structure is a transition state, although the corresponding cis-structure of the
ground state is a minimum. The PP stretching mode (417 cm™) of ? By cissHPPH has a lower
vibrational frequency than that (597 cm™) of the ground state due to the elongation of the PP
bond. The vibrational frequencies of By ciss HPPH computed using the aug-cc-pV(Q+d)Z
and aug-cc-pVQZ basis sets are consistent within 5 cm™.

The skewed structure *B HPPH is a minimum structure on the triplet PES (in Table
3.1 and Table A5), and may be converted into another equivalent structure via either the
3B, trans-HPPH or 3B, cis-HPPH transition states through the torsional mode. The IR
intensities of the six normal modes are explored using three different levels of theory combined
with UHF as reference wavefunctions. Since this structure possesses Cy symmetry, all of the
modes are IR active and the two PH stretching modes [w; (@) and ws(b)] present the strongest
intensities as shown in Table A5.

The pyramidal 3A” PPH, isomer is also a minimum on the triplet PES (in Table 3.1 and
Table AG6), as evidenced by its lack of imaginary frequencies. The PP stretching mode shows

a lower frequency (444 cm™) compared to that (687 cm™) of the planar singlet state, which
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is in agreement with the single bond character of the PP bond after the triplet excitation.
In this Cs symmetry structure, all of the vibrational modes are IR active; the strongest
intensities are generated by the PH stretching modes [wy(a’) and ws(a”)], while the weakest
arises from the PP stretching mode [wy(a’)] (see Table A6).

The imaginary frequency [780i cm™, at the aug-cc-pVQZ RCCSD(T) level of theory] of
the 3A, planar structure is assigned to the PH, wagging mode (in Table A7). Following this
wagging mode yields two equivalent 3A” pyramidal PPH, structures. Because of the n — 7*
excitation in Eq. (6), the PP bond length of 34, planar PPH, structure is substantially
increased compared to the ground state planar PPH,. This structural change correlates with
the decrease of the PP stretch frequency (687 — 545 cm™). As shown in other structures
above, the aug-cc-pV(Q+d)Z basis sets provide very close vibrational frequencies as the
aug-cc-pVQZ basis sets at the RCCSD(T) level of theory.

As it is established that the employment of different reference and/or basis set with
extra d function will not lead to significant differences, for the transition state connecting
3B skewed HPPH and 3A” pyramidal PPH, isomers, only the ROHF reference and standard
basis sets are utilized to characterize the 3A structure. The eigenvector (reaction coordinate)
of the imaginary frequency in Table3.1 (and Table A8) is an admixture of P(1)-P(2)-H(4)
bending and P(2)-H(4) stretching modes.

3.4.4 ENERGETICS

The total energies and relative energies of the six structures at the nineteen levels of theory
are presented in Tables A9 and A10. Focal point analyses of the energy difference and
reaction barriers of isomerization reactions are provided in Tables A11-A15. The summary
of the relative energies of the six structures with respect to the global minimum (closed-shell

YA, trans-HPPH) are shown in Table 3.2, Table 3.3, and Figure 3.2.
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NON-PLANAR TRIPLET MINIMA

In order to accurately predict the energy differences focal point analysis techniques are
employed. At the HF-CBS limit the energy difference between the 3A” pyramidal PPH,
structure with respect to the global minimum is determined to be 5.74 kcal mol™(in Table
3.2 and Table A11). The energy difference is drastically increased with inclusion of correlation
effects. At the UCCSDT(Q)-CBS limit the relative energy is extrapolated to be 27.68 kcal
mol!. With consideration of FPA plus ZPVE, core-valence, and DBOC, the relative energy
of the 3A” pyramidal PPH, structure with respect to the global minimum 'A, trans-HPPH
is determined to be 27.3540.3 kcal mol™ (in Table 3.2 and Table A11). In a similar manner,
the energy separation between the two minima, >A” pyramidal PPH, and 3B skewed HPPH
on the triplet PES is extrapolated to be 5.99 kcal mol ™ at the UCCSD(T)-CBS limit. With
the three corrections, the final energy difference is 5.094-0.3 kcal mol ! (in Table 3.2 and Table
A12), compared to 0.241 ev (5.6 kcal mol™) at the CCSD(T)/aug-cc-pVTZ//B3LYP /aug-
cc-pVTZ level of theory by Ervin and Lineberger.?> Therefore, the relative energy of the
3B skewed HPPH with regard to the global minimum 'A, trans-HPPH is predicted to be

32.44+0.3 keal mol™ (in Table 3.3).

PLANAR TRIPLET TRANSITION SATES

As mentioned above, trans-HPPH, cissHPPH, and planar PPH,, which are minima on the
singlet ground state PES, become transition states on the triplet PES. With inclusion of FPA,
ZPVE, core-valence, and DBOC the final energy separations become 41.53+0.3, 43.55+0.3,
and 45.9140.3 kcal mol™?, respectively (as shown in Table 3.3). The 3A transition state
connecting the 3B skewed HPPH and the ®A” pyramidal PPH, is extrapolated to be 50.07
kcal mol! above the global minimum at the UCCSD(T)-CBS limit. The relative energy
decreases to 48.85+0.3 kcal mol ! with inclusion of the three corrections mentioned above

(in Table 3.3).
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ENERGY BARRIERS FOR ISOMERIZATION REACTIONS

At the HF-CBS limit the energy barrier for the isomerization reactions of two equivalent
3 A" pyramidal PPH, via 3 A, planar PPH, transition state is extrapolated to be 25.35 kcal
mol! (in Table A13). This energy barrier is sensitive to the basis sets at the MP2 level of
theory. The energy difference between the cc-pV6Z and the CBS limit at the MP2 level of
theory is computed to be 0.16 kcal mol. The energy contribution from quadruple excita-
tions is estimated by the difference between the UCCSDT(Q) and UCCSDT methods. As
expected, the correction from quadruple excitations is very small, less than 0.05 kcal mol™.
The UCCSD(T)-CBS limit value is estimated to be 19.25 kcal mol™. Additional corrections
to the relative energies have been included to arrive at the final recommended values. One
sees that the inclusion of the correction for core-valence effects is vital to predict relative
energies to be accurate within 0.3 kcal mol?, while DBOC is negligible. The final energy
barrier for the isomerization reactions of two equivalent >A” pyramidal PPH, via 3 A, planar
PPH, transition state is determined to be 18.5640.3 kcal mol ! (in Table 3.2 and Table A13).

Focal point analyses for the isomerization reactions of two equivalent 3B skewed struc-
tures through 3B, trans-HPPH transition state and via 2B, cis-HPPH transition state are
presented in Table A14. The extrapolated HF energies at the CBS limit are determined to
be 6.54 and 8.51 kcal mol!. The energy barriers at the UCCSDT(Q)-CBS limit increase
to 9.47 and 11.59 kcal mol™!, respectively. The final reaction barriers are estimated to be
9.0940.3 and 11.1140.3 kcal mol™* with consideration of the ZPVE, core-valence corrections,
and DBOC. Ervin and Lineberger estimated the energy barrier via B, cissHPPH transition
state to be 0.448 ev (10.33 kcal mol™!) at the CCSD(T) /aug-cc-pVTZ//B3LYP /aug-cc-pVTZ
level of theory.?® The HF-CBS limit overestimates the reaction barrier for the isomerization
reaction (*B skewed HPPH — 3A” pyramidal PPH,) (Table A15). Extrapolating to the
UCCSDT(Q)-CBS limit lowers the reaction barrier to 17.40 kcal mol™'. The additional three

corrections decrease the barrier by 0.99 kcal mol™! to 16.4140.3 kcal mol™. In Figure 3.2 the
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triplet potential energy surface has been schematically depicted using FPA with corrections

for core-valence, ZPVE, and DBOC effects.

SINGLET-TRIPLET ENERGY CROSSING

Since the two singly occupied molecular orbital (SOMO) are perpendicular with each other
in the *B skewed HPPH structure and the transition state ' A HPPH (connecting ' A, trans
and 'A; cissHPPH), very weak spin coupling is anticipated. This may give rise to the energy
crossing of the singlet and triplet potential energy hypersurfaces. In order to clarify this
possibility, the Mk-MRCCSD method combined with cc-pVQZ basis sets is employed to
optimize the geometries and compute the energies of the two structures. At the optimized
geometry of the ' A transition state, the energy of the singlet state is about 1.2 kcal mol™!
higher than the triplet state, while at the 3B skewed HPPH optimized geometry, this triplet
structure lies about 1.4 kcal mol! below the singlet state. Schoeller et al®® also predicted
that this triplet state shows lower energy, but the difference was estimated to be 0.5 kcal

mol using the MRCI method.

3.5 (CONCLUSIONS

The low-lying triplet states of diphosphene (HPPH) and disphosphinylidene (PPH;) have
been systematically investigated in order to better understand about the relevant excita-
tion processes. It is demonstrated that the theoretical computation of the six triplet state
structurs is not very sensitive to reference wavefunctions (ROHF and UHF) and basis sets
at higher levels of correlated methods, such as CCSD and CCSD(T). The trans- and cis-
HPPH structures, which are minima on the ground singlet PES, become transition states on
the triplet PES. These transition states connect two equivalent 3B skewed structures; the
lower barrier through 3B, trans-HPPH as transition state is estimated to be 9.1£0.3 kcal
mol™! using FPA plus three other corrections. The barrier between two equivalent 3A” pyra-

midal PPH, via 3A, planar PPH, is determined to be 18.6+0.3 kcal mol*. The conversion
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of the two minima on the triplet PES (*B skewed HPPH — 3A” pyamidal PPH,) can be
accomplished via hydrogen migration with a barrier of 16.440.3 kcal mol'. The crossover
of the singlet and triplet adiabatic potential energy surfaces is studied using the Mk-MRCC
method combined with the cc-pVQZ basis set. The 3B skewed HPPH is estimated to be 1.4
kcal mol™! lower than 'A skewed HPPH transition state at the 2B skewed HPPH optimized

geometry.

3.6 ACKNOWLEDGMENTS

T. Lu thanks Dr. Steven E. Wheeler, Dr. Yaoming Xie, and Jeremiah J. Wilke for their
insightful discussions. This research was supported by the U.S. Department of Energy, Office
of Basic Energy Sciences, Grant No. DE-FG02-00ER 14748 and used resources of the National
Energy Research Scientific Computing Center, which is supported by the Office of Science
of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.



3.7

[10]

[11]

[12]
[13]

[14]

[15]

66

REFERENCES

Roncali, J. Chem. Rev. 1997, 97, 173-205

Heeger, A. J. Synth. Met. 2001, 125, 23-42

MacDiarmid, A. G. Angew. Chem.-Int. FEd. 2001, 40, 2581-2590

Hissler, M.; Dyer, P. W.; Réau, R. Coord. Chem. Rev. 2003, 244, 1-44

Babudri, F.; Farinola, G. M.; Naso, F. J. Mater. Chem. 2004, 14, 11-34

Nielsen, M. B.; Diederich, F. Chem. Rev. 2005, 105, 1837-1867

Kraft, A.; Grimsdale, A. C.; Holmes, A. B. Angew. Chem.Int. Ed. 1998, 37, 402-428

Hay, C.; Fischmeister, C.; Hissler, M.; Toupet, L.; Réau, R. Angew. Chem.-Int. FEd.
2000, 39, 1812-1815

Hay, C.; Hissler, M.; Fischmeister, C.; Rault-Berthelot, J.; Toupet, L.; Nyulaszi, L.;
Réau, R. Chem.-Eur. J. 2001, 7, 4222-4236

Jin, Z.; Lucht, B. J. Organomet. Chem. 2002, 653, 167-176

Fave, C.; Cho, T. Y.; Hissler, M.; Chen, C. W.; Luh, T. Y.; Wu, C. C.; Reau, R. J. Am.
Chem. Soc. 2003, 125, 9254-9255

Smith, R. C.; Protasiewicz, J. D. FEur. J. Inorg. Chem. 2004, 998-1006
Smith, R. C.; Protasiewicz, J. D. J. Am. Chem. Soc. 2004, 126, 2268-2269

Shah, S.; Concolino, T.; Rheingold, A. L.; Protasiewicz, J. D. Inorg. Chem. 2000, 39,
3860-3867

Sasamori, T.; Tokitoh, N. Dalton Trans. 2008, 1395-1408



[16]

[17]

[18]
[19]
[20]
[21]

[22]

[23]

67

Copeland, T.; Shea, M. P.; Milliken, M. C.; Smith, R. C.; Protasiewicz, J. D
Simpson, M. C. Anal. Chim. Acta 2003, 496, 155-163

Kawasaki, S.; Nakamura, A.; Toyota, K.; Yoshifuji, M. Bull. Chem. Soc. Japan 2005,
78, 1110-1120

Pietschnig, R.; Niecke, E. Organometallics 1996, 15, 891-893

Nagahora, N.; Sasamori, T.; Takeda, N.; Tokitoh, N. Chem.-Eur. J. 2004, 10, 6146-6151

Moser, C.; Nieger, M.; Pietschnig, R. Organometallics 2006, 25, 26672672

Nagahora, N.; Sasamori, T.; Tokitoh, N. Chem. Lett. 2006, 35, 220-221

Allen, T. L.; Scheiner, A. C.; Yamaguchi, Y.; Schaefer, H. F. Chem. Phys. Lett. 1985,
121, 154158

Allen, T. L.; Scheiner, A. C.; Yamaguchi, Y.; Schaefer, H. F. J. Am. Chem. Soc. 1986,
24, T579-7588

Ito, K.; Nagase, S. Chem. Phys. Lett. 1986, 126, 531-536

Nguyen, M. T. Chem. Phys. 1986, 109, 277-288

Allen, T. L.; Scheiner, A. C.; Schaefer, H. F. J. Phys. Chem. 1990, 94, 77807784

Esseffar, M.; Luna, A.; M6, O.; Yanez, M. J. Phys. Chem. 1993, 97, 6607-6615

Sevin, A.; Gherbi, A.; Chaquin, P. Chem. Phys. Lett. 1994, 223, 227-232

Mahé, L.; Barthelat, J. C. J. Phys. Chem. 1995, 99, 68196827

Chaquin, P.; Gherbi, A.; Masure, D.; Sevin, A. J. Mol. Struct. 1996, 369, 85-92

Schoeller, W.; Rozhenko, A. B. Eur. J. Inorg. Chem. 2001, 845-850

Amatatsu, Y. J. Phys. Chem. A 2008, 112, 83824-8828



68

Lai, C.-H.; Su, M.-D. J. Comp. Chem. 2008, 29, 2487-2499

Amatatsu, Y. J. Phys. Chem. A 2009, 113, 9667-9674

Ervin, K. M.; Lineberger, W. C. J. Chem. Phys. 2005, 122, 194303

Jin, S.; Colegrove, B. T.; Schaefer, H. F. Inorg. Chem. 1991, 30, 2969-2977

Nguyen, M. T.; Keer, A. V.; Vanquickenborne, L. G. J. Org. Chem. 1996, 61, 7077-7084

Wang, Y.; Ma, J.; Jiang, Y. J. Phys. Chem. A 2005, 109, 7197-7206

Peng, H.-L.; Payton, J. L.; Protasiewicz, J. D.; Simpson, M. C. J. Phys. Chem. A 2009,
113, 7054-7063

Lu, T.; Simmonett, A. C.; Evangelista, F. A.; Yamaguchi, Y.; Schaefer, H. F. J. Phys.
Chem. A 2009, 113, 13227-13236

Dunning, T. H. J. Chem. Phys. 1989, 90, 1007-1023

Kendall, R. A.; Dunning, T. H.; Harrison, R. J. J. Chem. Phys. 1992, 96, 6796-6806

Woon, D. E.; Dunning, T. H. J. Chem. Phys. 1993, 98, 13581371

Dunning, T. H.; Peterson, K. A.; Wilson, A. K. J. Chem. Phys. 2001, 114, 9244-9253

Purvis, G. D.; Bartlett, R. J. J. Chem. Phys. 1982, 76, 1910-1918

Scuseria, G. E.; Scheiner, A. C.; Lee, T. J.; Rice, J. E.; Schaefer, H. F. J. Chem. Phys.
1987, 86, 2881-2890

Scuseria, G. E.; Janssen, C. L.; Schaefer, H. F. J. Chem. Phys. 1988, 89, 7382-7387

Rittby, M.; Bartlett, R. J. J. Phys. Chem. 1988, 92, 3033-3036

Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M. Chem. Phys. Lett.
1989, 157, 479483



[50]

[51]

[52]

69

Bartlett, R. J.; Watts, J. D.; Kucharski, S. A.; Noga, J. Chem. Phys. Lett. 1990, 165,
513-522

Bartlett, R. J.; Watts, J. D.; Kucharski, S. A.; Noga, J. Chem. Phys. Lett. 1990, 167,
609

Gauss, J.; Lauderdale, W. J.; Stanton, J. F.; Watts, J. D.; Bartlett, R. J. Chem. Phys.
Lett. 1991, 182, 207-215

Noga, J.; Bartlett, R. J. J. Chem. Phys. 1987, 86, 7041-7050

Scuseria, G. E.; Schaefer, H. F. Chem. Phys. Lett. 1988, 152, 382-386

Noga, J.; Bartlett, R. J. J. Chem. Phys. 1988, 89, 3401

Watts, J. D.; Bartlett, R. J. J. Chem. Phys. 1990, 93, 6104-6105

Bomble, Y. J.; Stanton, J. F.; Kallay, M.; Gauss, J. J. Chem. Phys. 2005, 123, 054101
Kallay, M.; Gauss, J. J. Chem. Phys. 2005, 123, 214105

Knowles, P. J.; Werner, H.-J. Chem. Phys. Lett. 1985, 115, 259

Werner, H.-J.; Knowles, P. J. J. Chem. Phys. 1985, 82, 5053

Mahapatra, U. S.; Datta, B.; Mukherjee, D. Mol. Phys. 1998, 94, 157-171
Evangelista, F. A.; Allen, W. D.; Schaefer, H. F. J. Chem. Phys. 2006, 125, 154113
Evangelista, F. A.; Allen, W. D.; Schaefer, H. F. J. Chem. Phys. 2007, 127, 024102

Werner, H.-J. et al. MOLPRO, version 2006.1 (a package of ab initio programs); see

http://www.molpro.net.

Stanton, J. F.; Gauss, J.; Watts, J. D.; Szalay, P. G.; Bartlett, R. J.; with con-

tributions from Auer, A. A.; Bernholdt, D. E.; Christiansen, O.; Harding, M. E.;



70

Heckert, M.; Heun, O.; Huber, C.; Jonsson, D.; Jusélius, J.; Lauderdale, W. J.;
Metzroth, T.; Michauk, C.; O’Neill, D. P.; Price, D. R.; Ruud, K.; Schiffmann, F.;
Tajti, A.; Varner, M. E.; Vdzquez, J.; and the integral packages: MOLECULE (Almlof, J.;
Taylor, P. R.), Props (Taylor, P. R.), and ABAcuUS (Helgaker, T.; Jensen, H. J. Aa,;

Jorgensen, P.; Olsen, J.). Current version see http://www.aces2.de.

Crawford, T. D.; Sherrill, C. D.; Valeev, E. F.; Fermann, J. T.; King, R. A
Leininger, M. L.; Brown, S. T.; Janssen, C. L.; Seidl, E. T.; Kenny, J. P.; Allen, W. D.
J. Comp. Chem. 2007, 28, 1610-1616

Evangelista, F. A. MCSCF is a program for multi-configuration self-consistent field cal-

culations., 2008

Evangelista, F. A.; Simmonett, A. C. PSIMRCC is a computer code written at the Uni-
versity of Georgia to perform multireference coupled cluster computations (2007). See

http://www.ccc.uga.edu/psimrcc.
East, A. L. L.; Allen, W. D. J. Chem. Phys. 1993, 99, 4638—-4650
Csaszar, A. G.; Allen, W. D.; Schaefer, H. F. J. Chem. Phys. 1998, 108, 9751-9764

Gonzales, J. M.; Pak, C.; Cox, R. S.; Allen, W. D.; Schaefer, H. F.; Csaszar, A. G.;
Tarczay, G. Chem.-Eur. J. 2003, 9, 21732192

Schuurman, M. S.; Muir, S. R.; Allen, W. D.; Schaefer, H. F. J. Chem. Phys. 2004,
120, 11586-11599

Allen, W. D.; East, A. L. L.; Csaszar, A. G. In Structures and Conformations of Non-
Rigid Molecules; Laane, J., Dakkouri, M., van der Veken, B., Oberhammer, H., Eds.;
Kluwer: Dordrecht, The Netherlands, 1993; pp 343-373



[74]

71

Csaszar, A. G.; Tarczay, G.; Leininger, M. L.; Polyansky, O. L.; Tennyson, J.;
Allen, W. D. In Spectroscopy from Space; Demaison, J., Sarka, K., Eds.; Kluwer: Dor-
drecht, The Netherlands, 2001; pp 317-339

Wilke, J. J.; Allen, W. D.; Schaefer, H. F., III J. Chem. Phys. 2008, 128, 074308
MRCC, a string-based quantum chemical program suite witten by M. Kallay.

Kallay, M.; Surjan, P. R. J. Chem. Phys. 2001, 115, 2945-2954

Feller, D. J. Chem. Phys. 1993, 98, 7059-7071

Helgaker, T.; Klopper, W.; Koch, H.; Noga, J. J. Chem. Phys. 1997, 106, 9639-9646
Peterson, K. A.; Dunning, T. H. J. Chem. Phys. 2002, 117, 10548-10560

Handy, N. C.; Yamaguchi, Y.; Schaefer, H. F. J. Chem. Phys. 1986, 8/, 4481-4484
Ioannou, A. G.; Amos, R. D.; Handy, N. C. Chem. Phys. Lett. 1996, 251, 52-58
Handy, N. C.; Lee, A. M. Chem. Phys. Lett. 1996, 252, 425-430

Kutzelnigg, W. Mol. Phys. 1997, 90, 909-916

Valeev, E. F.; Sherrill, C. D. J. Chem. Phys. 2003, 118, 3921-3927

Jayatilaka, D.; Lee, T. J. J. Chem. Phys. 1993, 98, 9734-9747

Matus, M. H.; Nguyen, M. T.; Dixon, D. A. J. Phys. Chem. A 2007, 111, 1726-1736

Schoeller, W. W.; Begemann, C.; Tubbesing, U.; Strutwolf, J. J. Chem. Soc., Faraday
Trans. 1997, 93, 2957-2962



72

Table 3.1: Theoretical predictions of the total energy (in hartree), dipole moment (.,
in debye), harmonic vibrational frequencies (in cm™), and zero point vibrational energies
(ZPVE, in kcal mol!) for the six triplet PoHy structures at the cc-pVQZ RCCSD(T) level
of theory.

Structures Energy Le w1 wa w3 w4 ws we ZPVE
3B, transHPPH  -682.954506 0 2377(ag) 905(ag) 426(ay) 486i(ay) 2388(by) 645(b,) 9.65
3B, cis HPPH -682.951351 0.964 2397(a1) 684(a1) 417(ay) 527i(az) 2381(bs) 807(by) 9.56
3B skewed HPPH  -682.969240 0.743 2354(a) 675(a) 471(a) 449(a) 2354(b) 655(b) 9.95
3 A" pyramidal PPH, -682.979101 0.823 2384(a/) 1079(a’) 634(a/) 444(a’) 2395(a") 670(a”) 10.88
3 Ay planar PPH, -682.947804 1.299 2542(ay) 1036(a1) 545(a;) 780i
3 A transition state  -682.942050 -  2360(a) 1680(a) 828(a) 624

b1) 2583(by) 494(by) 10.30

(
(a) 465(a) 1119i(a) 8.53
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Table 3.2: Focal point analyses of the energy differences (in kcal mol™). All computations

are performed at aug-cc-pVQZ RCCSD(T) optimized geometries.

Basis set AE[HF] 4+46[MP2] +6[RCCSD] +§[RCCSD(T)] +4[RCCSDT] +4[UCCSDT(Q)] = AE
LA, trans-HPPH — 3A” pyramidal PPHy
CBS LIMIT [+5.74] [+23.10] [-4.48] [+3.42] [-0.29] [+0.20] [+27.68]
AE?iml = 27.68 — 0.22 — 0.10 — 0.01 = 27.35 kcal mol!
3 A" pyramidal PPHy — 3B skewed HPPH
CBS LIMIT [+8.95] [-2.69] [+0.05] [-0.28] [-0.05] [+0.01] [+5.99]
AFEtina = 5.99 —0.92 — 0.00 + 0.03 = 5.09 kcal mol!
3 A" pyramidal PPHy — 3 A, planar PPH, transition state
CBS LIMIT [+25.35] [-6.80] [+1.76] [-1.05] [+0.03] [-0.03] [+19.25]
AFEfina = 19.25 — 0.58 — 0.09 — 0.01 = 18.56 kcal mol
3B skewed HPPH — 3B, trans-HPPH transition state
CBS LIMIT [+6.54] [+3.04] [-0.70] [+0.61] [-0.00] [-0.02] [+9.47]
AEfina = 9.47 — 0.31 — 0.09 + 0.02 = 9.09 kcal mol !
3B skewed HPPH — 3By cis-HPPH transition state
CBS LIMIT [+8.51] [+3.37] [-0.96] [+0.70] [-0.01] [-0.02] [+11.59]
AEfing = 11.59 — 0.39 — 0.10 + 0.01 = 11.11 kcal mol!
3B skewed HPPH — 3A transition state
CBS LIMIT [+30.39] [-15.80] [+5.13] [-2.30] [+0.01] [-0.04] [+17.40]

AEfing = 17.40 — 1.43 + 0.14 + 0.30 = 16.41 kcal mol!

a Azpyp=zero point vibrational energy correction from aug-cc-pVQZ RCCSD(T) harmonic
frequencies; AFE,,..=core-valence correlation correction at the aug-cc-pCVQZ RCCSD(T) level of
theory; Appoc=diagonal Born-Oppenheimer correction at the aug-cc-pVQZ ROHF level of

theory; AEfina = AE + Azpve + AEcore + ApBoC-
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Table 3.3: Relative energies (in kcal mol™!) of the six triplet structures with respect to the
closed-shell * A, trans-HPPH.

Energy® 1Ag trans-HPPH 3B, trans-HPPH 3By cisHPPH 3B skewed HPPH 3A” pyramidal PPH, 3Ay planar PPH, 3A transition state
AE 0.00 43.14 45.26 33.68 27.68 46.93 51.07
AEzpvE 0.00 41.69 43.72 32.53 27.46 46.13 48.50
AE 7Py E+core 0.00 41.49 43.51 32.42 27.36 45.93 48.53
AFEzpy E+core+DBOC 0.00 41.53 43.55 32.44 27.35 45.91 48.85

% A FE=relative energies from focal point analyses; Az py p=zero point vibrational energy
correction from aug-cc-pVQZ RCCSD(T) harmonic frequencies; AE,,,.=core-valence correlation
correction at the aug-cc-pCVQZ RCCSD(T) level of theory; Appoc=diagonal
Born-Oppenheimer correction at the aug-cc-pVQZ ROHF level of theory.
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T= 91.46°

3B. trans-HPPH 3B, cis-HPPH 3B skewed-HPPH

49.14° 1.5968

34" pyramidal PPH2 345 planar PPH2 34 transition state

Figure 3.1: Predicted geometries for the six triplet PoHy structures at the aug-cc-pVQZ
RCCSD(T) level of theory, and bond lengths are in angstrom.
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ANHARMONIC VIBRATIONAL ANALYSIS FOR DISILACYCLOPROPENYLIDENE (S1,CHy)!
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4.1 INTRODUCTION AND LITERATURE REVIEW

4.1.1 ABSTRACT

The global minimum on the SioCHj electronic singlet potential energy surface has been theo-
retically predicted to be a peculiar hydrogen bridged (Si-- - H- - - Si) disilacyclopropenylidene
structure (SigCHy-1S). An accurate quartic force field for SigCH,-1S has been determined
employing ab initio coupled-cluster (CC) theory with single and double excitations and a
perturbative treatment for triple excitations [CCSD(T)], in combination with the correlation
consistent core-valence quadruple zeta (cc-pCVQZ) basis set. The vibration-rotation coupling
constants, equilibrium and zero-point vibration corrected rotational constants, centrifugal
distortion constants, harmonic and fundamental vibrational frequencies for six isotopologues
of SiyCH,-18 are predicted using vibrational second-order perturbation theory (VPT2). The
anharmonic corrections for the vibrational motions involving the H bridged bonds are found
to be more than 5% with respect to the corresponding harmonic vibrational frequencies. In

this light an experimental detection and characterization of SisCHs-18 is highly desired.

4.1.2 INTRODUCTION

Silicon is one of the most abundant elements in interstellar space and silicon harboring
molecules are considered to be key molecules in astrochemistry.? It is already known
that several silicon-containing molecules, such as SiC, ¢SiC,, and SiCN, are abundant
in the circumstellar envelopes of the star IRC + 10 216> In view of the similarity of
hydrogenated silicon-carbon species (Si,C,H,) to the important known hydrocarbon species
(C,H,), Si,C,H, systems might be detectable in molecular clouds in interstellar space as
well. The proposal concerning the parent cyclopropenylidene (C3Hs) by J. P. Maier and
coworkers!! involving the diffuse interstellar bands (DIBs) is particularly fascinating. The

Maier proposal (2011) has recently been carefully discussed by Oka and McCall.'?
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The dihydrogenated ¢-SiCs, silacyclopropenylidene (SiCoHs), was first produced via the
pulsed flash pyrolysis of 2-ethynyl-1,1,1-trimethyldisilane and was detected by matrix isola-

13,14 in agreement with the early theoretical prediction that the silacyclo-

tion spectroscopy,
propenylidene is the global minimum on the electronic singlet SiCoHs potential energy surface
(PES).1%16 Subsequently, a new experimental approach was employed to obtain silacyclo-
propenylidene from co-deposition of atomic silicon with acetylene in an argon matrix.!” In
addition, the measurement of rotational constants for silacyclopropenylidene using a source-
modulated microwave spectrometer permitted the determination of the r, structural param-
eters.!8

More recently, theoretical investigations of silacyclopropenylidene as well as other SiCoHs
isomers have been performed employing highly correlated levels of ab initio theory.'*3! The
photochemical reaction pathway of silacyclopropenylidene was predicted to be drastically
different from that of the parent cyclopropenylidene using an eight electrons/eight orbitals
complete active space self-consistent field (CASSCF) method with the 6-311++G(3df,3pd)
basis set.?? In the most recent theoretical study, six minima and one transition state for
SiCyHy were located on the closed-shell singlet electronic state PES, in which the energy
difference between silacyclopropenylidene and silacyclopropyne was predicted to be 46.1 kcal
mol! with zero-point vibration energy corrections.??

In comparison with its isovalent structures, C3H, and SiCyH,, relatively few studies of the
SioCHs molecular system have been performed. In an early theoretical survey on the PES
of Si;CH,,** the global minimum was reported to be disilacyclopropenylidene with both
Si atoms possessing divalent character, at the MP2/6-31G*//HF/3-21G* level of theory.
This was confirmed in a further investigation of geometrical structures and isomeric sta-
bilities of various stationary points of SioCHy using coupled cluster theory in combination
with correlation consistent basis sets.®® Recently, nine structures of SioCH, were located by

Wu and coworkers®® on the electronic singlet PES, of which six structures are found to be

minima, two structures to be transition states, and one structure to be a stationary point
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of Hessian index two. The existence of the multi-centered hydrogen bridged structure, disi-
lacyclopropenylidene (SioCHs,), as the global minimum was firmly established. The relative
energies were reliably determined employing focal point analyses. The noticeable difference
between Si,CHy and its isovalent parent C3H, was emphasized in that paper. In addition,
the harmonic vibrational frequencies and associated infrared (IR) intensities were reported
for all equilibirum structures.®?

In the present investigation, the determination of molecular structural parameters was
performed using the ab initio coupled cluster with single, double, and perturbative triple
excitations [CCSD(T)] method,**3® with the correlation-consistent polarized core-valence
quadruple zeta (cc-pCVQZ) basis set.3 ! With the same level of theory, harmonic and
anharmonic force fields are determined to provide vibration-rotation coupling constants,
equilibrium and zero-point vibration corrected rotational constants, centrifugal distortion
constants, harmonic and fundamental vibrational frequencies employing vibrational second-

order perturbation (VPT2) theory.*>*® The present study should provide a guide for the

future spectroscopic identification of disilacyclopropenylidene.

4.2 SYMMETRY INTERNAL COORDINATES

The vibrational potential energy (V') for disilacyclopropenylidene (Si;CHs) may be expanded
in terms of displacement symmetry internal coordinates (A S;) in the vicinity of the equi-
librium point (E.) as

_ 1 1 1
V=FE+; 2]: FiASAS; + > FirASAS;AS) + o > FinASAS;ASAS  (4.1)

ijk ikl
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In Eq. (2), Fyj, Fijk, and F;;; denote quadratic, cubic, and quartic force constants. The nine

symmetry internal coordinates for Cs, SioCHjy structure are defined by

Si(ar) = CH stretch

So(ar) = \%(m +75) SiH symmetric stretch

S3(ay) = \%(rg +73) SiC symmetric stretch

Siay) = \%(296 — 07 — 63) SiCSi in-plane bend (SiSi stretch)
Ss5(by) = mg CH out-of-plane bend

Se(b1) = 710 SiH out-of-plane bend

S7(by) = %5(7“4 —7s5) SiH asymmetric stretch (SiH ip bend)
Ss(by) = \/LE(TQ —13) SiC asymmetric stretch

So(bs) = L= (67 — 6s) CH in-plane bend

where the internal coordinates are depicted in Figure 4.1.

4.3 THEORETICAL PROCEDURES

In the present research, the correlation-consistent polarized core-valence quadruple zeta (cc-

3941 was employed to correlate all

pCVQZ) basis set developed by Dunning and co-workers
electrons in the optimization of the structure and determination of the analytical potentials.
The zeroth-order description of the ground state of Si;CHy was obtained using single config-
uration self-consistent-field (SCF) [restricted Hartree-Fock (RHF')| wave functions. The cou-
pled cluster with single, double, and perturbative triple excitations [CCSD(T)] approach36-38
was used to construct the correlated wave functions.

The optimization of the structure of SioCHy was performed employing analytic deriva-
tive methods. In addition, the dipole moment, harmonic vibrational frequencies, and cor-
responding IR intensities were determined analytically. Electronic structure computations

were carried out using the ACESII (Mainz-Austin-Budapest version)?® and Molpro 2006.1

suites®® quantum chemistry packages.
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The C++ program GRENDEL®! was used to generate the structural displacements and
to compute force constants in the symmetry internal coordinates. The nonlinear transforma-
tion from the symmetry internal coordinates to the mass independent Cartesian coordinates
for quadratic, cubic, and quartic force constants was performed using the INTDER 2005 code
of Allen.%?"5* This approach allows the convenient evaluation of the force constants for each
individual isotopic variant for Si,CH,The vibration-rotation coupling constants, zero-point
vibration corrected rotational constants, centrifugal distortion constants, and fundamental
frequencies were obtained using the VPT2 method*?*® based upon the Cartesian force con-

stants through the ANHARM program.®®

4.4 RESULTS AND DISCUSSION

4.4.1 ELECTRONIC STRUCTURE CONSIDERATIONS

The X 'A, state of the disilacyclopropenylidene (SipCHsy) isomer arises from the following
electron configuration

[core]6a3Ta25b38a32b29a76b3 X A (4.2)
where [core] (=1a21b32a23a32b34a?1b?1a23b35a34b3) denotes the eleven lowest-lying core (Si:
1s,2s, 2p-like and C:1s-like) orbitals. The 2b; MO describes an out-of-plane SiCSi 7 bonding,

while the 9a; and 6by MOs represent the SiHSi and SiC ¢ bonding orbitals, respectively.

4.4.2 EQUILIBRIUM GEOMETRY AND DIPOLE MOMENT

The geometrical parameters for the disilacyclopropenylidene molecule (SiCHsy) are shown in
Figure 4.2 at the CCSD(T)/cc-pCVQZ level of theory. As expected, all of the bond lengths
at this level of theory exhibit a slight shortening in comparison with those obtained at the
cc-pVQZ CCSD(T) level, this feature being due to the inclusion here of electron correlation
involving the core orbitals.

The magnitude of the dipole moment using the CCSD(T) method with the cc-pCVQZ

basis set is predicted to be 0.294 debye, which is comparable with that of 0.302 debye with



83

the cc-pV(Q+d) basis set.?® The direction of the dipole moment is necessarily along the
Cq(b) axis with sign “HSi,CH*.

4.4.3 VIBRATION-ROTATION COUPLING CONSTANTS

The vibration-rotation interaction corrections to the equilibrium rotational constants, B,

may be expressed by the following equation**

B, = B, — Z o (v 4 1/2) + higher terms (4.3)

where B, (v being a vibrational quantum number) is the rotational constant and the sums
run over all normal modes. Similar expressions hold for the vibrational dependence of the
rotational constants A, and C,,.

The vibration-rotation coupling constants a? for an asymmetric top from perturbation

theory are given by**

2
s 233{23(@)@) 3 (o) B+

Wy : 4], ¢ e

b Y ol (7)) (1.4)

S

S

where w, is the rth harmonic vibrational frequency, I is the {th principal moment of inertia,

T(bs) is the Coriolis coupling constant about the b axis, and ¢,..s is the cubic force constants in

terms of dimensionless normal coordinates. In this equation the a®” constants are the deriva-

tives of the matrix elements of the inertia tensor with respect to the rth normal coordinate

Qr
al*f) = <Z{Qaﬁ) (4.5)

A B
T'7a7‘7

The vibration-rotation coupling constants (« and af) for the six isotopologues of
disilacyclopropenylidene (SioCH,) are presented in Table 4.1. The Coriolis resonances will
be manifested in the second term in the square brackets of Eq (4) when two vibrational

frequencies are sufficiently close, i.e., w, &~ w,. Since the vibrational frequencies for the
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SiC s-stretching (w3, a;) and CH out-of-plane bending (w5, by) modes for the undeuterated

SisCH, molecule are reasonably close, the Coriolis resonances have been identified. In Table

4.1 the deperturbed o values with cutoff of the Coriolis resonances being 20 cm™ are reported.

In this light, it was pointed out by East, Johnson, and Allen that the By constant (v=0)

may be determined without terms involving the Coriolis resonances by taking the sums of

the a? constants over all normal modes in lieu of their individual values.’® In Table 4.1, the
A A

magnitudes of the a* constants involving the SiH vibrational motions (o, ', and a#') are

considerably larger than those of other a constants.

4.4.4 ROTATIONAL CONSTANTS AND CENTRIFUGAL DISTORTION CONSTANTS

According to Ray’s formula®”

K= % (4.6)
the disilacyclopropenylidene (SioCH,) is classified as a near prolate top molecule (k=
—0.886). Consequently, both Watson’s S-reducted and A-reduced rotational hamiltonians in
the I" representation are employed in the present rotational analysis.*?

Table 4.2 presents the rotational constants and centrifugal distortion constants for
the standard disilacyclopropenylidene (Si;CH,) and its five isotopologues evaluated at the
CCSD(T)/cc-pCVQZ level of theory. In the following discussion, the vectors of the equi-
librium (Ae, B., C.) and zero-point vibration and centrifugal distortion corrected (Ag, By,
Cy) rotational constants are abbreviated as B, and By, respectively. The equilibrium rota-
tion constants B, obtained in the present investigation are comparable to the corresponding
values evaluated at the CCSD(T)/cc-pVTZ level of theory.?® The prediction of the By values
are obtained in terms of Watson’s determinable rotational constants, which are independent
of the type of reduction (A/S).43 For all of the six species, the magnitudes of Bg are smaller
than those of the corresponding Be, which reflects the lengthening of ry in comparison with

the corresponding r.. Moreover, in the case of the dideuterated isotopologues it is found

that the magnitudes of A, and Ay show substantial decreases compared with those of their
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parent structures, which can be rationalized by the increase of the corresponding principal
moment of inertia, I,. On the contrary, the other two rotational constants (By and Cjy) are
less affected by the deuterium substitutions. This feature is due to the location of the two
hydrogen atoms on the b principal axis. The substitutions of 2*Si and '*C in the molecular
structure show decreases in the rotational constants. It should be noted that the magnitudes
of B, and By for *C substituted and its parent structures are practically the same, for the
reasons outlined above for the two hydrogens.

The quartic centrifugal distortion constants of the six SioCHj, species are also presented in
Table 4.2. The magnitudes of Dg and D g in S-reduction and Ag and A g in A-reduction
are decreased by a factor of 2 in Si;CD, compared with SisCH,. The prediction of these
rotational constants and centrifugal distortion constants should assist in the future microwave

spectroscopic identification of the disilacyclopropenylidene (SioCH,) species.

4.4.5 ANHARMONIC VIBRATIONAL CONSTANTS

The rth anharmonic (fundamental) vibrational frequency (v,) is determined using the fol-

lowing equation:*? 445859

1
Vp = W, + 2X7'7“ + 5 g Xrs (47)

where w, is an rth harmonic vibrational frequency and Y, are anharmonic vibrational con-

stants. The formulae obtained from perturbation theory for the y,, values are? 4459
1 1 2., (8w? — 3w?)
rr — TAPrrrr T T4 2 : > 4.8
X 16¢ 16 28: ws(dw? — w?) (48)
for the diagonal elements and
1 1 Grribsst 1 P2 wi(w? — w? — w?)
Xrs = ZQSTTSS_ZZ (: t_§z tt(tz 5
t t t [(WT + ws)? _wt} [(wr — ws)? _Wt]
A + Bulc)P 4+ Col¢D?] (52 + =) (4.9)
’ ’ ’ ws Wy

for the off-diagonal elements. Here, ¢,,ss represents the quartic force constant in terms of

dimensionless normal coordinates, and C((f)s) denotes the Coriolis interaction constants. When
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either of the following relationships is satisfied accidentally for an asymmetric top molecule,
2w, = ws and P # 0; W +ws = wy and @, # 0, the quantities x,. [Eq. (8)] and x,s [Eq. (9)]
may become indefinitely large and the perturbation theory may fail. Indeed, strong Fermi
resonances have been identified as follows: SioCHs: 2wy = w3, 2wg & wo, and wy + wy ~ wr;
2Si,CHy: 2wy ~ wg and 2wy ~ wa; 29SisCDg: 2wy ~ ws; SigBCHy: 2wy & ws, 2wy ~ wa,
wg + Wy A wy, and wy + wg ~ wy. In such situations, the terms involving the resonances may
be deleted following Nielsen’s treatments.?? The anharmonic vibrational constants (,s) with
cutoff of the Fermi resonances being 20 cm™ for the six isotopologues are reported in Table
4.3, and the deperturbed vibrational frequencies are presented in Tables 4.4-4.9.

The anharmonic vibrational corrections for certain modes, specifically the SiH (SiD) s-
stretching (ws, a;) and SiH (SiD) bending (w7, by) modes, are more than 5% with respect
to the corresponding harmonic vibrational frequencies, which are significantly larger than
those for the tightly bound vibrations (see below). In order to partially compensate this
inherent shortcoming of the VPT2 theory, the anharmonic frequencies with the assignment
of x72 (anharmonic vibrational coupling constants between the wy and w; modes) to zero are

included in brackets as well.

4.4.6 HARMONIC AND FUNDAMENTAL VIBRATIONAL FREQUENCIES

In Tables 4.4-4.9 harmonic and fundamental vibrational frequencies and associated infrared
(IR) intensities obtained at the CCSD(T)/cc-pCVQZ level of theory are given for the stan-
dard SisCH, and its five isotopologues species. These IR intensities are computed within the
double harmonic approximation. The increase of all nine harmonic vibrational frequencies for
the standard SioCHy with the cc-pCVQZ basis set in Table 4.4 are observed relative to those
with the cc-pVQZ basis set33% due to the shortening of bond lengths. The CH stretching
and SiH symmetric stretching modes exhibit the highest frequencies among the nine modes.
Moreover, the IR intensity of the w; (by) mode is extraordinarily strong compared to the

other eight modes, since it corresponds to a SiH bending (SiH a-stretch) motion with a large
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change in dipole moment. The deviations of the fundamental frequencies with respect to the
harmonic frequencies for the wy (a1, SiH s-str.) and w; (be, SiH a-str. or SiH bend) modes
of the standard Si,CH, are 5.7 and 5.1%, respectively, which are likely to be a consequence
of the H-bridged structure. The adjustment of y75 to zero dramatically reduces the discrep-
ancies between the harmonic and fundamental vibrational frequencies for the two modes to
3.6 and 2.5%, respectively (in brackets in Table 4.4). It is predicted that the anharmonic
vibrational correction for the wg (be, CH bend) mode is also substantial, 5.4%. For the other
two undeuterated species, ?Si,CH, (Table 4.6) and Si,'*CH, (Table 4.8), the anharmonic
vibrational features similar to the standard Si;CH, have been predicted.

As shown in Table 4.5, the deviations of the fundamental frequencies relative to the har-
monic frequencies for the wy (a1, SiD s-str.) and wy (bg, SiD a-str. or SiD bend) modes of the
dideuterated isotopologue (SioCD,-18S) are again relatively large, 5.2 and 5.3%, respectively,
owing to the H(D)-bridged structure. By setting the 7o constant to zero, the anharmonic
vibrational corrections of the two modes are reduced to 4.5 and 4.6%, respectively (in brackets
in Table 4.5). It is noted that the anharmonic vibrational correction for the wg (by, SiC a-
str.) mode is also quite large, 5.3%, probably due to its strong mixing with the w; mode.
For the other two deuterated species, ?Si,CDy (in Table 4.7) and Siy'*CD, (in Table 4.9),
the anharmonic vibrational corrections are predicted in a manner similar to the Sio;CD5-1S
species.

In Table 4.10 theoretical isotopic shifts of harmonic and anharmonic vibrational frequen-
cies for SipCDs, 22Si,CH,, and Siy'*CH, with respect to the standard Si,CH, are summarized.
Upon deuteration the six vibrational modes involving the H atoms, [w; (a; CD str.), wy (ay,
SiD s-str.), ws (by, CD oop bend), wg (b, SiD oop bend), w; (by, SiD ip bend), and wy (b,
CD ip bend)] are dramatically red-shifted (in Tables 4.5, 4.7, and 4.9), as expected. More-
over, the corresponding IR intensities for most of the modes are reduced as well, especially
for the SiH bending mode (318.7 — 210.0 km mol™!) (in Table 4.5). In the case of *Si labelled

isotopologue (in Table 4.6), all of the modes associated with the heavier isotopic substitution
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are only slightly shifted. The largest red-shift of the SiSi stretching mode is estimated to be
about 7.2 ecm™. As for the *C labelled isotopologue (in Table 4.8), a considerable red-shift
of the frequencies for the modes involving 3C is observed. The SiC symmetric stretch mode

(ws, ba) yields the greatest red-shift, 15.5 cm™.

4.5 (CONCLUSIONS

In the current research the equilibrium geometry and accurate quartic force field for the
disilacyclopropenylidene (SisCHs) molecule are obtained at the CCSD(T)/cc-pCVQZ level
of theory. The analysis for the anharmonic force field has been carried out employing vibra-
tional second-order perturbation theory (VPT2). The rotational constants for SipCHy and
its D, 13C, and ?°Si labelled isotopologues have been determined taking into account the
vibration rotation interaction and centrifugal distortion contributions. The anharmonicity of
the vibrational motions involving the H-bridged bonds is observed to be higher than for the
more conventional vibrations. The present research should assist in the future detection of

disilacyclopropenylidene with the high resolution spectroscopy.
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Table 4.1: Theoretical Prediction of Vibration-Rotation Coupling Constants (in MHz) for
Disilacyclopropenylidene (SioCH-18S) and its Five Isotopologues at the cc-pCVQZ CCSD(T)

Level of Theory.

SioCHy  SiaCDy  2SiaCHy  #SisCDy Sip®CHy  Sip'3CDs
Rotational Constants
A, 23659.8 18360.2  23546.5 18285.5 22594.4 17724.8
Be 5650.6  5650.6 5455.7 5455.7 5650.6 5650.6
Ce 4561.3  4320.8 4429.4 4202.0 4520.2 4284.7
Ay 23619.0 18296.8  23506.5 18222.9 22561.3 17667.4
Bg 5593.5  5606.5 5400.7 5413.3 5593.8 5606.7
Co 4517.3  4286.5 4386.8 4168.7 4477.2 4251.1
Quartic Centrifugal Distortion Constants
S(I") reduction
103D 2.407 2.228 2.264 2.097 2.374 2.203
103Dyx  -5.380  -2.118 -5.339 -2.167 -4.933 -2.071
103Dg 86.158  40.407 85.625 40.348 79.784 38.373
103d, -0.592  -0.659 -0.544 -0.606 -0.606 -0.669
103dy -0.053  -0.076 -0.047 -0.068 -0.056 -0.079
A(I") reduction
103A 2.513 2.380 2.359 2.234 2.486 2.360
103Ak 86.688  41.170 86.099 41.032 80.347 39.162
103A;x  -6.016  -3.034 -5.908 -2.989 -5.609 -3.018
1030% 7.227 6.177 6.963 5.913 7.065 5.931
1035 0.592 0.659 0.544 0.606 0.606 0.669
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Table 4.2: Theoretical Prediciton of Rotational Constants (in MHz) and Quartic Centrifugal
Distortion Constants (in MHz) for Disilacyclopropenylidene (SioCHs-1S) and its Five Iso-
topologues at the cc-pCVQZ CCSD(T) Level of Theory.

Si;CHy  Si,CD,  #SipCH,  #SipCD,  Sip'®CH,  Sip'3CDy
Rotational Constants
A, 23659.8 18360.2 23546.5  18285.5  22594.4  17724.8
B. 5650.6  5650.6  5455.7 5455.7 5650.6 5650.6
Ce 4561.3  4320.8 4429.4 4202.0 4520.2 4284.7
Ay 23619.0 18296.8 23506.5 182229  22561.3  17667.4
By 5593.5  5606.5  5400.7 5413.3 5593.8 5606.7
Co 4517.3  4286.5 4386.8 4168.7 4477.2 4251.1
Quartic Centrifugal Distortion Constants
S(I") reduction
103D 2.407 2.228 2.264 2.097 2.374 2.203
103Dy -5.380  -2.118 -5.339 -2.167 -4.933 -2.071
103Dy 86.158  40.407  85.625 40.348 79.784 38.373
1034, -0.592  -0.659 -0.544 -0.606 -0.606 -0.669
103d, -0.053  -0.076 -0.047 -0.068 -0.056 -0.079
A(I") reduction
103A 2.513 2.380 2.359 2.234 2.486 2.360
103Ak  86.688  41.170  86.099 41.032 80.347 39.162
103A,x  -6.016  -3.034 -5.908 -2.989 -5.609 -3.018
1030k 7.227 6.177 6.963 5.913 7.065 5.931
1036 0.592 0.659 0.544 0.606 0.606 0.669




Table 4.3: Theoretical Prediction of Anharmonic Vibrational Constants (in cm™) for Dis-
ilacyclopropenylidene (Si;CH,-1S) and its Five Isotopologues at the cc-pCVQZ CCSD(T)
Level of Theory.

Si,CHy; Si,CDs  29SisCHy,  29Si,CDs  Sis®CHy  Sig13CDs
11 -b8.661 -31.468 -58.662  -31.470  -58.314  -31.152

X21  -3.82 -2.217 -3.820 -2.219 -3.779 -2.155
x22 -16.112  -7.608 -16.102 -7.602 -16.167 -7.741
x31 -1.855  -1.798 -1.861 -1.800 -1.734 -1.632
X32 -4.842  -4.584 -4.868 -4.587 -4.676 -4.261
X33 -2.267  -2.104 -2.252 -2.091 -2.126 -1.999
x41 -1.828  -1.435 -1.791 -1.405 -1.829 -1.421
X42 -2.662  -2.172 -2.629 -2.164 -2.714 -2.197
X43 -2.622  -2.269 -2.560 -1.969 -2.499 -2.059
x44 -0.332  -0.295 -0.318 -0.339 -0.339 -0.333
xs1 -11.691  -7.229 -11.696 -7.234 -11.502 -6.977
Xs52  2.974 3.583 2.953 3.526 2.674 3.429
X53  -3.333 -4.117 -3.326 -4.069 -3.152 -3.578
X54  -0.218 -0.05 -0.216 -0.048 -0.244 -0.065
xs5 -1.929  -1.132 -1.533 -1.135 -1.453 -1.078
xe1 -6.862  -3.504 -6.853 -3.495 -6.882 -3.508
Xe62  6.655 4.884 6.620 4.818 6.505 4.808
X63 -2.661  -2.815 -2.665 -2.751 -2.424 -2.381
Xe64 -2.312 -1.738 -2.262 -1.705 -2.304 -1.733
Xe5 -13.874 -6.215 -13.831 -6.178 -13.876 -6.719
Xe66  2.606 1.155 2.601 1.145 2.587 1.184
X711 -2.854 2.104 -2.876 2.028 -2.991 1.355
Xx72 -65.046 -15.067 -65.146 -15.262 -66.968 -17.282
x73 -7.112  -7.016 -7.211 -7.005 -6.586 -6.372

x74 34.089 -15.797  31.958 -16.636 21.789 -15.202
x75 -11.685 -4.076 -11.696 -4.093 -11.896 -4.266
x76 -16.426  -5.997  -16.439 -6.033 -16.543 -6.354
x77  -24.097  -6.339 -24.127 -6.379 -24.705 -6.891

xs1  -7.03 0.158 -9.447 0.261 -14.447 0.172

xs2 -18.266 -37.94 -5.557 -37.926 -8.253 -35.751
xs3 -5.043  -3.144 -4.479 -3.071 -2.771 -3.350
Xss -1.689  -3.447 -5.303 -3.151 -0.075 -2.820
xs5 -2.035  -6.255 -0.967 -6.242 0.682 -5.915
xs6 -2.902  -4.613 -2.532 -4.559 -1.029 -4.128
xs7  1.708  -20.053 5.347 -20.179 -2.863 -18.405
xss -1.449  -0.453 -1.689 -0.418 -0.392 -0.163
Xo1 -6.164  -7.671 -3.725 -7.724 1.185 -7.519
X92 -29.648 -31.924  -21.451 -31.806 -21.155 -35.709
x93 -0.684  -1.141 -1.073 -1.120 -2.927 -0.937
X94 -50.471  5.861 -44.386 6.659 -39.762 4.670

X95 -9.926  -0.232 -6.562 -0.213 -7.902 -0.289
xo6 1.114 0.062 0.764 0.056 -0.433 0.128

x97 34.513 -13.472  28.608 -14.136 29.082 -12.252
Xog  8.446 -0.547 -0.907 -0.518 -6.096 -0.041

X99  -9.355 3.695 -9.620 3.718 -7.267 4.352
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Table 4.4: Theoretical Prediction of the Harmonic and Anharmonic (Fundamental) Vibra-
tional Frequencies (in cm™), and IR Intensities (in km mol™!, in parentheses) for the Standard
Disilacyclopropenylidene (SioCH,-1S) Molecule at the ce-pCVQZ CCSD(T) Level of Theory.

Normal modes (assignment) harmonic ~ A(anh.-harm.)* anharmonic®
1 (a;) CH str 3259.6(1.8) -138.4 3121.3
2 (a;) SiH s-str 1566.4(9.2) -89.6[-57.0] 1476.9[1509.4]

3 (a1) SiC s-str 897.9(15.6) -18.6 879.3

4 (ap) SiSi str 448.0(0.9) -14.5 433.5

5 (b1) CH oop bend 894.8(10.9) -25.8 869.1

6 (by) SiH oop bend 497.1(18.8) -13.4 483.6

7 (by) SiH a-str 1263.8(318.7) -64.6[-32.1] 1199.2[1231.8]

8 (bg) SiC a-str 802.1(6.2) -16.3 785.8

9 (bg) CH ip bend 789.6(6.2) -42.9 746.7

@ The A(anh.-harm.) and anharmonic frequencies with the adjustment of x72 to zero are

given in brackets. See text for discussion.
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Table 4.5: Theoretical Prediction of the Harmonic and Anharmonic (Fundamental) Vibra-
tional Frequencies (in cm™), and IR Intensities (in km mol?, in parentheses) for the
Dideuterodisilacyclopropenylidene (SioCD2-1S) Molecule at the cc-pCVQZ CCSD(T) Level
of Theory.

Normal modes (assignment)  harmonic ~ A(anh.-harm.)® anharmonic®

1 (a1) CD str 2108.4(2.8) 737 2334.7

2 (a1) SiD s-str 1121.0(3.0)  -57.9[-50.4]  1063.1[1070.6]
3 (a1) SiC s-str 864.6(15.1) 177 846.9

4 (a;) SiSi str 446.6(0.9) 111 435.5

5 (b1) CD oop bend 654.7(7.8) -14.6 640.1

6 (by) SiD oop bend 391.4(10.2) -T.7 383.8

7 (by) SiD a-str 084.5(210.0)  -52.4[-44.8]  932.1[939.7]
8 (bg) SiC a-str 737.6(0.9) -38.8 698.8

9 (by) CD ip bend 574.8(0.1) -17.1 557.7

* The A(anh.-harm.) and anharmonic frequencies with the adjustment of x72 to zero are
given in brackets. See text for discussion.



100

Table 4.6: Theoretical Prediction of the Harmonic and Anharmonic (Fundamental) Vibra-
tional Frequencies (in cm™), and IR Intensities (in km mol™, in parentheses) for the *Si
Labelled Disilacyclopropenylidene (**Si;CH,-1S) Molecule at the cc-pCVQZ CCSD(T) Level
of Theory.

Normal modes (assignment)  harmonic ~ A(anh.-harm.)* anharmonic®
1 (a;) CH str 3259.7(1.7) -138.4 3121.3
2 (ay) SiH s-str 1566.2(9.1)  -79.2[-46.6]  1487.1[1519.6]

3 (ay) SiC s-str 893.7(15.5) -18.5 875.1

4 (ay) SiSi str 440.8(0.9) -14.2 426.6

5 (b1) CH oop bend 894.7(11.0) -25.7 869.0

6 (by) SiH oop bend 496.6(18.8) -13.4 483.2

7 (by) SiH a-str 1262.7(317.6)  -67.0[-34.4]  1195.7[1228.3]

8 (by) SiC a-str 798.3(4.6) -15.3 783.0

9 (be) CH ip bend 789.1(7.9) -43.6 745.4

@ The A(anh.-harm.) and anharmonic frequencies with the adjustment of x72 to zero are

given in brackets. See text for discussion.
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Table 4.7: Theoretical Prediction of the Harmonic and Anharmonic (Fundamental) Vibra-
tional Frequencies (in cm™), and IR Intensities (in km mol?, in parentheses) for the
29Si Labelled Dideuterodisilacyclopropenylidene (**Si,CD,-1S) Molecule at the cc-pCVQZ
CCSD(T) Level of Theory.

Normal modes (assignment)  harmonic ~ A(anh.-harm.)® anharmonic®

1 (a;) CD str 2408.4(2.3) 737 2334.6

2 (a;) SiD s-str 1120.8(2.9)  -58.0[-50.4]  1062.8[1070.4]
3 (a1) SiC s-str 860.1(15.0) -17.4 842.7

4 (a;) SiSi str 439.5(0.9) 110.9 428.6

5 (b1) CD oop bend 654.6(7.8) -14.5 640.1

6 (by) SiD oop bend 390.7(10.1) -7.6 383.1

7 (by) SiD asstr 082.0(200.2)  -53.4[-45.8]  928.5[936.2]
8 (by) SiC a-str 734.7(0.7) 138.5 696.2

9 (by) CD ip bend 574.2(0.1) -17.0 557.3

* The A(anh.-harm.) and anharmonic frequencies with the adjustment of x72 to zero are
given in brackets. See text for discussion.
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Table 4.8: Theoretical Prediction of the Harmonic and Anharmonic (Fundamental) Vibra-
tional Frequencies (in cm™), and IR Intensities (in km mol™, in parentheses) for the *C
Labelled Disilacyclopropenylidene (Siy*CH,-1S) Molecule at the cc-pCVQZ CCSD(T) Level
of Theory.

Normal modes (assignment)  harmonic ~ A(anh.-harm.)* anharmonic®
1 (a1) CH str 3248.9(1.6) “137.6 3111.3
2 (ay) SiH s-str 1565.6(9.4)  -81.5[-48.0]  1484.1[1517.6]

3 (a1) SiC s-str 874.9(14.5) 176 857.2

4 (a;) SiSi str 446.6(1.0) 145 432.1

5 (b1) CH oop bend 892.7(10.6) -25.5 867.2

6 (by) SiH oop bend 493.3(18.7) -13.3 480.0

7 (by) SiH a-str 1250.9(313.1)  -77.9[-44.4]  1182.0[1215.5]

8 (by) SiC a-str 797.7(1.1) 1182 779.5

9 (by) CH ip bend 774.1(12.2) 38,5 735.5

* The A(anh.-harm.) and anharmonic frequencies with the adjustment of x72 to zero are

given in brackets. See text for discussion.
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Table 4.9: Theoretical Prediction of the Harmonic and Anharmonic (Fundamental) Vibra-
tional Frequencies (in cm™), and IR Intensities (in km mol?, in parentheses) for the
13C Labelled Dideuterodisilacyclopropenylidene (Siy*®*CD,-1S) Molecule at the cc-pCVQZ
CCSD(T) Level of Theory.

Normal modes (assignment)  harmonic ~ A(anh.-harm.)® anharmonic®

1 (a;) CD str 9392.2(2.4) 731 2319.0

2 (a1) SiD s-str 1119.3(3.3)  -60.0[-51.4]  1059.3[1067.9]
3 (a1) SiC s-str 845.9(14.1) -16.3 829.7

4 (a;) SiSi str 445.2(1.0) 111 434.1

5 (b1) CD oop bend 651.4(7.4) -14.3 637.1

6 (by) SiD oop bend 387.3(10.2) -7.6 379.7

7 (by) SiD a-str 071.9(205.9)  -53.2[-44.5]  918.8[927.4]
8 (by) SiC a-str 726.9(0.2) -35.4 691.4

9 (bs) CD ip bend 573.9(0.1) 17.3 556.6

* The A(anh.-harm.) and anharmonic frequencies with the adjustment of x72 to zero are
given in brackets. See text for discussion.
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Table 4.10: Theoretical Isotopic Shifts of Harmonic and Anharmonic Vibrational Frequencies
(in cm™) for SiyCDs, °SiyCHs,, and Sip!'3CH, with Respect to SipCHsy at the cc-pCVQZ
CCSD(T) Level of Theory.

Modes (symmetry) Si,CDy,  2Si,CH,  Siy™CH,
Awi(a;) CH str -851.2 0.0 -10.7
Awsy(ay) SiH s-str -445.4 -0.2 -0.8
Aws(ay) SiC s-str -334 -4.2 -23.1
Aw4(a1) SiSi str -1.4 -7.2 -14
Aws(by) CH oop bend  -240.1  -0.1 2.1
Awg(by) SiH oop bend  -105.7 -0.5 -3.8
Awz(by) SiH a-str -279.3 -1.2 -3.9
Aws(bg) SiC a-str -64.5 -3.8 -4.4
Awg(bg) CH ip bend -214.8 -0.6 -15.5
Aul(al) CH str 7866 0.0 -10.0
Avy(ay) SiH s-str -413.8 +10.2 +7.2
Avs(ay) SiC s-str -32.4 -4.2 -22.1
Avy(ag) SiSi str +2.0 -6.9 -1.4
Avs(by) CH oop bend  -228.9 -0.1 -1.9
Avg(by) SiH oop bend  -99.9 -0.5 -3.7
Avz(bs) SiH a-str -267.1 -3.6 -17.2
Avg(bsy) SiC a-str -87.0 -2.8 -6.3
Avg(by) CH ip bend  -189.0  -1.2 111
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Figure 4.1: Simple internal coordinates for the disilacyclopropenylidene (SisCHs-1S) struc-
ture.
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Figure 4.2: Predicted equilibrium geometry for the disilacyclopropenylidene (SisCH,-1S)
structure at the cc-pCVQZ CCSD(T) level of theory. Bond lengths are in A.
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5.1 CONCLUSIONS

The first principles method, ab initio electronic structure theory, in computational quantum
chemistry has been employed to carry out the present research. A variety of properties
for targeted molecules have been predicted in the dissertation. The understanding of small
molecules serves as a guide to future investigate large systems.

In the initial stage of our research, trans- and cis-sHPPH diphosphene as well as planar
PPH, diphosphinylidene have been studied using highly correlated ab initio electronic struc-
ture theory. Multireference wavefunctions were required to investigate the isomerization tran-
sition state between the trans and cis structures. The trans-cis isomerization transition state
barrier is predicted to be 35.2 kcal mol™? using the Mk-MRCCSD method. At the highest
level of theory, aug-cc-pVTZ CCSD(T), the barrier for the isomerization transition state
between trans-HPPH and planar PPH, is predicted to be 48.2 kcal mol*. The results for
this unusual non-planar transition state should be of aid in understanding the nature of 1,2
hydrogen shifts for phosphorus compounds involving the PP double bond.

We proceeded to study the low-lying triplet states of diphosphene (HPPH) and dispho-
sphinylidene (PPHy) in order to better understand about the relevant excitation processes.
It has been demonstrated that the theoretical computation of the six triplet state structurs
is not very sensitive to reference wavefunctions (ROHF and UHF) and basis sets at higher
levels of correlated methods, such as CCSD and CCSD(T). The trans- and cis-HPPH struc-
tures, which are minima on the ground singlet PES, become transition states on the triplet
PES. These transition states connect two equivalent B skewed structures; the lower barrier
through 3B, trans-HPPH as transition state is estimated to be 9.14-0.3 kcal mol* using FPA
plus three other corrections. The barrier between two equivalent 3A” pyramidal PPH, via
3 Ay planar PPH, is determined to be 18.6+0.3 kcal mol™. The conversion of the two minima
on the triplet PES (3B skewed HPPH — 3A” pyamidal PPH,) can be accomplished via
hydrogen migration with a barrier of 16.44-0.3 kcal mol. The crossover of the singlet and

triplet adiabatic potential energy surfaces is studied using the Mk-MRCC method combined
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with the cc-pVQZ basis set. The *B skewed HPPH is estimated to be 1.4 kcal mol™ lower
than 'A skewed HPPH transition state at the 3B skewed HPPH optimized geometry.

In the chapter 4, the equilibrium geometry and accurate quartic force field for the dis-
ilacyclopropenylidene (SioCHy-1S) molecule are obtained at the cc-pCVQZ CCSD(T) level
of theory. The analysis for the anharmonic force field has been carried out employing vibra-
tional second-order perturbation theory (VPT2). The rotational constants for Si;CHs and
its D, 13C, and ?°Si labelled isotopologues have been determined taking into account the
vibration rotation interaction and centrifugal distortion contributions. The anharmonicity of
the vibrational motions involving the H-bridged bonds is observed to be higher than for the
more conventional vibrations. The present research should assist in the future detection of
disilacyclopropenylidene with the high resolution spectroscopy.

The present research has demonstrated that computational chemistry provides an effec-
tive means to make predictions of structures, energetics, vibrational frequencies, and other
physical properties. Currently, the high accurate computations are limited within small
molecules. In view of the development of the computing power and new methodologies,

the application of ab initio approach may be extended to more practical systems.
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Table A.1: CI expansion coefficients (|C; |>0.060) of the aug-cc-pVQZ CASSCF wavefunc-
tions for the six triplet structures at the aug-cc-pVQZ RCCSD(T) optimized geometries.

Structures Configuration CI coefficients
3B, trans-HPPH @1 : (core)(5ag)?(5by)?(6by)?(6a4)?(Tay)? (2aua)(2bgc) 0.970
Dy @ (core)(5ag)?(5by)? (6by ) (6ag)? (2aya)(2bgr) (7hy,)? -0.116
@3 : (core)(5ag)?(5by)?(6by)?(6a4)?(Taga)(2ay)?(Thycr) 0.068
3By cisHPPH @ : (core)(5ay)?(5b2)%(6a1)?(6b2)?(7a1)?(2b1r) (2a00)) 0.969
@y : (core)(5a1)?(5b2)?(6a1)?(6b2)%(2b1c) (2a90)(Tha)? -0.120
®3 : (core)(5ay)?(5b2)%(6a1)?(6bs)?(Taia)(2b1)?(Thoc) 0.070
@, : (core)(5ay)?(5b2)%(6a1)?(7a1)?(2b1a)(2aza) (8aq)? 0.061
3B skewed HPPH @1 : (core)(6a)?(6b)(7b)*(7a)?(8a)?(9ac) (8ba) 0.971
Dy : (core)(6a)?(6b)%(7b)%(7a)?(9ac)(8ba)(9b)? -0.078
3 A" pyramidal PPH, ® : (core)(9a")?(10a')?(3a")?(11a")?(12a)? (4a" o) (13a’ ) 0.974
@y : (core)(9a")2(10a")?(3a")?(11a’)?(4a" ) (13a’ ) (14a’)? -0.083
3 : (core)(9a")?(10a')?(11a")%(12a")? (4a" o) (13a’ @) (5a” )2 -0.067
3 Ay planar PPH, 1 : (7a1)%(8a1)?(3b2)2(9a1)?(3b1)?(4boc) (41 ) 0.973
5 : (7a1)%(8a1)?(3ba)?(3b1)%(4bocr) (4b1 ) (10a1)? -0.067
3 : (7a1)%(8a1)?(3b2)2(9a18)(3b1cr) (4bycr)(4b1)?(10a1 ) -0.065
3 A transition state connecting ®; : (11a)%(12a)?(13a)?(14a)?(15a)%(16aa) (17aq) 0.961
pyramidal PPHs and skewed HPPH &, : (11a)?(12a)?(13a)?(14aa)(15a)?(16ac)(17a8)(18aq) 0.085
®3 : (11a)?(12a)*(13a)?(14a)?(16ac) (17ac) (19a)? -0.080
@4 : (11a)*(12a)?(13a)?(15a)?(16aa)(17ac)(18a)? -0.070




112

Table A.2: Electron occupation numbers of the valence MOs of the aug-cc-pVQZ CASSCF

wavefunctions at the aug-cc-pVQZ RCCSD(T) optimized geometries.

MO\ Structures

3 A transition state connecting
3B, trans-HPPH 3By cis HPPH 3B skewed HPPH ®A” pyramidal PPH, 3Aj planar PPH, pyramidal PPH, and skewed HPPH

11
12
13
14
15
16
17
18
19
20
VMOs*

1.994(5a,)
1.990(5b,)
1.976(6b,)
1.973(6a,)
1.958(7ay)
1.005(2a,,)
0.996(2b,)
0.049(7by,)
0.031(8by,)
0.028(8a,)

0.108

u

1.994(5a1)
1.990(5b2)
1.977(6ay)
1.973(6b)
1.958(7ay)
1.005(2by)
0.996(2a2)
0.048(7hy)
0.033(8a1)
0.027(8by)
0.108

1.994(6a)

0.030(10a)
0.029(10b)
0.097

1.994(9a")

1.988(10a’)
1.973(3a”)
1.979(11a)
1.972(124/)
1.001(4a”)
1.002(13a/)
0.038(14a’)
0.029(5a")
0.024(154)

0.091

1.992(7ay)
(8a1)
(3b2)

L. 967(9a1)
(3b1)

(4b2)

)

1. 011<4b1
0.045(10a;)
0.022(5by)
0.021(11ay)
0.088

1.998(11a)

% A total electron occupation number in the virtual MOs.
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Table A.3: Theoretical harmonic vibrational frequencies (in cm™) and zero point vibrational

energies (ZPVE, in kcal mol!) for the 3B, trans-HPPH structure.

Theory wi(ag) wa(ag)  wslag)  wilau) w5 (b ) we (bu)

sym PH stretch sym bend PP stretch torsion asym PH stretch asym bend ZPVE
cc-pVDZ ROHF 2502 982 452 382i 2514 694 10.22
cc-pVTZ ROHF 2499 985 458 398i 2511 696 10.23
cc-pVQZ ROHF 2503 988 459 4011 2516 698 10.25
aug-cc-pVDZ ROHF 2499 978 454 3861 2511 694 10.21
aug-cc-pVTZ ROHF 2501 984 459 3971 2514 696 10.24
aug-cc-pVQZ ROHF 2504 988 460 4001 2517 698 10.25
cc-pVDZ RCCSD 2385 907 416 4101 2395 646 9.66
cc-pVTZ RCCSD 2391 915 432 4461 2402 650 9.72
cc-pVQZ RCCSD 2401 921 438 4651 2413 655 9.77
aug-cc-pVDZ RCCSD 2368 897 411 4331 2378 641 9.58
aug-cc-pVTZ RCCSD 2388 913 430 4541 2400 651 9.71
aug-cc-pVQZ RCCSD 2400 921 437 4661 2411 656 9.77
cc-pVDZ RCCSD(T) 2365 894 403 4151 2376 635 9.55
cc-pVTZ RCCSD(T) 2369 900 421 4601 2381 639 9.60
cc-pVQZ RCCSD(T) 2379 906 427 4831 2391 644 9.66
aug-cc-pVDZ RCCSD(T) 2347 882 397 4411 2357 630 9.46
aug-cc-pVTZ RCCSD(T) 2366 898 419 4691 2377 640 9.59
aug-cc-pVQZ RCCSD(T) 2377 905 426 4861 2388 645 9.65
aug-cc-pV(Q+d)Z RCCSD(T) 2381 908 427 4891 2393 646 9.67
aug-cc-pVQZ UHF 2500 986 461 3551 2512 696 10.23
aug-cc-pVTZ UCCSD 2389 914 431 4531 2400 651 9.70
aug-cc-pVTZ UCCSD(T) 2366 898 419 4671 2378 640 9.58
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Table A.4: Theoretical dipole moments (i, in debye), harmonic vibrational frequencies (in
cm™), and zero point vibrational energies (ZPVE, in kcal mol?) for the 3By cissHPPH

structure.
Theory w(al) w2(a1) wg((Ll) w4(a2) UJ5(b2) w6(bg)

’ e sym PH stretch sym bend PP stretch torsion asym PH stretch asym bend ZPVE
cc-pVDZ ROHF 1.281 2524 744 446 458i 2505 904 10.19
cc-pVTZ ROHF 1.187 2524 739 453 4691 2505 903 10.19
ce-pVQZ ROHF 1.176 2528 741 453 4731 2509 904 10.21
aug-cc-pVDZ ROHF 1.198 2524 741 448 4561 2504 897 10.17
aug-cc-pVTZ ROHF 1.179 2526 739 453 4701 2506 900 10.19
aug-cc-pVQZ ROHF 1.172 2529 741 454 4731 2509 904 10.21
ce-pVDZ RCCSD 1.053 2402 691 407 4731 2385 818 9.59
cc-pVTZ RCCSD 1.014 2412 688 424 5001 2395 822 9.64
ce-pVQZ RCCSD 1.015 2423 696 430 5161 2406 827 9.70
aug-cc-pVDZ RCCSD 0.913 2389 683 402 4891 2371 799 9.50
aug-cc-pVTZ RCCSD 0.968 2409 690 422 5061 2392 819 9.63
aug-cc-pVQZ RCCSD 0.992 2421 697 429 5161 2404 827 9.69
cc-pVDZ RCCSD(T) 1.030 2382 679 394 4761 2365 801 9.47
ce-pVTZ RCCSD(T) 0.994 2390 675 412 508i 2374 803 9.52
cc-pVQZ RCCSD(T) 0.992 2400 683 418 5271 2384 808 9.57
aug-cc-pVDZ RCCSD(T) 0.883 2367 671 388 4951 2349 779 9.37
aug-cc-pVTZ RCCSD(T) 0.937 2386 677 410 5151 2369 800 9.50
aug-cc-pVQZ RCCSD(T) 0.964 2397 684 417 5271 2381 807 9.56
aug-cc-pV(Q+d)Z RCCSD(T) 0.958 2402 686 418 5301 2386 809 9.58
aug-cc-pVQZ UHF 1.169 2525 740 455 451i 2506 902 10.19
aug-cc-pVTZ UCCSD 0.968 2409 690 423 5051 2392 820 9.63
aug-cc-pVTZ UCCSD(T) 0.938 2386 677 410 5151 2370 800 9.50
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Table A.5: Theoretical dipole moments (u., in debye), harmonic vibrational frequencies (in
cm™), infrared intensities (in parentheses, in km mol!), and zero point vibrational energies
(ZPVE, in kcal mol™) for the B skewed HPPH structure.

Theory wi(a) wa(a) ws(a) wy(a) ws(b) we ()

te sym PH stretch sym bend PP stretch torsion asym PH stretch asym bend ZPVE
cc-pVDZ ROHF 0.910 2492 761 462 411 2490 765 10.56
cc-pVTZ ROHF 0.856 2489 763 470 419 2488 764 10.58
cc-pVQZ ROHF 0.858 2493 765 471 421 2492 765 10.60
aug-cc-pVDZ ROHF 0.871 2489 761 464 409 2489 762 10.56
aug-cc-pVTZ ROHF 0.862 2491 763 470 417 2490 763 10.58
aug-cc-pVQZ ROHF 0.859 2493 765 471 420 2493 765 10.60
cc-pVDZ RCCSD 0.781 2372 687 436 431 2372 682 9.99
cc-pVTZ RCCSD 0.764 2375 688 454 447 2375 676 10.04
cc-pVQZ RCCSD 0.775 2383 693 464 455 2384 678 10.10
aug-cc-pVDZ RCCSD 0.701 2356 683 433 425 2355 673 9.91
aug-cc-pVTZ RCCSD 0.741 2372 689 453 445 2372 676 10.03
aug-cc-pVQZ RCCSD 0.762 2381 693 464 454 2381 678 10.09
cc-pVDZ RCCSD(T) 0.773 2350 673 439 425 2350 666 9.88
cc-pVTZ RCCSD(T) 0.759 2350 670 460 442 2350 655 9.91
cc-pVQZ RCCSD(T) 0.769 2357 674 472 450 2357 655 9.97
aug-cc-pVDZ RCCSD(T) 0.689 2331 667 434 421 2331 656 9.79
aug-cc-pVTZ RCCSD(T) 0.731 2345 671 459 441 2346 654 9.90
aug-cc-pVQZ RCCSD(T) 0.743 2354 675 471 449 2354 655 9.95
aug-cc-pV(Q+d)Z RCCSD(T) 0.759 2358 675 474 450 2359 655 9.98
aug-cc-pVQZ UHF 0.851  2491(51.2) 760(16.1) 468(0.4) 409(1.8) 2490(64.9) 760(25.4) 10.56
aug-cc-pVTZ UCCSD 0.741  2372(33.4) 689(9.9)  453(1.1) 445(0.0) 2372(43.4) 676(14.0) 10.02

aug-cc-pVTZ UCCSD(T) 0.731  2346(31.0)  672(8.8) 459(0.6) 441(0.6)  2346(40.6)  655(12.0) 9.89
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Table A.6: Theoretical dipole moments (p., in debye), harmonic vibrational frequencies (in
cm™), infrared intensities (in parentheses, in km mol!), and zero point vibrational energies
(ZPVE, in kcal mol™) for the A" pyramidal PPH, structure.

Theory wi(a) wa(a’) ws(a’) wq(a) ws(a”) we(a”)

e sym PH stretch sym bend wagging PP stretch asym PH stretch asym bend ZPVE
cc-pVDZ ROHF 0.847 2519 1188 738 460 2523 750 11.70
cc-pVTZ ROHF 0.827 2517 1191 735 468 2520 749 11.71
cc-pVQZ ROHF 0.838 2520 1193 736 469 2522 751 11.72
aug-cc-pVDZ ROHF 0.850 2513 1185 739 463 2518 748 11.68
aug-cc-pVTZ ROHF 0.845 2517 1190 734 468 2521 749 11.70
aug-cc-pVQZ ROHF 0.842 2520 1192 736 469 2522 751 11.72
cc-pVDZ RCCSD 0.760 2403 1105 667 427 2415 684 11.02
cc-pVTZ RCCSD 0.793 2405 1100 657 445 2415 684 11.03
cc-pVQZ RCCSD 0.825 2412 1097 654 453 2421 686 11.05
aug-cc-pVDZ RCCSD 0.721 2382 1096 655 424 2394 680 10.92
aug-cc-pVTZ RCCSD 0.787 2400 1096 654 444 2410 685 11.00
aug-cc-pVQZ RCCSD 0.816 2409 1097 653 452 2419 686 11.04
cc-pVDZ RCCSD(T) 0.758 2383 1093 654 418 2396 671 10.89
cc-pVTZ RCCSD(T) 0.799 2382 1084 639 437 2393 668 10.87
cc-pVQZ RCCSD(T) 0.834 2387 1079 635 445 2398 670 10.89
aug-cc-pVDZ RCCSD(T) 0.716 2360 1083 640 415 2373 666 10.78
aug-cc-pVTZ RCCSD(T) 0.789 2375 1079 636 436 2387 669 10.84
aug-cc-pVQZ RCCSD(T) 0.823 2384 1079 634 444 2395 670 10.88
aug-cc-pV(Q+d)Z RCCSD(T) 0.820 2388 1080 634 445 2399 670 10.89
aug-cc-pvVQZ UHF 0.853  2515(42.4)  1189(24.9) 729(13.7) 467(1.8) 2518(53.7) 748(17.6) 11.67
aug-cc-pVTZ UCCSD 0.787  2400(27.5)  1097(18.7) 654(7.8) 444(3.1) 2410(35.2) 685(11.5) 10.99
aug-cc-pVTZ UCCSD(T) 0.788  2375(25.3)  1079(18.2) 636(6.6) 436(3.5) 2387(32.5) 669(10.6) 10.84
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Table A.7: Theoretical dipole moments (u., in debye), harmonic vibrational frequencies (in
cm™), and zero point vibrational energies (in kcal mol ™) for the 3A, planar PPH, structure.

Theory wi(a1) wa(ar) wy(ar)  wa(br) ws(b2) we(b2)

e sym PH stretch sym bend PP stretch wagging asym PH stretch asym bend ZPVE
cc-pVDZ ROHF 0.966 2676 1109 537 889i 2718 550 10.86
cc-pVTZ ROHF 0.978 2672 1120 539 8791 2712 559 10.87
cc-pVQZ ROHF 0.978 2677 1125 539 8791 2716 563 10.90
aug-cc-pVDZ ROHF 0.889 2671 1103 531 8851 2714 549 10.82
aug-cc-pVTZ ROHF 0.931 2671 1118 537 8761 2712 559 10.87
aug-cc-pVQZ ROHF 0.949 2676 1125 538 8781 2716 563 10.90
cc-pVDZ RCCSD 1.140 2573 1037 532 8381 2615 492 10.37
cc-pVTZ RCCSD 1.256 2568 1050 545 8081 2608 502 10.40
cc-pVQZ RCCSD 1.292 2572 1053 552 801i 2612 509 10.44
aug-cc-pVDZ RCCSD 1.053 2553 1023 525 817i 2598 497 10.29
aug-cc-pVTZ RCCSD 1.200 2561 1040 543 7991 2603 499 10.36
aug-cc-pVQZ RCCSD 1.258 2569 1050 551 7991 2609 509 10.42
cc-pVDZ RCCSD(T) 1.186 2552 1030 527 8301 2595 481 10.27
cc-pVTZ RCCSD(T) 1.302 2543 1038 539 7931 2585 486 10.29
cc-pVQZ RCCSD(T) 1.335 2546 1040 547 7831 2587 495 10.32
aug-cc-pVDZ RCCSD(T) 1.094 2529 1013 518 8051 2575 485 10.19
aug-cc-pVTZ RCCSD(T) 1.243 2535 1027 537 781i 2578 484 10.24
aug-cc-pVQZ RCCSD(T) 1.299 2542 1036 545 7801 2583 494 10.30
aug-cc-pV(Q+d)Z RCCSD(T) 1.300 2545 1039 547 7821 2586 496 10.32
aug-cc-pVQZ UHF 1.113 2676 1126 548 932i 2715 563 10.90
aug-cc-pVTZ UCCSD 1.214 2561 1040 543 8021 2603 499 10.36
aug-cc-pVTZ UCCSD(T) 1.241 2535 1027 537 7821 2579 485 10.29
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Table A.8: Theoretical harmonic vibrational frequencies (in cm™) and zero point vibrational
energies (in kcal mol) for the >A transition state connecting B skewed HPPH and 3A”
pyramidal PPHy structure.

Theory wi(a) wa(a) ws(a) wal(a) ws(a) we(a) ZPVE
cc-pVDZ ROHF 2503 1757 917 724 493 23201 9.15
cc-pVTZ ROHF 2501 1757 911 721 499 22731 9.14
cc-pVQZ ROHF 2504 1757 910 721 500 22681 9.15
aug-cc-pVDZ ROHF 2499 1746 908 719 492 22751 9.11
aug-cc-pVTZ ROHF 2502 1754 908 719 499 22621 9.13
aug-cc-pVQZ ROHF 2504 1757 909 721 500 22651 9.15
cc-pVDZ RCCSD 2383 1671 846 650 456 1414i 8.60
cc-pVTZ RCCSD 2385 1687 843 644 472 1353i 8.63
cc-pVQZ RCCSD 2392 1698 844 646 479 1342i 8.67

aug-cc-pVDZ RCCSD 2364 1647 845 640 447 13821 8.50
aug-cc-pVTZ RCCSD 2381 1679 847 643 469 13401 8.61
aug-cc-pVQZ RCCSD 2389 1695 847 646 477 13381 8.67
cc-pVDZ RCCSD(T) 2360 1658 830 634 444 1242i 8.48
cc-pVTZ RCCSD(T) 2358 1674 823 624 460 11461 8.50
cc-pVQZ RCCSD(T) 2363 1684 824 625 467 11251 8.53
aug-cc-pVDZ RCCSD(T) 2338 1632 828 622 434 11921 8.38
aug-cc-pVTZ RCCSD(T) 2352 1665 828 622 457 11261 8.48
aug-cc-pVQZ RCCSD(T) 2360 1680 828 624 465 1119i 8.53




Table A.9: The total energies (in hartree) for the B,

skewed HPPH structures.

119

trans-HPPH, 3B, cissHPPH, and 3B

lAg trans-HPPH

3B,, trans-HPPH®

3B, cisHPPH

3B skewed HPPH

Theory

energy energy AE. AE) energy AE. AE) energy AE. AEy
cc-pVDZ HF -682.612667 -682.583432 18.35 16.64 -682.580270 20.33 18.59 -682.593316 12.14 10.78
ce-pVTZ HF -682.641862  -682.609025 20.61 18.93 -682.605936 22.54 20.82 -682.619322 14.14 12.81
cc-pVQZ HF -682.650518 -682.616519 21.33 19.66 -682.613393 23.30 21.57 -682.626894 14.82 13.49
aug-cc-pVDZ HF -682.617668  -682.587311 19.05 17.38 -682.584268 20.96 19.26 -682.597301 12.78 11.46
aug-cc-pVTZ HF -682.643184 -682.610082 20.77 19.10 -682.606937 22.75 21.03 -682.620293 14.36 13.04
aug-cc-pVQZ HF -682.650899  -682.616855 21.36 19.69 -682.613690 23.35 21.63 -682.627176 14.89 13.56
cc-pVDZ RCCSD -682.884746 -682.828507 35.29 33.76 -682.825279 37.32 35.72 -682.840170 27.97 26.78
ce-pVTZ RCCSD -682.972302  -682.913154 37.12 35.61 -682.909991 39.10 37.52 -682.926036 29.03 27.85
cc-pVQZ RCCSD -682.998244 -682.936708 38.61 37.10 -682.933499 40.63 39.04 -682.950352 30.05 28.87
aug-cc-pVDZ RCCSD -682.901011  -682.844524 35.45 33.94 -682.841504 37.34 35.76 -682.856803 27.74 26.57
aug-cc-pVTZ RCCSD -682.978383  -682.918866 37.35 35.84 -682.915717 30.32 37.74 -682.931950 29.14 27.95
aug-cc-pVQZ RCCSD -683.000584  -682.938925 38.69 37.18 -682.935719 40.70 39.12 -682.952627 30.09 28.91
ce-pVDZ RCCSD(T) -682.896990  -682.835825 38.38 36.91 -682.832554 40.43 38.88 -682.847852 30.83 29.69
ce-pVTZ RCCSD(T) -682.991391  -682.926585 40.67 39.22 -682.923375 42.68 41.15 -682.940211 32.12 30.98
cc-pVQZ RCCSD(T) -683.019299  -682.952037 42.21 40.76 -682.948781 44.25 42.72 -682.966597 33.07 31.93
aug-cc-pVDZ RCCSD(T) -682.915231  -682.853750 38.58 37.14 -682.850710 40.49 38.95 -682.866536 30.56 29.44
aug-cc-pVTZ RCCSD(T) -682.998344  -682.933161 40.90 39.46 -682.929982 42.90 41.37 -682.947057 32.18 31.05
aug-cc-pVQZ RCCSD(T) -683.021992  -682.954596 42.29 40.84 -682.951351 44.33 42.79 -682.969240 33.10 31.96
aug-ce-pV(Q+d)Z RCCSD(T)  -683.024595  -682.956722 42.59 41.13 -682.953436 44.65 43.11 -682.971504 33.31 32.17
@ Relative energies (AFE,) and ZPVE-corrected relative energies (AEp) are in kcal mol™! with

respect to the global minimum structure closed-shell ' 4, trans-HPPH obtained by the same

method and basis set.
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Table A.10: The total energies (in hartree) for the 3A” pyramidal PPH,, 3A, planar PPHy,
and 3A transition state connecting skewed HPPH and pyramidal PPH,.

3 A transition state connecting

Theory YAy trans HPPH ~ ®A” pyramidal PPH,® 3 Ay planar PPH, pyramidal PPHy and skewed HPPH
energy energy AE. AEy energy AE. AEy energy AFE, AEy
cc-pVDZ HF -682.612667 -682.607987 2.94 2.72 -682.564548 30.19 29.13 -682.544091 43.03 40.26
cc-pVTZ HF -682.641862 -682.633642 5.16 4.95 -682.592562 30.94 29.90 -682.570686 44.66 41.89
ce-pVQZ HF -682.650518 -682.641123 5.90 5.69 -682.600571 31.34 30.31 -682.578233 45.36 42.58
aug-cc-pVDZ HF -682.617668 -682.611588 3.82 3.62 -682.568729 30.71 29.65 -682.548272 43.55 40.78
aug-cc-pVTZ HF -682.643184 -682.634483 5.46 5.26 -682.593818 30.98 29.94 -682.571661 44.88 42.11
aug-cc-pVQZ HF -682.650899 -682.641374 5.98 5.77 -682.600900 31.38 30.35 -682.578537 45.41 42.63
cc-pVDZ RCCSD -682.884746 -682.853018 19.91 19.74 -682.814235 44.25 43.43 -682.808744 47.69 45.10
cc-pVTZ RCCSD -682.972302 -682.937053 22.12 21.92 -682.902466 43.82 43.00 -682.895321 48.31 45.71
cc-pVQZ RCCSD -682.998244 -682.960738 23.53 23.30 -682.927699 44.27 43.42 -682.919488 49.42 46.80
aug-cc-pVDZ RCCSD -682.901011 -682.869133 20.00 19.84 -682.832429 43.04 42.25 -682.825913 47.12 44.55
aug-cc-pVTZ RCCSD -682.978383 -682.942657 22.42 22.21 -682.908818 43.65 42.81 -682.901465 48.27 45.67
aug-cc-pVQZ RCCSD -683.000584 -682.962914 23.64 23.41 -682.930047 44.26 43.41 -682.921846 49.41 40.86
cc-pVDZ RCCSD(T) -682.896990 -682.860324 23.01 22.88 -682.822347 46.84 46.09 -682.819184 48.82 46.28
ce-pVTZ RCCSD(T) -682.991391 -682.950861 25.43 25.26 -682.917622 46.29 45.53 -682.912929 49.24 46.68
cc-pVQZ RCCSD(T) -683.019299 -682.976571 26.81 26.59 -682.945068 46.58 45.79 -682.939305 50.20 47.62
aug-cc-pVDZ RCCSD(T) -682.915231 -682.878420 23.10 22.97 -682.842822 45.44 44.72 -682.838637 48.06 45.53
aug-cc-pVTZ RCCSD(T) -682.998344 -682.957362 25.72 25.53 -682.924996 46.03 45.24 -682.920072 49.12 46.57
aug-cc-pVQZ RCCSD(T) -683.021992 -682.979101 26.91 26.70 -682.947804 46.55 45.75 -682.942050 50.16 47.59
aug-cc-pV(Q+d)Z RCCSD(T)  -683.024595 -682.981330 27.15 26.92 -682.950226 46.67 45.86 -682.944342 50.36

® Relative energies (AE,) and ZPVE-corrected energies (AEy) are

the global minimum structure closed-shell ' A, trans-HPPH obtained by the same method and

basis set.

in kcal mol™! with respect to
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Table A.11: Focal point analysis of the energy difference (in kcal mol™) between 'A, cis-
HPPH and 3A” pyramidal PPH,.

Basis set AE[HF] +46MP2] +46[RCCSD] +6[RCCSD(T)] +6[RCCSDT] +§[UCCSDT(Q)] =AFE
LA, trans-HPPH — 3A” pyramidal PPH;

cc-pVDZ +2.92 +20.05 -2.82 +2.94 -0.09 +0.20 [+23.20]
ce-pVTZ +4.74 +21.03 -3.62 +3.29 -0.29 [+0.20] [+25.35]
ce-pVQZ +5.33 +22.06 -3.92 +3.33 [-0.29] [+0.20] [+26.71]
cc-pV5hZ +5.59 +22.51 -4.13 +3.37 [-0.29] [+0.20] [+27.25]
cc-pV6Z +5.69 +22.76 [-4.28] [+3.39] [-0.29] [4+0.20] [+27.47]
CBS LIMIT [+5.74]  [+23.10] [-4.48] [+3.42] [-0.29] [+0.20] [+27.68]
Function a+be X d+eX 3 d+eX 3 d+eX™3 Additive Additive

Fit Points (X =) 4,56 5,6 4.5 4.5

*AEy = AEg, + Azpyve + AEcore + ApBoc

=27.68 — 0.22 — 0.10 — 0.01 = 27.35 kcal mol™*
@ The symbol § denotes the increment in the energy difference (AE) with respect to the previous
level of theory. Bracketed numbers are the results of basis set extrapolation, while unbracketed
numbers were explicitly computed. Az py p=zero point vibrational energy correction from
aug-cc-pVQZ RCCSD(T) harmonic frequencies; AE.,..=core-valence correlation correction at the
aug-cc-pCVQZ RCCSD(T) level of theory; Appoc=diagonal Born-Oppenheimer correction at
the aug-cc-pVQZ ROHF level of theory. All computations are performed at aug-cc-pVQZ
RCCSD(T) optimized geometries.
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Table A.12: Focal point analysis of the energy difference (in kcal mol™) between 2A” pyra-
midal PPH, and 2B skewed HPPH.

Basis set AE[HF] +40[MP2] +4[RCCSD] +d§[RCCSD(T)] +6[RCCSDT] +4[UCCSDT(Q)] = AE
3 A" pyramidal PPHy; — 3B skewed HPPH

cc-pVDZ +9.31 -1.30 +0.05 -0.27 -0.08 +0.01 [+7.73]
cc-pVTZ +9.06 -2.05 -0.09 -0.25 -0.05 [+0.01] [+6.64]
cc-pVQZ +8.99 -2.39 -0.08 -0.26 [-0.05] [+0.01] [+6.22]
cc-pVbhZ +8.97 -2.51 -0.05 -0.27 [-0.05] [+0.01] [+6.11]
cc-pV6Z +8.96 -2.59 [-0.01] [-0.27] [-0.05] [+0.01] [+6.05]
CBS LIMIT [+8.95] [-2.69] [+0.05] [-0.28] [-0.05] [+0.01] [+5.99]
Function a+be X d+eX 3 d+eX3 d+eX3 Additive Additive

Fit Points (X =)  4,5,6 5,6 4,5 4,5

*AEy = AEg, + Azpve + AEcore + ApBoC

=5.99 — 0.92 — 0.00 4 0.03 = 5.09 kcal mol’!
@ The symbol § denotes the increment in the energy difference (AE) with respect to the previous
level of theory. Bracketed numbers are the results of basis set extrapolation, while unbracketed
numbers were explicitly computed. A zpy p=zero point vibrational energy correction from
aug-cc-pVQZ RCCSD(T) harmonic frequencies; AE.,..=core-valence correlation correction at the
aug-cc-pCVQZ RCCSD(T) level of theory; Appoc=diagonal Born-Oppenheimer correction at
the aug-cc-pVQZ ROHF level of theory. All computations are performed at aug-cc-pVQZ
RCCSD(T) optimized geometries.
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Table A.13: Focal point analysis of the energy barriers (in kcal mol™) for the isomerization
reactions of two equivalent 3A” pyramidal PPH, via the 34, planar PPH, transition state.

Basis set AE[HF] +46MP2] +46[RCCSD] +6[RCCSD(T)] +6[RCCSDT] +§[UCCSDT(Q)] =AFE
3 A" pyramidal PPHy — 3 A, planar PPH,

cc-pVDZ +27.24 -4.69 +1.67 -0.51 -0.03 -0.03 [+23.65]

ce-pVTZ +25.77 -5.72 +1.63 -0.84 +0.03 [-0.03] [+20.84]

ce-pVQZ +25.44 -6.30 +1.61 -0.97 [+0.03] [-0.03] [+19.76]

cc-pV5hZ +25.39 -6.52 +1.66 -1.01 [+0.03] [-0.03] [+19.51]

cc-pV6Z +25.36 -6.64 [+1.70] [-1.02] [+0.03] [-0.03] [+19.42]

CBS LIMIT [+25.35]  [6.80]  [+1.76] [-1.05] [+0.03] [-0.03] [+19.25]

Function a+be X d+eX 3 d+eX 3 d+eX™3 Additive Additive

Fit Points (X =) 4,56 5,6 4.5 4.5

“AEy = AEgp + Azpyve + AEcore + Appoc

=19.25 — 0.58 — 0.09 — 0.01 = 18.56 kcal mol'!
@ The symbol § denotes the increment in the energy difference (AE) with respect to the previous
level of theory. Bracketed numbers are the results of basis set extrapolation, while unbracketed
numbers were explicitly computed. Az py p=zero point vibrational energy correction from
aug-cc-pVQZ RCCSD(T) harmonic frequencies; AE.,..=core-valence correlation correction at the
aug-cc-pCVQZ RCCSD(T) level of theory; Appoc=diagonal Born-Oppenheimer correction at
the aug-cc-pVQZ ROHF level of theory. All computations are performed at aug-cc-pVQZ
RCCSD(T) optimized geometries.
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Table A.14: Focal point analysis of the energy barrier (in kcal mol™') for the isomerization
reaction of two equivalent *B skewed HPPH via B, transsHPPH or via 2B, cis-HPPH
transition states.

Basis set AE[HF] +4§MP2] +46[RCCSD] +6[RCCSD(T)] +§[RCCSDT] +§[UCCSDT(Q)] =AFE
3B skewed HPPH — 3B, trans-HPPH
cc-pVDZ +5.87 +2.19 -0.91 +0.31 -0.02 -0.02 [+7.42]
cc-pVTZ +6.36 +2.53 -0.85 +0.49 -0.00 [-0.02] [+8.51]
cc-pVQZ +6.47 +2.83 -0.73 +0.57 [-0.00] [-0.02] [+9.11]
cc-pV5Z +6.53 +2.92 -0.71 +0.59 [-0.00] [-0.02] [+9.31]
cc-pV6Z +6.54 +2.97 [-0.70] [+0.60] [-0.00] [-0.02] [+9.38]
CBS LIMIT [+6.54] [+3.04] [-0.70] [+0.61] [-0.00] [-0.02] [+9.47]

AEy = AEy + Azpve + AEcore + ApBoc
=9.47 — 0.31 — 0.09 + 0.02 = 9.09 kcal mol?!

3B skewed HPPH — 3B, ciss HPPH

cc-pVDZ +7.81 +2.48 -1.14 +0.34 -0.02 -0.02 [+9.45]
cc-pVTZ +8.26 +2.86 -1.10 +0.52 -0.01 [-0.02] [+10.51]
cc-pVQZ +8.40 +3.17 -0.98 +0.59 [-0.01] [-0.02] [+11.15]
cc-pV5Z +8.49 +3.26 -0.97 +0.65 [-0.01] [-0.02] [+11.40]
cc-pV6Z +8.51 +3.31 [-0.97] [+0.67] [-0.01] [-0.02] [+11.49]
CBS LIMIT [+851]  [+3.37] [-0.96] [++0.70] [-0.01] [-0.02] [+11.59]
Function a+be X d+eX 3 d+eXx 3 d+eX3 Additive Additive

Fit Points (X =)  4,5,6 5,6 4,5 4,5

“AEy = AEgy, + Azpye + AEcore + Appoc

=11.59 — 0.39 — 0.10 4+ 0.01 = 11.11 kecal mol*
®The symbol 0 denotes the increment in the energy difference (AE) with respect to the previous
level of theory. Bracketed numbers are the results of basis set extrapolation, while unbracketed
numbers were explicitly computed. A zpy p=zero point vibrational energy correction from
aug-cc-pVQZ RCCSD(T) harmonic frequencies; AE.,..=core-valence correlation correction at the
aug-cc-pCVQZ RCCSD(T) level of theory; Appoc=diagonal Born-Oppenheimer correction at
the aug-cc-pVQZ ROHF level of theory. All computations are performed at aug-cc-pVQZ
RCCSD(T) optimized geometries.
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Table A.15: Focal point analysis of the energy barrier (in kcal mol™') for the isomerization
reaction between ®B skewed HPPH and 3A” pyramidal PPH, via A transition state.

Basis set AE[HF] 4+6[MP2] +6[RCCSD] +§[RCCSD(T)] +4[RCCSDT] +4[UCCSDT(Q)] = AE
3B skewed HPPH — 3 A transition state

cc-pVDZ  +30.53 -14.19  +3.29 -1.61 +0.02 -0.04 [+17.99)]
cc-pVTZ  +30.30 -15.41 +4.46 -2.08 +0.01 [-0.04] [+17.24]
cc-pVQZ  +30.37 -15.66  +4.92 221 [+0.01] [-0.04] [+17.39)]
cc-pV5Z  +30.38 -15.73  +5.03 -2.25 [+0.01] [-0.04] [+17.40]
cc-pV6Z  +30.39 -15.76  [+5.07] [-2.27] [+0.01] [-0.04] [+17.41]
CBS LIMIT [+30.39] [-15.80]  [+5.13] [-2.30] [+0.01] [-0.04] [+17.40]

“AEy = AEy, + Azpve + AEcore + Appoc
=17.40 — 1.43 4+ 0.14 4+ 0.30 = 16.41 kcal mol™!

@ The symbol § denotes the increment in the energy difference (AE) with respect to the previous
level of theory. Bracketed numbers are the results of basis set extrapolation, while unbracketed
numbers were explicitly computed. Azpy p=zero point vibrational energy correction from
aug-cc-pVQZ RCCSD(T) harmonic frequencies; AE.,-.=core-valence correlation correction at the
aug-cc-pCVQZ RCCSD(T) level of theory; Appoc=diagonal Born-Oppenheimer correction at
the aug-cc-pVQZ ROHF level of theory. All computations are performed at aug-cc-pVQZ
RCCSD(T) optimized geometries.




ROHF
UHF
RCCSD

RCCSD(T)
RCCSD(T)
RCCSD(T)
UCCSD(T)

1.4083
1.4089
1.4188
1.4217
1.4203
1.4249
1.4249

aug-cc-pvVQZ 2.2760
aug-cc-pvVQZ 2.2745
aug-cc-pvVQZ 2.2828
aug-cc-pvVQZ 2.2908 ®
aug-cc-pV(Q+d)Z 2.2868 N\
aug-cc-pVTZ 2.3056
aug-cc-pVTZ 2.3056
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Figure A.1: Theoretical geometries for 3B, trans-HPPH. Bond lengths are in angstrom.
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ROHF aug-cc-pvVQZ 2.2890
UHF aug-cc-pvVQZ 2.2878
RCCSD aug-cc-pVQZ 2.2976
RCCSD(T) aug-cc-pVQZ 2.3064
RCCSD(T) aug-cc-pV(Q+d)Z  2.3025
RCCSD(T) aug-cc-pVTZ 2.3215
UCCSD(T) aug-cc-pVTZ 2.3212

1.4236 95.49°
1.4235 95.49

Figure A.2: Theoretical geometries for 3B, cis-HPPH. Bond lengths are in angstrom.



ROHF aug-cc-pvVQZ
UHF aug-cc-pvVQZ
RCCSD aug-cc-pvVQZ
RCCSD(T) aug-cc-pVQZ
RCCSD(T) aug-cc-pV(Q+d)Z
RCCSD(T) aug-cc-pVTZ
UCCSD(T) aug-cc-pVTZ

2.2015
2.2050
2.1771
2.1746
2.1700
2.1919
2.1921
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dihedral angle
89.93°
89.63°
91.19°
91.46°
91.49°
91.32°
91.31°

Figure A.3: Theoretical geometries for 3B skewed HPPH. Bond lengths are in angstrom.



ROHF aug-cc-pvVQZ
UHF aug-cc-pVQZ
RCCSD aug-cc-pVQZ
RCCSD(T) aug-cc-pVQZ
RCCSD(T) aug-cc-pV(Q+d)Z
RCCSD(T) aug-cc-pVTZ
UCCSD(T) aug-cc-pVTZ

1.4057

1.4059

1.4158—=

1.4188

1.4175 ‘

1.4218 / 96.91°

1.4218 / 97.00°
! 96.50°

96.50°
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dihedral angle
97.00°
97.18°
95.59°
95.36°
95.41°
94.99°
94.99°

pyramidal angle

78.26°
77.93°
79.56°
79.79°
79.66°
80.43°
80.16°

Figure A.4: Theoretical geometries for >A” pyramidal PPH,. Bond lengths are in angstrom.
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ROHF aug-cc-pvVQZ 2.1071
UHF aug-cc-pvVQZ 2.1005
RCCSD aug-cc-pvVQZ 2.0894
RCCSD(T) aug-cc-pVQZ 2.0923
RCCSD(T) aug-cc-pV(Q+d)Z 2.0878
RCCSD(T) aug-cc-pVTZ 2.1056
(2 UCCSD(T) aug-cc-pVTZ 2.1058

1.3792

1.3794

1.3890

1.3921

1.3911 \

1.3942

1.3941
124.17°
124.21°
124.21°

Figure A.5: Theoretical geometries for 3A, planar PPH,. Bond lengths are in angstrom.



ROHF aug-cc-pvVQZ

RCCSD aug-cc-pVQZ

RCCSD(T) aug-cc-pVQZ
48.63°
48.94°
49.14°

1.4083
1.4196 94.75°
14232 (&) 93.87°

93.68°
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1.5916
1.5970
1.5968

dihedral angle
86.69°
85.59°
85.31°

Figure A.6: Theoretical geometries for the transition state connecting 3B skewed HPPH and
3 A" pyramidal PPH,. Bond lengths are in angstrom.



