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Constructing A Library of Potential Energy Functions from Coupled
Cluster Calculations to Be Used in the SCC-DFTB Parameterization

Student: Po-Yu Yang Advisor: Dr. Henryk Witek

M. S. Program,
Institute of Molecular Science

Department of Applied Chemistry

Abstract

The SCC-DFTB method is a powerful semi-empirical method of quantum chemistry,
which is able to treat.huge molecular systems. However, SCC-DFTB has certain limitations,
which diminish its strength for particular chemical applications. The first limitation concerns
the fact that accurate-energies, equilibrium geometries, and vibrational frequencies cannot be
obtained with the existing parameter sets simultaneously. In‘the current parameterization of
SCC-DFTB, insufficient number of “reference potential energy surfaces were used for
determination of the parameters. The second limitation comes from the fact that the current
SCC-DFTB parameter sets are available only for few selected elements. To overcome those
limitations, numerous reference potential energy surfaces representing various bonding
mechanisms between atoms are required in the parameterization process. For generating
reference potential energy surfaces usable in a fast parameterization process, most of

high-level accurate quantum chemical methods are too expensive to be employed. Therefore,



we construct a collection of force-field like potential energy functions on the 4-th order Taylor
approximation to expand those functions. Generated by accurate Coupled cluster calculations,
our potential energy function not only provide us with accurate potential energy surfaces but
also allow for substantial savings in the computational time. The final library of potential
energy functions were determined for 74 common molecules containing the elements of the
first, second, and third row of the periodic table of elements. The list of these molecules
attempts to represent the most typical bonding. situations between these elements. We
conclude the derivation<of the library of potential. energy functions by presenting a
verification algorithm designed to-validate the accuracy of our library. In the fitting process,
we are able to control the RMS error to be less than 10 a.u. in all the studied cases. We have
also implemented each of potential energy function as an external program, which can be
invoked from the Gaussian09 program, for performing geometry optimization and calculating
vibrational frequencies. In all of studied cases, our library of potential energy functions can
reproduce the equilibrium geometry and vibrational frequencies giving results almost
identical with those from the CCSD(T)/cc-pVTZ calculation. For all the calculated vibrational

frequencies, the error to CCSD(T) is smaller than 10 cm™.
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Chapter 1

Introduction

In recent years, owing to dynamic development of computational science and quantum
chemistry, molecular simulations became a powerful and useful tool used by many chemists
in their research. There exist many-quantum chemical methods, which can be applied
successfully to various chemical problems. Most ofthese  methods can be classified as
post-Hartree-Fock techniques or—various variants of .density functional theory (DFT).
However, if one wants to generate a potential energy surface, determine vibrational
frequencies, or obtain-other physicachemical information for large molecules, those accurate
methods are probably too expensive to be used. Therefore, another class of somewhat less
accurate methods commonly known as semi=empirical methods was developed for huge
chemical systems.

Self-consistent charge density-functional tight-binding (SCC-DFTB) method™ is one of
such powerful semi-empirical methods. It was primarily developed as an approximation of
DFT® ® applicable to very large molecular systems appearing in either physical or chemical
considerations. SCC-DFTB is based on tight-binding (TB) theory® and on the second-order

Taylor expansion of energy with respect to the charge density fluctuations. SCC-DFTB is able



to treat huge molecular systems with more than 1000 atoms. Its development can be
considered as an important contribution to computational chemistry and solid-state material
science.

However, SCC-DFTB has certain limitations, which diminish its strength for particular
chemical applications; removing some of these limitations is one of the most important
directions of development of the SCC-DFTB method. The first limitation concerns the fact
that the accurate energies, equilibrium ‘geometries, and vibrational frequencies cannot be
obtained with SCC-DFTB. parameter sets simultaneously.®)»This is related to the fact that
SCC-DFTB does not represent the-potentials between two elements in a very accurate fashion.
In the current parameterization of SCC-DFTB; insufficient reference potential energy surfaces
to be used for constructing the parameters, which is the primary reason for the current
situation. The second limitation comes from the fact that.currently the SCC-DFTB parameter
sets are available only for a set of few selected elements.

To overcome those limitations, we decided to generate numerous reference potential
energy surfaces required in the parameterization process. In order to keep a high level of
accuracy in the reference potential energy surfaces, high level quantum chemical calculations
are needed. Most of the available techniques are too expensive to be employed in a fast
parameterization process. To solve this problem, we construct potential energy functions by

fitting accurate quantum chemical calculation. The resulting function can generate the



required potential energy surface with similar degree of accuracy but in much shorter time.

In order to represent most typical bonding situations between the elements of the first,

second, and third row of the periodic table of elements, we construct a library of the potential

energy functions for 73 common molecules containing those elements. For generating each

potential energy function, we perform a series of accurate quantum chemical calculations

using coupled-cluster theory. The accuracy of each potential energy function is verified via

determination of equilibrium geometries and harmonic frequencies.

This chapter contains:a general introduction to the.topies studied in this Thesis. Details

concerning our choice of potential-energy function are shown in Chapter 2. A short outline of

coupled-cluster theory is briefly discussed in Chapter 3. In Chapter 4, we describe the

verification process and discuss the simulation techniques used in.our work. In Chapter 5, we

present the results and-give a discussion of our work. In‘Chapter 6 we suggest how to apply

our potential energy functionsto,the SCC-DFTB parameterization process.



Chapter 2

Definition of the Potential Energy Function

2.1 The Force-field-like Potential Energy Function

The force-field functions used routinely in molecular mechanics methods provide a
relationship between energy and the-molecular geometry close to the equilibrium.® Usually,
the force-field functions are derived from experimental.data-or accurate quantum mechanical
calculations. Following the previous description, we, want to generate a potential energy
function for each molecule in form of a force-field-like function. By fitting the parameters to
accurate quantum mechanical calculations, the potential energy function can reproduce

accurate energies for a wide range of molecular geometries.

2.2 Taylor Series

According to Taylor theorem”, all sufficiently smooth function can locally be
approximated by polynomials. Therefore, we use Taylor series to expand our potential energy
functions. The Taylor expansion of a real function f(x) that is infinitely many times

differentiable in a neighborhood of x, can be expressed in form of a power series

100= 100+ 100 x) - (2 T 2.1)



In other words, this power series can describe the function f around a given point x,.

0)
Replacing the formal derivatives terms f_(lxe) by adjustable parameters Kk;
il
f(X) =k, + K (X=%)+K, (X=X )+ K, (X=X ) +---

=3k (x-x) @2

yields a formally equivalent series that can be used to describe the behavior of f around
X, . We further truncate the infinite Taylor series to a finite form, which is usually referred to
as the n-th order Taylor approximation
n

f(x) ~ ;‘ki (x-x,)' (2.3)
Though higher-order approximations-may provide a better description of reality, they can also
increase the computational effort. Thus, in our work, the potential energy function is
expressed in a form_of the 4th-order Taylor function, which combines reasonable accuracy
with affordable computational.load.

To construct our potential energy functions, we expand the energy in a Taylor series
around the equilibrium geometry. Thus, the point X, in Eg. (2.3) can be regarded as the
equilibrium geometry. The point x is an arbitrary geometry located around the equilibrium
geometry. For representing the geometric variation of the arbitrary geometry x, the
geometries are expressed by some internal coordinates. The point X, and x are
transformed into internal coordinates (a, ,b, ,c, ...) and (a ,b ,c ...). For example, the 4-th

order potential energy function with three internal coordinates (a ,b ,c ...) can be expanded



as

E(a,b,c) = kooo + klOO(a - ae) + k01o(b - be) + k001(c - Ce) +

Kygo(@ — ae)2 + Kogo(b — be)2 +Kopa (€ — Ce)2 +

kio(@—2a,)(b-b,)+kyg(@a-a)c—c,)+ky,(b-b)c-c)+--

E@bo= Sk, (a-a) (b-b)(c-c) (2.4)

a,B,y=0

In the fitting process, we determine the parameters k_, using the following steps. First,
we perform CCSD(T) geometry optimization'to determine the equilibrium geometry and the
corresponding energy. Second, we generate a large. number of geometries around the
equilibrium geometry, and compute-the corresponding CCSD(T) single point energies. The
CCSD(T) calculations, using the cc-pVVTZ basis sets, are performed with the MOLPRO2k9
program.(s) Third, we transfer. the equilibrium geometry/ and. all the non-equilibrium
geometries into their corresponding internal coordinates and substitute them into the potential
energy function. For each of the non-equilibrium geometries, we can obtain one equation
from the potential energy function. If the number of equations is larger than the number of
unknown geometric parameters used for constructing the potential energy function, the
resulting overdetermined system of linear equations may be solved by the QR decomposition

technique. The details of the QR decomposition will be given in Section 4.1.



2.3 The Types of Internal Coordinates

Following the previous description, the internal coordinates in potential energy functions
are used to represent the geometry variation. In order to represent the molecular potential
energy surfaces more accurately by our functions, the representation of molecular motions are
also important for internal coordinates.

For small molecules, we can use bond lengths and bond angles as internal coordinates.

Below, we discuss H,, H,O and NH3.as examples of internal coordinates.

a

a2
y rl ) \Q ré\
J“r_ Figure 2.1
J r The internal coordinates
N~ al\@ .
J in H,, H,0 and NH;
a3
In the H, molecule, one internal coordinate is sufficient to represent the H-H stretching: the
bond length between the two hydrogens. In-the H>O molecule, there are three internal
coordinates. Two of them are the O-H bond lengths, which correspond to the O-H stretching.
The third one is the angle formed between two O-H bonds, which represent the bending
between the two O-H bonds. In the NH3; molecule, there are six internal coordinates. Three of
them are the N-H bond lengths, which correspond to the N-H stretching. Other three are the

angles formed between three N-H bonds, which represent the bending and wagging of those

N-H bonds.



When the size of a molecule becomes larger, the interrelation between bond lengths and
bond angles may become complicated. Therefore, in the molecular systems which have more
than five atoms, we set all the interatomic distances to be the internal coordinates. Below, we

discuss methane and ethane as examples of internal coordinates.

Figure 2.2
The internal coordinates in
CH,4 and CoH4

For methane, thereare ten internal coordinates in total, which are separated into two types.
One type is the C-H bond lengths (red lines), which-correspond to the C-H stretching. And
another is the distances between two hydrogens (green lines) which represent the bending,
rocking, wagging or twisting between the C-H bonds. For ethene, there are fifteen internal
coordinates in total, which are separated into three types. The first type is the C-C bond length
(red line), which represent the C-C stretching. The second type is the distances between any
carbon and hydrogen (green lines). And the third type is the distances between any two
hydrogens (blue lines). Using these three types of internal coordinates, we can represent all
the motions of those C-H bonds successfully.

For some molecular systems (more than eight atoms), if we use all the distances between
8



any two atoms as the internal coordinates, the number of coordinates and the size of potential
energy functions may become too large and hard to determine the parameters. In order to
balance the accuracy and computational load, some of the distances are ignored. The number

of internal coordinates for each molecule is shown in Appendix A.

2.4 Symmetry Adaptation

The examples given in last section, suggest that there are symmetry links between some
of internal coordinates. The coefficients of those symmetry-related internal coordinates in the
potential energy functions are -identical. If we can. figure out those symmetry-relations
between the internal coordinates and organize them together in the potential energy function,
then the number of parameters will-be greatly reduced. This step will speed up the process of
QR decomposition.

In this work, we use symmetry operation to determine the symmetry-adapted internal
coordinates for each molecule. First, we check the point group of a molecule, and construct
the symmetry operations for this molecule. The operation may permutate some of the internal
coordinates, which allows for separating the internal coordinates into many different
symmetry classes. The water molecule has the “C,,” symmetry, with symmetry operations: E,
C,, 0,” and o,”. The operator E and o,’ can be ignored because they do not interchange any

atoms nor internal coordinates, while the operators C, and 6,”” exchange the hydrogen atoms.



Figure 2.3
R ) C, V) N .
— Do symmetry operations
\\a/ 3 ou(y2) N ' on water
a

From Figure 2.3, we observe the permutation between the internal coordinate r; and r».
Therefore, we can determine r; and r, are the symmetry-equivalent internal coordinates. The

original potential energy function of the water molecule is
E(r,,r,,8) =Ky + Kigo(l = Fe) + Koyo(1o = Foe ) F Koee (B = @) +
Koo (1, = 1ie)? Koo (=1, )% + Ko (@ -2, )° +
Kipo(r — 1 )(f = 1) + Ko — )@ =2a,) + Koy (r, — 1 )(@—a,) + -
(2.5)

After collecting the 'symmetry-equivalent internal coordinates together, the Eq. (2.5) can be

rewritten as
E(rprz’a) = k1 +k2[(r1 - r1e)+(r2 3 r2e)]+ k3(a_ae)+
kel(r =) + (- P Jo ks (a = a,)? +
k6(r1 - rle)(rz - r2e)+ k7[(r1 - r‘1e)(a_a'e)+(r‘2 - r2e)(a_ae)]+“.

(2.6)

This process is called symmetry adaptation. It can not only reduce the computational load in
the fitting process, but it can also increase the evaluation speed of the potential energy
functions, especially for large and high-symmetry molecular system. For the water molecule,

the number of parameters is reduced from 35 to 22; for cyclopropane, the number of

10



parameters is reduced from 91390 to 8986. The number of parameters before and after the

symmetry adaptation is shown in Appendix A for each molecule.

2.5 Generation of the Data Points

In the fitting process, the quality and quantity of the data points in solving the
overdetermined system of linear equations are both important. If the geometries are far from
the equilibrium geometry, our potential energy .functions may not generate an accurate
potential energy surface. Therefore, we use z-matrix to generate the geometries of data points,
since those geometries can be easily controlled.

The z-matrix iS_a way to represent a system-built of atoms. It provides a description of
each atom in a molecule in terms.of its atomic number, a bond:length, a bond angle and a
dihedral angle. To describe a molecular system with less than four atoms, we can only use

bond lengths and bond angles. For example for water molecule,

@)
H 1 OH1
H 1 OH2 2 HOH

Figure 2.4
The z-matrix input for water molecule.

where the OH1 and OH2 are the O-H bond lengths and the HOH is the angle between two

O-H bonds. In this case, the z-matrix is totally identical with the definition of our internal
11



coordinates.

In the molecular system with more than four atoms, the new term is introduced into the

z-matrix, which is called dihedral angle. In Figure 2.5, we show the definition of dihedral

angle 5, defined as the angle between two planes, plane 2-1-3 and plane 1-3-4.

Figure 2.5
The dihedral angle in four atoms
molecular system.

The z-matrix input for methane shown in Figure 2.6 should contain four bond lengths (R1, R2,

R3, R4), three bond angles (AL, A2, A3) and 2 dihedral angles (61, 62). The z-matrix input of

methane can be shown as:

R1

R2 2 Al

R3 2 A2 3 41
R4 2 A3 3 52

©

=

Q
\\)

=
=

fab)

S

@

=y
I T T I O
e

Figure 2.6
The z-matrix input of methane molecule.

12



By using the z-matrix, we can use a random generator to produce easily the data points.

In our work, the bond lengths are distributed in the range of +10% from the equilibrium

bond length, and angles are distributed in the range of + 10°0f the equilibrium bond angles.

13



Chapter 3

Coupled-Cluster Theory

Coupled-cluster (CC) theory®? js a post-Hartree-Fock technique, which constructs a
multi-electron wavefunction using the exponential cluster operator applied to the
Hartree-Fock determinant |‘PHF>. Qver the past years, this method has developed as perhaps
the most reliable computational - method for prediction of molecular properties.

Coupled-cluster theory constructs an approximate. solution to the time-independent
Schradinger equation
H|w)=E|w) (3.1)
where I:| is the Hamiltonian.of the system and the CC-wavefunction |‘P> is written in an

exponential form

W) =e' |¥,,.) (3.2)

The exponential term in Eq. (3.2) can be expanded as

L aT C T T
el =y —=1+4T+—+—+--- 3.3
éN! 2 3 (33)

In Eqg. (3.3), TA is a cluster operator, which includes all possible excitation operators.
T=Ti+T2+Ts+---Th (3.9)

where T1 correspond to all single excitations, T2 correspond to all double excitations, and

14



so on. In the formalism of second quantization these excitation operators are conveniently

expressed as

- k

Ti=) cia/a (3.12)
ik

- 1 +A+

T.=> > cia/a’aa, (3.13)
4i,j,k,l

In the above formula, a* and a are denoted as creation and annihilation operators
respectively and i, j stand for occupiedand kI for unoccupied orbitals.

The exponential form of cluster operator usually recovers more correlation energy than
configuration interaction (Cl), and it also guarantee the size extensively of the solution, but

makes the computations very expensive. Thus, we usually reduce the number of operators in

T . For example, if we only keep T 1-and- T 2in-T then the reduced technique is called the

CCSD method. If we only keep. T 2 then it is called the’'CCD method. One of high accurate

reduced techniques is called CCSD(T), which-is applied in our work. In the CCSD(T), the

cluster operator not only contains T1 and T2 , but also includes the contribution from T

in perturbative fashion.

15



Chapter 4

Verification Process and
Other Techniques

4.1 Verification process

For verifying the accuracy of our potential.energy functions, we have implemented each
of them as an external FORTRAN program, which can be invoked from the Gaussian09
program™ that is used as a—conveniént external. tool fof performing the geometry
optimization and calculating the vibrational frequencies. By comparing the equilibrium
geometries and vibrational frequencies with the results obtained with CCSD(T)/cc-pVTZ, we
get a direct evidence <supporting the accuracy of our potential energy functions. The
verification process employs  numerical-energy gradient for optimization and double
numerical hessian for the vibrational analysis. The details are discussed in the following

sections.

4.2 Solving the Overdetermined System of Linear Equations

Following the description in Section 2.1, we introduce the QR decomposition technique
to solve the overdetermined system of linear equations. We use m data points as the input

16



for the potential energy function, which depends on n unknown fit parameters, and we get a

system of m linear equations, which can be expressed in matrix formalism as

n

E =D Xk, (i=12..,m) (4.1)

i=L
where X, is a matrix of powers of the displacements of the internal coordinates, E; is a

vector of the corresponding CCSD(T) energies, and k; denotes a vector of the unknown fit

parameters. Next, we transform those m linear equations into a matrix form,

E=XK (4.2)
where
E, Xgp | Xy Xy Ky
E= E:2 . X= X:21 X:22 X:Zn = k:2 (4.3)
S o e 1

The least squares:approach for solving this problem is based on the concept of
minimization of the sum of squares of “errors” between the right- and left-hand sides of
Eq. (4.2), that is to find the minimum of the function
[E—XxK[ (4.4)

For finding the best solution K, I have written a program in the FORTRAN language
involving a routine called DGELS from Linear Algebra PACKage (LAPACK) Iibrary(lz). The
DGELS routine uses QR decomposition of matrix X to solve an overdetermined system of
linear equation. For each potential energy function, the minimized root-mean-square (RMS)

17



errors from the fitting process are shown in the Appendix A.

4.3 Numerical Energy Gradient

For determination of the energy gradient in the geometry optimization process, we apply
numerical differentiation in our program. To ensure good numerical accuracy of calculations,
the five-points stencil formulas are employed for each coordinate dimension. Assume that the
spacing between points in the grid is. h, the one-dimensional five-point stencil of a point x
iIs{x-2h, x—h, x, x4h, x+2h}. The first derivative of a function f at the point x can
be obtained by writing out the function T at the remaining four points of the stencil as a

Taylor series:

of(x) 0 00 &’
X 2

A 07 °H)  h e F ()
X Ao 3 o

f(x+h)=f(x)+h

f(X)( %)+ 0, (1) (4.6)

f(x—h)=f(x)=h +0_(h%) (4.7)

~ o (1), 4 2008 T () .

f(x+2h) = F(+2h 24 TE T ST = eSS 40, () (4.8)
e o (X)) 47 2% F(x) 8h3%F(X) .

flx+2h) = F()-2h 24 530 -2 S 40, () (4.9)

Evaluating Eq. (4.6) — Eq. (4.7) and Eq. (4.8) — Eq. (4.9) gives us

of (x) h 0°f(x)
OX 3 ox®
of (x) 8h o°f (x)
OX 3

f(x+h)— f(x=h)=2h +0,(h*) (4.10)

f (x+2h) — f (x—2h) = 4h

+0,(h*) (4.11)

3
We evaluate 8xEq. (4.10) — Eq (4.11) to eliminate the 0 af (3X) term, which gives us
X

of (x)

8 (x+h)—8f(x—h)— f(x+2h)+ f(x—2h) =12h T2 L O(h*) (4.12)

18



Then we get as

a(x)
OX

of (x) _ 8F(x+h)~8f(x—h)— f(x+2h)+ f (x—2h)

a 12h +0(Y)

X (4.13)
8 (x+h)—8f (x—h)— f(x+2h)+ f(x—2h)
- 12h

The magnitude of the error in this approximation is O(h*), which evaluates to 10™ u with

the choice of h of 0.001 a.u. in our program.

4.4 Vibrational Frequency Analysis

In quantum mechanics; the-molecular motion in-a normal vibration can be described as a
kind of simple harmonic mation. According to Hook’s Law and Newton’s Law, the
vibrational frequency. v in harmonic oscillator can be expanded as
v= L |K (4.14)

27 \'m
where k is the force constant and m is the mass. In° molecular mechanics, the force
constant can be calculated from the Hessian-matrix, which is the second partial derivation of
the total energy E with respect to the Cartesian displacements of the atoms. For a molecular

system, containing N atoms, the force constants matrix F can be expand as a 3N x3N

hessian matrix.
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[ 6 9E O°E O°E |
oxZ  oxdy, oxor,  oxor
0°E °E  O°E OE
a 2 E aylaxl ayl2 aylazl aylaz N
Fi=oeae | JE FE FE | OE (4.15)
Vbl egox,  ozoy, ozt 02,02,
O°E 0°E 0°E 0°E
(Gzyox, om0y, on,0n,  or’ |

Each element of the hessian matrix can be evaluated by numerical differentiation with a

displacement h. There are two kinds of elements in the hessian matrix. The first type,

8 2(x)

X2

, iIs located on the diagonal of the matrix. Those elements can be determined as
follows:

Evaluating Eq. (4.6)+EQ. (4.7) gives us

FOc h) -+ F(x—hy=21 (0 + h? Sr )6,y (4.16)

2
The element fgx) can be determined as
X

2 —_— p—
0 fgx): f(x+h)+ f(); h) 2f(x)+01(h“)

ox h (4.17)

f(x+h)+ f(x—h)—21(x)
~ h2
02 f(x, )

The second type has a two-dimensional form . It can be obtained by writing out the

OXoy

function f at the six points of the two-dimensional stencil as a Taylor series:

f(x+h,y)= f(x, y)+h6f(a);y) 2.hzafa(xzy) 0, (h) (4.18)

oAxy), 1 20°(xy) 4

FOx=hy) =T y)-h=—""+- o . (h%) (4.19)

oaxy) 2 of2(x,y)
f(x,y+h)=f(x y)+hZ Y 5 2h > +0,,(h%) (4.20)
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o (x, Y) 2 Of (X y)
f h)=f h———= h +0, (h’ 4.21
(x,y—h)=f(xy)- . 2 N _(h%) (4.21)

_ oafxy)  ofxy)
f(x+hy+h)=f(x,y)+h ™ +h &

h2 af (X2 y) h2 af (X y) h2 af (X y) 03+(h )
T x| 2 oy’? Oxoy

(4.22)

Chov_h _pdfxy) L of(xy)
f(x=h,y—h)=f(x,y)—h ™ h 6y
2 ax 2 ay 6x6y

(4.23)

Evaluating Eq. (4.18) + Eq. (4.19) and ignore the error function O

hzafa(xzy)~f(x+h y)+ F(X=hyy)—2 (% y) (4.24)

Evaluating Eq. (4.20) + Eq. (4.21) and ignore the error function O

2
hz—afa(;z’y)zf(x,y+h)+f(x,y—h)—2f(X,y) (4.25)
Evaluating Eq. (4.22) + Eq. (4.23) and also ignore the error function. O

2
f(x+h,y+h)+ f(x—h,y—h)~2f(X1Y)+h26fa(xxz’y)

+h2 afz(x1 y) +2h2 afz(X, y)
2 oxoy

From Eq. (4.24) and Eq. (4.25), we can rewrite Eq. (4.26) as

(4.26)

f(x+hy+h)+ f(x—=h,y—h)~=-2f(x,y)+ f(x+h,y)+ f(x=h,y)
~ , F (X, y) (4.27)
+ f(x,y+h)+ f(x,y—h)+2h —axay

o*f(xy)

Oxoy

Finally, the element can be determined as

o’f(xy) 1
oxoy 2h

> [f(x+h,y+h)+ f(x=h,y—h)+2f(x,y)
(4.28)

—f(x+hy)—f(x=h,y)—f(x,y+h)-— f(x,y—h)]

To determine the vibrational frequencies in Eq. (4.14), the force constants matrix has been

divided by the mass, giving us so called mass weighted force constant matrix.
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cart,ij

mec S 4.29

Diagonalization of the mass weighted force constant F,, . Yields a set of 3N eigenvectors
and 3N eigenvalues. After separating the translation and rotation modes, the roots of the

eigenvalues determine the harmonic frequencies of the molecule.
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Chapter 5

Results and Discussions

For constructing available library in SCC-DFTB parameterization process, | have fitted
the potential energy functions for 73 common molecules, representing the most common
bonding situations between the elements of the first-, second- and third-rows of the periodic
table. Our potential energy functions can reproducethe potential energy as accurate as
CCSD(T)/cc-pVTZ. Our function-can be easily invoked by the SCC-DFTB parameterization
program. The input for the potential energy routine is the molecular geometry; the routine
returns the corresponding energy.

For evaluating the<accuracy of our potential energy functions, | first evaluate the RMS
error of the fitting process. For the cases-with-large errors, | try to put more data points or
remove some data points with large displacements from the equilibrium. If the error problem
still cannot be solved, improving the definition of internal coordinates sometimes is effective.
In order to represent the variation of the geometry or the motions of atoms in the molecule
accurately, I change the types of internal coordinate or use a larger number of coordinates.
Finally in all the studied cases we are able to control the RMS error to be less than 10 a.u.
Details are shown in the Appendix A.
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A potential energy function characterized by small RMS error does not necessarily
generate an accurate potential energy surface. Therefore, following the previous description in
Section 4.1, we also verify the accuracy of potential energy function by performing geometry
optimization and vibrational frequency analysis. Most of the potential energy functions can
reproduce the equilibrium geometry and vibrational frequency giving results almost identical
with those from the CCSD(T)/cc-pVTZ calculation. In a few cases, some vibrational modes
have larger errors. We have figured outan effective way to overcome this problem. Following
the eigenvector of such a vibrational mode, we generate.an additional set of geometries. After
we put those extra data points into-the potential energy.linear fitting procedure, we can obtain
acceptable vibrational frequencies for each molecule. For all vibrational frequencies, we
request the error to be smaller/than 10 ¢m™. The detailed information about the geometries
and vibrational frequencies is shown in Appendix B.

Though our scheme could/ be successfully applied for generating potential energy
functions for many different molecules, there are still 5 molecules, for which the potential
energy function could not be determined in a satisfactory fashion. For benzene, furane and
pyrrole, our potential energy functions produce good equilibrium geometries but the accurate
vibrational frequencies have substantial errors. For acetone and cyclopropane, the geometry
optimization process has failed.

So far, the work of building the references potential energy surfaces is almost done. In
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last chapter, we briefly describe the future work about applying our references potential

energy surfaces to the parameterization process of SCC-DFTB.
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Chapter 6

The Parameterization of
the SCC-DFTB Repulsive Potentials

In the SCC-DFTB method, the total energy function is separated into an electronic part
and a repulsive part.! The electronic part is described by a Hamiltonian, which is derived from
DFT. SCC-DFTB uses as'the reference density the superposition of neutral atomic densities
together with a minimal basis of valence atomic wave functions. By applying the variational
principle, the electronic energy can be determined by solving a generalized eigenvalue
problem set up by the Hamiltonian and the overlap SCC-DFTB-matrices. It is important to
mention that SCC-DFTB uses the frozen-core approximation to reduce the computational
effort. As a result, SCC-DFTB /considers-only the valence atomic orbitals (AOs) in the
calculation. The remaining part of energy: the core-core repulsion, nuclear-nuclear repulsion
and other energy contributions not included in the electronic part are accounted for in the
repulsive part.*® The repulsive energy is approximated in SCC-DFTB as a sum of
short-range pair potentials between all atomic pairs.

In the SCC-DFTB calculations, the two-center Hamiltonian and overlap integrals are
pre-computed and stored in tables for each elements pair. In addition, the repulsive potentials
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are expressed as a collection of spline functions for each elements pair."** Looking up the
integrals in the pre-computed tables makes the SCC-DFTB method fast and enables one to
apply it to huge chemical systems.

In SCC-DFTB, the repulsive potential is represented on a grid defined by a set of

interatomic distances {r.}; 1, =[O0, r), I, =[r, )...., I, =[r,,r).and |, =
[rn+17 roo)
For the first interval |,, the repulsive potential has.an exponential form

Sy(r) = aexp(Ar +7) (6.1)

For other intervals, the repulsive potentials is represented by a cubic spline
3
S;(r) :Zak,i(r_ri)k (6.2)
k=0

In the original parameterization procedure; the repulsive potentials are constructed using
as a reference set of data the difference between the electronic SCC-DFTB energy and the
DFT energy. The free parameters defining the spline functions are determined from a linear
regression fit. For some chemical systems, accurate energies and vibrational frequencies
cannot be obtained with the existing SCC-DFTB parameters. This problem may relate to the
fact that the linear regression fitting is not a good way to solve those nonlinear equations. In
addition, insufficient number of molecules were used in the parameterization process.

Therefore, we are planning to employ another method in the parameterization process,

called particle swarm optimization (PSO).“® This method can solve an optimization problem
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by iterative improvement to a candidate solution. First, we guess many random candidate

solutions and construct the new repulsive potentials for each such a candidate solution.

Second, we use each of the new repulsive potentials to generate a new potential energy

surface. By comparing with the reference potential energy surface, we can compute the error

for each candidate solution. This allows us for assessing the quality of each candidate. If the

new candidate solution is characterized by better fitness than any of the previously formed

candidate solutions, it becomes a new PSO minimum used for giving the after PSO particles.

After several cycles of optimization, we can obtain a solution with small error, which is

usually a good approximation to-the real global minimum. The accuracy of the reference

potential energy surfaces is important here, especially in the PSO method, thus the high

accurate quantum chemical calculations are required, e.g. CCSD(T).

The CCSD(T) calculations are very expensive and slow. In addition, we cannot predict

how many CCSD(T) energies are required-to-obtain a good solution in the PSO optimization.

The CCSD(T) calculations can be regarded as the bottleneck of the PSO procedure since they

seriously reduce the speed of the parameterization process. Therefore, our potential energy

functions can be a feasible way to replace the expensive CCSD(T) calculations.
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Appendix A

I. Details of the Fitting Procedure

This section shows various information concerning the fitting procedure, which include:
(1) the number of internal coordinates (IC) used for construction of the potential energy
function
(2) the number of original parameters in the potential energy function
(3) the number of parameters* after the symmetry adaptation process
(4) the number of data points‘used in-the fitting work

(5) the RMS error in the linear-least square fitting process

1. Hydrogen Group

Formula IC Parameters | Parameters* | Data points | RMS error

H, 1 5 5 11 3.599E-7

2. Lithium Group

Formula IC Parameters | Parameters* | Data points | RMS error
Li, 1 5 5 11 1.094E-7
HLIi 1 5 5 11 3.784E-7

CLiy 10 1000 83 10000 7.412E-6
LisN 6 210 47 10000 6.649E-6
Li,O 3 35 22 1331 3.871E-6
FLi 1 5 5 11 2.712E-6
Li,S 3 35 22 1331 3.148E-6

31



CILi 1 5 5 11 2.489E-6
3. Beryllium Group
Formula IC Parameters | Parameters* | Data points | RMS error
BeH, 3 35 22 1331 1.082E-6
Be=0O 1 5 5 11 4.249E-6
BeF, 3 35 22 1331 6.720E-6
BeCl, 3 35 22 1331 6.440E-6
4. Boron Group
Formula IC Parameters | Parameters™ | Data points | RMS error
BH; 6 210 47 10890 1.780E-6
BF; 6 210 47 10000 5.057E-5
BCl; 6 210 47 10000 1.129E-5
5. Carbon Group
Formula IC Parameters | Parameters™ | Data points | RMS error
CH, 10 1001 83 10000 6.089E-6
CH3-CH; 28 35960 3361 11000 1.717E-5
CH,=CH;, 15 3876 1056 10000 3.601E-6
CH=CH 6 210 120 10000 4.756E-6
CH,=C=CH, 21 12650 2379 10000 3.085E-5
CsHe
36 91390 8986 10000 5.747E-6
(Cyclopropane)
CH3-NH; 21 12650 6490 10000 2.282E-6
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CH,=NH 10 1001 1001 10000 4.584E-6
CH=N 3 35 35 1331 7.348E-6
NH=C=NH 10 1001 525 10000 7.296E-6
C=0 1 5 5 11 8.229E-6
CO; 3 35 22 1331 1.219E-5
CH,=0 6 210 120 10000 5.946E-6
CH;-OH 15 3876 2180 12000 3.591E-6
CH3-O-CHj3 27 31459 8439 12000 1.136E-5
CH3;COOH 23 17549 10235 11000 8.699E-7
C,H,O
21 12650 3330 10000 2.344E-6
(Epoxide)
CF, 10 1001 83 10000 9.218E-5
CCly 10 1001 83 10000 5.104E-5
6. Nitrogen Group
Formula IC Parameters | Parameters* | Data points | RMS error
N, 1 5 5 11 8.949E-6
NH; 6 210 47 10500 3.262E-6
N2H;
6 210 120 10000 6.038E-6
(Z form)
N2H;
6 210 120 10000 6.891E-6
(E form)
NH,-NH; 15 3876 1996 10000 5.668E-6
NH,-OH 10 1001 561 10000 5.992E-6
NH=0 3 35 35 1331 8.276E-6
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HNO; 10 1001 1001 10000 1.824E-5
FsN 6 210 47 10000 2.717E-5
Cl3N 6 210 47 10000 2.226E-5

7. Oxygen Group
Formula IC Parameters | Parameters* | Data points | RMS error
0, 1 5 5 11 8.484E-6
O3 3 35 22 1331 4,051E-6
H,0 3 35 22 1331 2.648E-6

H,0, 6 210 120 10000 5.404E-6
F,0 3 35 22 1331 1.368E-5
Cl,0 3 35 22 1331 6.372E-6

8. Fluorine Group
Formula IC Parameters | Parameters* |/Data points | RMS error
F, 1 5 5 11 4.520E-6
HF 1 5 5 11 2.103E-6

FNa 1 5 5 11 3.791E-6

F,Mg 3 35 22 1331 9.144E-6
AlF; 6 210 47 10000 1.096E-5
F4Si 10 1001 83 10000 1.563E-5
FsP 6 210 47 10000 2.305E-5
F.S 3 35 22 1331 1.486E-5
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9. Sodium Group

Formula IC Parameters | Parameters* | Data points | RMS error
HNa 1 ) 5 11 6.300E-7
Na,S 3 35 22 1331 4.405E-6
NaCl 1 5 5 11 3.798E-6

10. Magnesium Group

Formula IC Parameters | Parameters* | Data points | RMS error

H,Mg 3 35 22 1331 1.088E-6
Cl,Mg 3 35 22 1331 7.514E-6
11. Aluminum Group

Formula IC Parameters | Parameters* | Data points | RMS error
AlH; 10 210 47 10000 2.994E-6
AICl; 10 210 47 10000 9.676E-4

12. Silicon Group

Formula IC Parameters | Parameters* | Data points | RMS error
H,Si 10 1001 83 10000 4.701E-6
Cl,Si 10 1001 83 10000 1.439E-5

13. Phosphorus Group

Formula IC Parameters | Parameters* | Data points | RMS error

HsP 6 210 47 10000 3.953E-6
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ClsP 6 210 47 10000 1.929E-5
14. Sulfur Group
Formula IC Parameters | Parameters* | Data points | RMS error
H,S 3 35 22 1331 2.825E-6
Cl,S 3 35 22 1331 1.411E-5
15. Chlorine Group
Formula IC Parameters | Parameters* | Data points | RMS error
Cl, 1 5 5) 11 7.902E-6

1. The Form of Potential Energy Function

This section, shows the complete form.of the potential energy function and parameters
used for the following molecules: H;, H,O, and ‘CH,O. The potential energy functions are
expressed in a form of the 4th-order Taylor function,-and the parameters are determined from
the linear-least square technique. Detailed discussion of these three molecules helps

understanding the form of our potential energy functions.

1. H,
Cartesian coordinates (a.u.):
é Atoms X Y y4
y_y 1H Hix Hiy Hi,
2H Hax Hay Ha,
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Internal coordinates:

r :\/(Hlx - H2><)2 +(H1y - H2y)2 +(le - HZZ)Z

Constants:

I, =1.403412 a.u.

Potential energy function:

E(Hartrees) = P(1) + P(2) x(r- 1)) + PQR)x(r-r,)* + P(4) x(r-r,)* + PG) x(r-r,,)*

Parameters:
P(1)=-1.172337 Equilibriun energy
P(2) =0.000038 1st-order stretch
P(3) =0.185324 2nd-order stretch
P(4) =-0.216571 3rd-order stretch
P(5)=0.181181 4th-order stretch
2. H,O
Cartesian coordinates.(a.u.):
Atoms X Y Z
I Iy
10 O1x Oly O1,
¥ 2H H2x Hay Ho,

Internal coordinates:

rl = \/(le - HZX)Z +(Oly - HZy)Z +(Olz - H22)2
f, = Oy —Hy)* +(0y, —Hy, )’ +(0, —Hy,)’
1| (Hy —OL)(Hg, _le)+(H2y _Oly)(H3y _Oly)+(H22 -0,)(H,, _olz):|

a = CoS

N xr

Constants:

I, =1.403412 a.u.
a,, =1.807874 a.u.
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Potential energy function:

E(Hartree) = P(2) + P(2) x Zzl(ri

i=1

P(4)XZ(F L)’ +P(5)x(a—a,)*+P(6)x| (1

P(8) X Z (r| - req

P(ll)xi[(ri ~ly

P(13) X[(rl - req

P(16)x[ (,— 1)’

P(lS)xi[(ri
P(20)x[(rl —l,

)(rz - req

)Z(rz - req

)’ +P@)x(a-a,,)*+ F>(10)><[(r1 -

F(a-a,)]+ Pa2x [ -

(rZ - req)+(r1 - req)(rz - re

— 1), —

-r,)+P@)x(a-a,)+

2
I’eq) (rz - req) + (rl - req

Lo@-a,)’ |+

r)@-a,) J+P(19 Z[r—req)z(a—aeq)ﬂ+

)? |+PRL[ (1 -

P22)x[ (1, —. )(r, — 1 )(a-2a,)*]

Parameters:

P(1)=-76.332216
P(2)=0.000099
P(3)=0.000009
P(4)=0.272209
P(5)=0.083040
P(6)=-0.00619
P(7)=0.033186
P(8)=-0.340899
P(9)=-0.026569
P(10)=-0.000822
P(11)=-0.003748

Equilibriun energy

1st-order stretch

1st-order bend

2nd-order stretch

2nd-order bend

2nd-order stretch/stretch coupling
2nd-orderstretch/bend coupling
3rd-order stretch

3rd-order bend

3rd-order stretch/stretch coupling
3rd-order stretch/bend coupling

eq)Z(r2 m req

P(12)=-0,018773
P(13)=-0.033802
P(14)=0.280525
P(15)=-0.005940
P(16)==0:002280
P(17)=-0.008572
P(18)=0.014224
P(19)=-0.004180
P(20)=0.000815
P(21)=0.004672
P(22)=0.018809

)(a_aeq) + (rl - req

)(rz - req

req)]+ P(7)x i[(n —r)@- aeq)]+

-1y |+

Na-a,) |+ F>(14)x_§2:(ri —1)" +PA5)x (a-a,)" +

V]R3 -y @2,

) (a-a,) ]+

3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
4th-order stretch

4th-order bend

4th-order stretch/stretch coupling
4th-order stretch/bend coupling
4th-order stretch/bend coupling
4th-order stretch/bend coupling
4th-order stretch/stretch coupling
4th-order stretch/bend coupling
4th-order stretch/bend coupling

3. CH,0O
Cartesian coordinates (a.u.):
Atoms X
1C Cix
a C
C2 L 20 Oax

b b,

~d o 3H Hax
4H Hax
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Cuy C1
Oyy Oz,
Hay Hs,
Hay Haz



Internal coordinates:

a:l. = \/(Clx _02x)2 + (Cly _OZy)2 + (Clz _022)2
b, = /(C,, —Hy,)* +(Cyy —Hy, )’ +(Cp, —Hy, )’
bz = \/(Clx - H4x)2 +(C1y - H4y)2 +(C1z - HAZ)Z

¢, = cos™ (05— Cy)(Hy, —Cy) +(0,, —=Cy, )(Hy, —=Cy,) +(0,, —Cy, )(Hy, —Cyy)
axhb
C, = C051|:(o2>< _CIX)(H4X _C1X)+(Ozy _Cly)(H4y _Cly)+(ozz _Clz)(H4z _Cll):|
, =
axb,

d =COS{(ng ~0,)(H,, —0,) +(Hy, =0, )(H,, —0,,) + (Hy, —0,,)(H,, —O,,)
b1><b2

Constants:

a,, =1.403412 a.u.
b,, =1.403412 a.u.
Ceq = 2.127631 a.u.
d., =2.027924 a.u.

Potential energy.function:
2 2
E(Hartree) = P(1) + P(Z)XZ(bi ~bgq) + P(3)><Z(Ci ~Cog) + P(4)x(a-a,)+P(5)x(d —dgq) +
i=1 i=1
2 2
P(6)x (a—24q)” + P(7) x (d=dyq)* + P@) x D (6 ~Ceg > + PO)X D (b ~b)° +
i=1 i=1

2
P(10)><|:(b2 _beq)(cz _Ceq)+(b1 _beq )(C_L _Ceq):|+ P(ll)XZ(bi _beq )(d _deq) +

i=1
2 2
P(2)x Y (8= a,q) (0 —bag) + PA3) x| (€ =Ceq)(C; = Coq) |+ PAA) x D (a5 )(G; —Ceg) +
i=1 i=1
2
P(A5) %[ (B, ~baq) (0, ~beq) |+ PA6)x D" (d = deg)(G; —Cog) +
i=1
PAT) [ (0 ~beq)(C; = Ceg) + (B, —beq)(Cy —Ceg) |+ PUB) x| (a - aq)(d —dq) |+

2 2
P(19) x Z(ci —Ceq)® +P(20) x Z(bi —beq)® + P21 x (d —dg)® + P(22) x (@ —agq)* +
i=1 i=1

2 2
P(23)% D" (G —Caq)(d —dgg)? + P(24) x D (b —Ioq)* (d — deg) +
i=1 i=1

P(25)X|:(bl _beq)(c_l_ _Ceq)z + (b2 _beq )(CZ _Ceq)2:|+ P(ZG)X[(bl _beq)z(bz _beq)+(bl _beq)(bz _beq)2:|+
P(27) x| (2= a5q)(d ~eg)” |+ P(28) x| (b ~beq)” (€ = Cog) + (B, —Dag)* (C —Ceg) |+

2 2 2
P(29)x D (2=, )(Ci —Coq)” + P(30)x D (= a5q)* (B —beq) + P(BD x D (B —beg)(d —deq)* +
i=1 i=1 i=1
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P(32) x| (B ~beq)” (€2 Ceq) + (0 ~bug)* (&~ Ceg) |+ P(33) x| (a-85q)*(d —deg) |+

2
P(34) X|:(bl _beq)(CZ _Ceq)2 + (b2 _beq)(cl _Ceq)2:|+ P(SS)X Z(Ci _Ceq)z(d _deq)+

i=1
2
P(36) x Z (a- aeq)(bi - beq)2 +P(37) ><|:((-:1 _Ceq)(cz _Ceq)z + (Cl —Ceq)2(02 _Ceq):| +
i=1

P(38)><[(a—aeq)2(cl—ceq)+(a—aeq)2(02 —ceq)]+
P(39) x| (b g )(d —eq ) (€ = Ceq) + (B ~Deg)(d —deq (€2 —Ceq) |+
P(40) [(bl - beq)(bz - beq)(cz _Ceq) + (bl _beq)(bz _beq)(cl _Ceq ):| +

2
P(42) x| (3= 5q)(By —beq )(B; —Deq) |+ P(42)x D (b —byg)(C; —Ceq (€2 —Ceq) +
i=1
P(43) x| (8= 8eq) (b1 ~beq)(€ — Ceg) + (=g )b, =beg )(C; —Ceg) |+
P(44) X (b2 _beq)(d _deq)(cz _Ceq) + (bl _beq)(d _deq)(cl _Ceq):| +

P(45)x[(a—aeq)(bi ~byq)(d —dgg )]+ P(46)><[(d — o0 (6 ZC.(C —ceq)]+
2
P(AT)x ) (2= )(d — deg)(Ci=Cg) +
i=1
P(48) x[ (2= g ) (B — e )(€5 ~ Cog) #8100 ) (05 = e )(€, ~Ce) |
P(49) x| (b —bieq ) (b, ~beg)(d =dleg) |+-P(50) x| (@~ ) (0= Ceq) (o= Co) |+

2 2
PG1)x D (0 —beq)* +P(B2)x D" (; ~beq) + P(E3) x(@=a,,)* + P(4) x (A=) +
i=1 i=1

2
P(55) x Z(ci _Ceq)(d - deq)3 + P(56) X |:(b2 — beq)(cl _Ceq )3 + (bl _beq)(cz _Ceq)3:| +
i=1

P(57) x| (b, ~Beq)° (€2 ~ Ceq) 4By ~beg) (¢ — Cog) | +
P(58) XI:(bL - beq)s(bz - beq) + (bl _beq)(bz = beq)3:|+

2
P(59)x ) (a—asq)(B; ~byq)® + P(60) x| (a—a,q)*(d —dgq) | +
i=1

2
P(61)><Z(ci ~Co)*(d —dgq) + P(62) x[(a—aeq)(d —deq)ﬂ+
i=1

P(es?,)x[(c1 ~Ceq)* (€2~ Cog) + (€~ Ceg ) (C —ceq)3]+
P(64) X |:(b1 _beq)s *(CZ _Ceq) + (bZ _beq)s *(01 _Ceq):| +

2 2
P(65)x D (3= 8,q)(Ci —Cog)® + P(66) x D (- aug (b —Dbeq)* +
i=1

i=1

2 2 2
P(67)><Z(a—aeq)3(ci —Coq) + P(68) xZ(bi ~byq)%(d —dgq) + P(69) x Z(bi — by )(d —dgq)?
i1 i=1

i=1

P(YO) x |:(b2 - beq )(CZ - Ceq )3 + (bl - beq )(01 - Ceq )3:| +
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P(Yl) x |:(b2 _beq)z(cl _Ceq)z + (bl —beq)2(02 _Ceq)2:|+

2 2
P(72)x D (0 =byg)*(d = deg)* + P(73) x Y (a—2q)* (B —beq)” +

i=1 i=1

2
P(74)X2(a_aeq)2(ci _Ceq)z + P(75)>< ((bz _beq)z *(CZ _Ceq)z + (bl _beq)z *(Cl _Ceq)z) +
i=1

2
P(76)% Y (6 ~Ceq) (A~ deg)” + PITT) x| (€1~ Ceq)(C ~Ceg)” |+
i=1

P(78)x[ (b ~byq)? (b, ~eq)” |+ P(79) x| (a—q)*(d —deg)” |+
P(80) x| (b, ~ by )(d ~ Qg )(C; —Ceg)’ + (B~ Dy )(d — e (63— Cog)? | +
P(BL) x| (b ~bieq)(d — Ueq)? (€ —Ceq) + (B, — 0eg )(d — deg) (6 — Ceg) |+

2 2
P(82)% 3, (3= 2uq)(0 ~baq)(d —deq)? + P83 x 3 (a—25q)(d ~0ag )6 —Ceq) +

i=1 i=1
P(84) X |:(b2 - beq)(o.l. - Ceq )(CZ - Ceq)2 + (bl _beq)(cl - Ceq )2(C2 _Ceq):| +
P(85) x| (b —uq (A — e (¢, — O ) (B b (0 — g )(, =0 |

2
P(86)x D (b —beq) (¢, — Ceg)(C5 — Ca)+

i=1
P(87) X[ (8.~ 8,q)(B; ~Bug) (& ~Ceq) #(a=0q) by =Dog) (€, ~Cag) |
P(88) x ]

[
[
P(90) x| (8~ acq)” (b, ~Beg (G Ceq) + (8= 3" (br=Deg) (C=Caq) | +
P(91) x| (B, ~beq )(C, — Cag)(Co = Cog ) (B by M = o )(C5 =G )? |
[ |
[
[

2

(a aeq)(bl beq)(cz Ceq) +(a aeq)(bz beq)(cl Ceq) -

P(89) ( eq )(bl - beq) (bZ - beq) + (a_ aeq )(bl - beq )(bz )2 +

N
P(92) x| (B ~Dag ) (B, —Deg)’ (€1 ~Ceq) + (B —beg)” (B, —beg ) (C, = Ceg)
P(93) x| (b, - beq) (by —beg )(d —deq )+ (By ~ B ) (b5 = beq) (d- deq)}+
P(94) X[ (8~ 84q)(By ~Dag)? (€~ Ceq) + (B g (B ~eg)* (€2 Cog) |+
P(95) | (B ~byq)? (A — deg ) (€1 ~ Cag) + (B, —eg)* (0 — U )(C; ~Ceq) | +

+

2
P(96) D (8= 8cq)(Ci —Ceq)? (d —eq) + P(97) x Z(a 8q)” (B —beq (6 —Ceq) +
i=1

i=1

2
P(98)x D" (3= 84q)* (B —beg)(d — dq)
i=1

P(99) X[ (0~ deq)(C ~ Cog) (€2 — Cag) + (A — o) (61~ Cog (2 ~Coq)” | +
P(100) x [(b2 ~Byg)(d =g )% (€ — Cog) + (B — by )(d — Ao ) (¢4 —ceq)] +
P(L02) X[ (b~ bug (B —Beg)’ (€2 = Ceq) + (B =Dy ) (b, —big)(c1 —Ceg) |+
P(102) x| (8~ 84q)(€1 ~Ceq )(Cz —Ceq)” + (@ =g (€ —Ceg)* (€2 ~Ceq) |+
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2
P(103) x| (8 —agq)*(C; — Coq)(C2 —Ceq )] +PL04)X Y (B~ )0 ~bag )G —Ceq)? +

i=1

P(105) x| (b, —byq)? (d = deg )(C5 — Ceq) + (B, —beg ) (d = deg ) —ceq)}

[
[
[
[

i=1

P(108) x ( _aeq )(bz _beq)(cz _Ceq)2 + (a_aeq)(bl _beq )(Cl _Ceq)2:|+
P(109) x| (3= 8q)? (b~ Bug ) (B, ~Dag) |+ PL10)X | (by — b )(B, by )(d —0lq)? |+

2
P(106) x (d - deq)z(cl _Ceq)(cz _Ceq):| + P(107) XZ(a_aeq)(d _deq)z(ci _Ceq)+
a

2 2
PRIDx )" (2= 8gq) (B ~beg)*(d = deg) + P(L12) x D~ (2= aq )01 b )(C —Ceq)(C, —Cog) +
i=1 i=1

P(L13) x| (2~ gq)(b ~beg)(d Qg (€2 —Caq) + (@ — e )(By —beg (A —deg ) (€ —Ceq) |+

2
P14)x D (B =y (B, ~beq)(d — deg)(G; —Caq) + PA15) x| (2= g )(d — Ao )(Cy ~Cag )(C2 —Ceq) | +

i=1

2
P(116) x| (2= 83q ) (B ~bag ) (B, —Deq) (A=) JFPALT)x D (B~ s )(d — U (€1 — Ceq)(C —Cog) +
i=1

P(LL8) x| (8= 8eq (B — e (A “leq )6 —Cog) + (8.~ Beq (b, —beg ) (@' deglcy —Ccq) |+
[

2
P(119)x (b.l. - beq )(bZ - beq )(c.l. y Ceq )(CZ _Ceq )] + P(120) & Z (a < aeq )(bl ) | beq )(bz - beq )(Ci - Ceq)
i=1

Parameters:

P(1)=-114.333872 Equilibriun energy

P(2)=0.000051
P(3)=-0.075606
P(4)=0.000196
P(5)=-0.075585
P(6)=0.418373
P(7)=0.057733
P(8)=0.069779
P(9)=0.155652
P(10)=0.012903
P(11)=0.020411
P(12)=0.034303
P(13)=-0.050762
P(14)=0.078777
P(15)=0.005378
P(16)=-0.017036
P(17)=0.000660
P(18)=0.022882
P(19)=-0.037196
P(20)=-0.167513

1st-order stretch

1st-order bend

1st-order stretch

1st-order bend

2nd-order stretch

2nd-order bend

2nd-order bend

2nd-order stretch

2nd-order stretch/bend coupling
2nd-order stretch/bend coupling
2nd-order stretch/stretch coupling
2nd-order bend/bend coupling
2nd-order stretch/bend coupling
2nd-order stretch/stretch coupling
2nd-order bend/bend coupling
2nd-order stretch/bend coupling
2nd-order stretch/bend coupling
3rd-order bend

3rd-order stretch

P(21)=-0.023873
P(22)=-0.510095
P(23)=-0.003830
P(24)=0.007774
P(25)=-0.013125
P(26)=-0.000130
P(27)=-0.013319
P(28)=0.007148
P(29)=-0.068192
P(30)=-0.036734
P(31)=-0.010336
P(32)=0.003165
P(33)=0.013109
P(34)=-0.001882
P(35)=-0.009028
P(36)=0.010576
P(37)=0.015480
P(38)=-0.018463
P(39)=0.009152
P(40)=0.003493
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3rd-order bend

3rd-order stretch

3rd-order bend/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/stretch coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/stretch coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order bend/bend coupling
3rd-order stretch/bend coupling
3rd-order bend/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling



P(41)=-0.013310
P(42)=0.005923
P(43)=-0.034033
P(44)=-0.002146
P(45)=-0.005513
P(46)=0.012826
P(47)=-0.001213
P(48)=0.003990
P(49)=-0.021451
P(50)=0.020490
P(51)=0.115902
P(52)=0.010706
P(53)=0.376792
P(54)=0.018295
P(55)=0.044970
P(56)=0.011182
P(57)=-0.000296
P(58)=-0.003722
P(59)=-0.006682
P(60)=-0.008268
P(61)=0.039042
P(62)=-0.016431
P(63)=0.021347
P(64)=0.003198
P(65)=0.005702
P(66)=0.020173
P(67)=-0.003164
P(68)=-0.002329
P(69)=0.012268
P(70)=0.010922
P(71)=-0.004520
P(72)=-0.009661
P(73)=-0.003653
P(74)=0.025455
P(75)=-0.003802
P(76)=0.061059
P(77)=0.052883
P(78)=0.000351
P(79)=0.002912
P(80)=0.023812

3rd-order stretch/stretch coupling

3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order bend/bend coupling
3rd-order stretch/bend coupling
3rd-order stretch/bend coupling
3rd-order bend/bend coupling
3rd-order stretch/bend coupling
4-th order stretch

4-th order bend

4-th order stretch

4-th order bend

4-th order bend/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling

4-th order stretch/stretch coupling
4-th order stretch/stretch-coupling

4-th.order stretch/bend-coupling
4-th order bend/bend coupling
4-th order stretch/bend coupling
4<throrder bend/bend coupling
4-th order stretch/bend.coupling
4-th.order stretch/bend.coupling

4-th order stretch/stretch coupling

4-th orderstretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling

4-th order stretch/stretch coupling

4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order bend/bend coupling
4-th order bend/bend coupling

4-th order stretch/stretch coupling

4-th order stretch/bend coupling
4-th order stretch/bend coupling
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P(81)=0.021872
P(82)=0.008463
P(83)=0.000710
P(84)=0.006141
P(85)=0.024574
P(86)=0.004370
P(87)=-0.010734
P(88)=0.009631
P(89)=0.001292
P(90)=-0.000851
P(91)=0.016076
P(92)=-0.000046
P(93)=0.002300
P(94)=-0.011977
P(95)=0.004285
P(96)=40.075013
P(97)=0.037460
P(98)=0.003895
P(99)=0.088141
P(100)=0.032807
P(101)=-0.001005
P(102)=-0.091263
P(103)=0.007829
P(104)=0.001945
P(105)=-0.002864
P(106)=0.104939
P(107)=-0,072217
P(108)=0.032381
P(109)=0.012860
P(110)=0.021776
P(111)=-0.008427
P(112)=-0.003465
P(113)=0.022826
P(114)=0.002354
P(115)=-0.164093
P(116)=0.003766
P(117)=0.041534
P(118)=0.000706
P(119)=0.001903
P(120)=-0.008387

4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order bend/bend coupling

4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order bend/bend coupling

4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/stretch coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling
4-th order stretch/bend coupling



Appendix B

Critical Evaluation of Equilibrium

Geometry and Harmonic Vibrational

Frequencies

Below We present a comparison between equilibrium geometries and harmonic
vibrational frequencies derived from. our potential .energy function (PEF) and those obtained
using CCSD(T). The potential energy functions are implemented into an external program,
which can be invoked from Gaussian 09 program. The CCSD(T). calculations are using the
cc-pVTZ basis sets and are performed with the MOLPRO2k9 program. For Both of PEF and
CCSD(T) calculations, ' the numerical energy gradient is employed in the geometry
optimization process. The vibrational frequencies are obtained by diagonalizing the numerical
hessian, with the rotations and translations projected out. The source code of the external

programs and the Gaussian input/output files are stored in the CD-ROM.

1. H,

r

99

Geometric parameter

CCSD(T)

PEF

Deviation

r

0.7426 A

0.7426 A

0.0000 A
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Vibrational mode CCSD(T) PEF Deviation
1 4408.9 cm™ 4409.5 cm™ 0.6 cm™
2. Li,
r
Geometric parameter CCSD(T) PEF Deviation
r 2.7006 A 2.7005 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation
1 346.6 cm™ 344.7.cm™ -1.9cm™
3. HLi
;
- O
@9
Geometric parameter CCSD(T) PEF Deviation
r 1.6081 A 1.6080 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation
1 1395.8 cm™ 1395.1 cm™ -0.7cm™
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4. CLiy

9

Geometric parameter CCSD(T) PEF Deviation
r 1.9019 A 1.9016 A -0.0003 A
Vibrational mode CCSD(T) PEF Deviation

1 121.8 cm™ 120.9 cm™ -0.9cm™

2 122.0cm™ 121.0cm™ -1.0cm™

3 122.4 cm? 121.0.cm* -1.4cm™

4 174.7 cm™ 173.6 cm™ -1.1cm?

5 174.7.cm™ 1736 cm™ -1.1cm™

6 534.5cm™ 531.9 em™ 2.6cm™

7 693.8 cm™ 692.1 cm™ -1.7cm™

8 693.8.cm™ 692.1 cm™ -1.7cm™

9 693.9cm™ 692.1 cm™ -1.8cm™

5. LisN
'
9

Geometric parameter CCSD(T) PEF Deviation
r 1.7486 A 1.7484 A -0.0002 A
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Vibrational mode CCsD(T)/ PEF Deviation
1 62.9cm™ 59.9 cm™ -3.0cm™
2 193.3cm™ 191.7 cm™ -1.6 cm™
3 193.4 cm™ 191.7 cm™ -1.7cm™
4 653.1 cm™ 649.6 cm™ -3.5cm™
5 851.7 cm™ 849.1 cm™ -2.6cm™
6 851.7 cm™ 849.1 cm™ -2.6cm™
6. Li,O
/ r
> — @9
Geometric parameter CCSD(T) PEF Deviation
r 1.6330 A 1.6328 A -0.0002 A
Vibrational mode CCSD(T) PEF Deviation
1 103.8cm™ 102.6 cm™ -1.2cm™
2 103.8cm™ 102.6 cm™ -1.2cm™
3 779.6 cm™ 775.4 cm™ -4.2 cm™
4 1023.3 cm™ 1020.5 cm™ -2.8cm™
7. FLi
;

> —9
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Geometric parameter CCSD(T) PEF Deviation
r 1.5836 A 1.5834 A -0.0002 A
Vibrational mode CCSD(T) PEF Deviation
1 912.4 cm™ 909.0 cm™ -3.4cm™
8. Li,S
r
\a/ 3
Geometric parameter CCSD(T) PEF Deviation
r 2.0990 A 2.0987 A -0.0003 A
a 132.228° 132.324° 0.096°
Vibrational mode CCSD(T) PEF Deviation
1 49.3cm™ 493 cm* 0.0cm™
2 590.6 cm™ 587.9 cm™ -2.7cm?
3 661.8cm™ 659.7 cm™ 2.1cm?
9. CILi
r N
Geometric parameter CCSD(T) PEF Deviation
r 2.0418 A 2.0415 A -0.0003 A
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Vibrational mode CCSD(T) PEF Deviation
1 639.9 cm™ 637.9 cm™ -2.0cm*
10. BeH,
r
>
59) "

Geometric parameter CCSD(T) PEF Deviation
r 1.3339 A 1.3338 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation

1 709.0 cm™? 709.0 cm’™ 0.0cm?

2 709.0 cm* 7090cm™* 0.0cm

3 2029.1 cm’ 2029.4 cmt 0.3cm™

4 2237.7cm* 2238.1cm* 0.4cm™

11. BeO
r
<>
»—@

Geometric parameter CCSD(T) PEF Deviation
r 1.3443 A 1.3442 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation

1 1458.7 cm™ 1459.0 cm™ 0.3cmt
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12. BeF,

9

r
<>

9

9

Geometric parameter CCSD(T) PEF Deviation

r 1.3821 A 1.3819 A -0.0002 A

Vibrational mode CCsSD(T) PEF Deviation

1 333.4cm?t 333.5cm™* 0.1cm?

2 333.4cm?t 333.5¢cm™* 0.1cmt

3 726.8 cm*t 727.0cm* 0.2cmt

4 1584.0 cm™ 1584.4 cm™ 0.4 cmt

13. BECIZ
]
<« >
@ 9 9

Geometric parameter CCSD(T) PEF Deviation
r 1.8061 A 1.8059 A -0.0002 A
Vibrational mode CCSD(T) PEF Deviation
1 235.2 cm™ 235.1 cm™ -0.1cm?
2 235.2 cm* 235.1 cm™ -0.1cm?
3 399.2 cm?t 402.0 cm 2.8cmt
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4 1143.4 cm™ 1144.7 cm™ 1.3cm?t
14. BH;
;
Geometric parameter CCsSD(T) PEF Deviation
r 1.9105.A 1.1908 A 0.0003 A
Vibrational mode CCSD(T) PEF Deviation
1 1162.4 cm™® 1160.0 cm™ 2.4cm?
2 12238 cm* 1223.0 em™ -0.8cm?
3 1223.8 cm™ 1223.0 cm: -0.8cm?
4 2564.4 cm™ 2564.6 cm™ 0.2cmt
5 2700.1 cm'* 26973 cm* -2.8cm?
6 2700.2 cm™* 2697.3 cm™ -29cm?
15. BF;
F
;
; 9
Geometric parameter CCSD(T) PEF Deviation
r 1.3128 A 1.3126 A 0.0002 A
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Vibrational mode CCSD(T) PEF Deviation
1 484.0 cm™ 482.3 cm™ -1.7cm?

2 484.0 cm™ 482.3 cm™* -1.7cm?

3 705.6 cm™ 698.8 cm™ -6.8cm*

4 899.2 cm™* 900.2 cm* 1.0cm?

5 1503.4 cm™* 1496.6 cm™ 6.8 cm™

6 1503.4 cm™ 1496.6 cm™ 6.8 cm?

16. BCl;
I

Geometric parameter CCSD(T) PEF Deviation
r 1.7466 A 1.7464A -0.0002A
Vibrational mode CCSD(T) PEF Deviation

1 255.6 cm 257.2 cm™ 1.6 cm?

2 255.6 cm™ 257.2 cm* 1.6cm?

3 465.3 cm™ 461.6 cm™ -3.7cm*

4 473.1 cm™ 476.9 cm™* 3.8cmt

5 979.1 cm™ 974.1 cm™ -5.0cm*

6 979.1 cm™ 974.1 cm™ -5.0cm™
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17. CH,4

W

Geometric parameter CCSD(T) PEF Deviation
r 1.0890 A 1.0889A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation

1 1343.7 em™ 1344.8 cm™ 1.1cm?

2 1343.8 cm 13448 cm™ 1.0cm?

3 1343.9 cm™ 1344.8 cm’™ 0.9cmt

4 1570.6 cm™* 1571.8 cm® 1.2cm?

5 1570.7 cm™* 15719 cm™* 1.2cm?

6 3034.4 cm* 3035.6 cmt 1.2cm?

7 3153.3cm™* 3154.2 cm™ 0.9cm?

8 3153.3 cm™ 3154.2 cm™ 0.9cm?

9 3153.3cm™ 3154.2 cm™ 0.9 cm™

18. CH;-CHj;3
! rl J?
r2 "
} A\q ,
a2

W

9
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Geometric parameter CCSD(T) PEF Deviation
rl 1.5290 A 1.5286 A -0.0004 A
r2 1.0918 A 1.0917 A -0.0001 A
al 107.692° 107.697° 0.005°
a2 111.196° 111.192° -0.004°

Vibrational mode CCSD(T) PEF Deviation
1 309.1 cm™ 310.0 cm™ 0.9 cm™
2 820.8 cm™ 821.1 cm™ 0.3cm™
3 820.9 cm* 821.1cm™* 0.2cm?
4 1013.4 cm™ 1014.8 cm™ 1.4cm?
5 1224 .4 cm™ 1225.8 ¢m™* 1.4cm?
6 1224.4 cm™ 1225.8 cm: 1.4cm?
7 1406.3 cm™ 1408.1 cm™ 1.8cm?
8 14271 cm™ 1429.0 cm* 1.9cm?
9 1510.6 cm™® 1509.7 cm™ -0.9cm?
10 1510.6 cm™ 1509.7 cm™ -0.9cm?
11 1512.2 cm™ 1514.6 cm™ 2.4 cm’
12 1512.4 cm™* 1514.6 cm™ 2.4 cm’
13 3037.6 cm™ 3039.2 cm™ 1.6 cm?
14 3039.0 cm™ 3039.3 cm™ 0.3cmt
15 3096.3 cm™ 3098.2 cm™ 1.9cm?
16 3096.4 cm™ 3098.2 cm™ 1.8cm?t
17 3119.6 cm* 3120.8 cm™ 1.2cm?
18 3119.6 cm™* 3120.8 cm™ 1.2cm?
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19. CH,=CH,

Geometric parameter CCSD(T) PEF Deviation
rl 1.3370 A 1.3370 A 0.0000 A
r2 1.0381 A 1.0831 A 0.0000 A
a 117.1° 117.1° 0.000°
Vibrational mode CCSD(T) PEF Deviation
1 822.9 cm? 823.0 cm* 0.1cm?
2 941.6 cm™ 940.9 cm™ -0.7cm?
3 966.7 cm™ 967.1 cm* 0.4 cm™
4 1046.8 cm™ 1047.2 em™ 0.4 cm™
5 1241.7 cm™ 12420 em™ 0.3cm™
6 1368.7 cm™* 1368.8 cm™ 0.1cm*
7 1478.8 cm™ 1479.2 cm™ 0.4 cm™
8 1671.0cm™ 1671.9 cm™ 0.9 cm™
9 3138.6 cm™ 3139.3 cm™ 0.7 cm?
10 3156.6 cm™ 3157.3 cm™ 0.7 cm™
11 3218.7 cm™® 3219.6 cm™ 0.9 cm™
12 3245.6 cm™ 3246.5 cm™ 0.9 cm?
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20. CH=CH

Geometric parameter CCSD(T) PEF Deviation
rl 1.2097 A 1.2096 A -0.0001 A

r2 1.0637 A 1.0637 A 0.0000 A
Vibrational mode CCSD(T) PEF Deviation

1 577.6 cm™ 5779 cm™ 0.3cm™

2 577.6 cm™ 577.9 cm 0.3cm™

3 746.4 cm™ 746.0 cm™ -0.4cm™

4 746.4 cm™ 746.0 om™ -0.4 cm™

5 2000.0 cm™ 2000.9 cm™ 0.9cm™

6 3409.5 cm™ 34104 ¢m™ 0.9cm™

7 3510.3.cm™ 3511.1 cm™ 0.8cm™

21. CH,CCH,
2
a2 <« 3
rl

Geometric parameter CCSD(T) PEF Deviation
rl 1.3133 A 1.3133 A 0.0000 A

r2 1.0832 A 1.0833 A 0.0001 A
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al 120.9° 120.9 ° 0.0°
a2 118.2° 118.2° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 347.6 cm™® 349.1 cm? 1.5cm?
2 347.9 cm™ 349.2 cm™ 1.3cm?
3 856.6 cm™ 858.0 cm™ 1.4cm?t
4 856.6 cm™ 858.0 cm™ 1.4cm?
5 871.0cm™ 861.2 cm™ -9.8cm?
6 1017.4 cm™® 1015.9 cm™* -1.5¢cm?
7 1017.5 cm™ 1016.0 cm™* -1.5¢cm?
8 1080.3 cm™ 1080.8 ¢m™* 0.5cm™
9 1438.0 cm™ 1438.3 cm* 0.3cmt
10 1488.2 cm™ 1484.4 cm™ -3.8cm?
11 2011.1 cm* 2012.2' cm™* 1.1cm?
12 3142.2 cm™ 31415 cm™ -0.7cm?
13 3144.0 cm™ 3151.1 cm™ 7.1cm*
14 3225.9 cm™ 3224.4 cm™ -1.5¢cm?
15 3226.0 cm™ 3224.7 cm™* -1.3¢cm?

22. C3Hg

a

a2,
2

Zh
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Geometric parameter CCSD(T) PEF Deviation
rl 1.5100 A 1.5099 A -0.0001 A
r2 1.0814 A 1.0813 A -0.0001 A
al 117.8° 117.8° 0.0°
a2 114.9° 114.9° 0.0°

Vibrational mode CCSD(T) PEF Deviation
1 739.9 cm™ 737.3cm™ -2.6cm?
2 740.1 cm™ 747.3 cm™ 7.2cm™
3 857.2 cm™ 851.3 cm™ -5.9cm?
4 891.3cm™ 895.0 cm™ 3.7cmt
5 891.4 cm™ 894.5 cm* 3.1cm?
6 1060.0 cm™ 1062.2 cm™ 2.2cm’
7 1060.2 cm™ 1063.3 cm™ 3.1cm?
8 1088.4 cm™ 1085.5 cm™* -29cm?
9 1160.4 cm™ 1160.4 em™ 0.0 cm™
10 1213.8.cm: 1209.5 cm* -43cm?
11 1216.8 cm™ 1216.1 cm™* -0.7cm?
12 1216.8 cm™ 1216.8 cm™ 0.0 cm™
13 1478.1 cm 1478.1 cm* 0.0 cm™
14 1478.2 cm™ 1479.8 cm™ 1.6 cm®
15 1527.9 cm™ 1528.9 cm* 1.0cm?
16 3145.6 cm™ 3146.3 cm™ 0.7 cm™
17 3145.8 cm™ 3146.6 cm™ 0.8cm™
18 3156.4 cm™ 3157.8 cm™ 1.4cmt
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19 3228.0 cm™ 3227.1cm™ -0.9cm™
20 3228.2cm™ 3231.1cm™ 2.9cm™
21 3248.1 cm™ 3248.6 cm™ 0.5cm™
23. CH;3;NH,
Geometric parameter CCSD(T) PEF Deviation
rl 1.4691 A 1.4686 A -0.0005 A
r2 1.0986 A 1.0970 A -0.0016 A
r3 1.0903 A 1.0909 A 0.0006 A
r4 1.0136 A 1.0136 A 0.0000A
al 114.4° 115.1° 0.7°
a2 109.1° 109.2° 0.1°
a3 109.5° 109.1° -0.4°
a4 107.0° 108.0° 1.0°
a5 109.5° 107.2° 2.3°
a6 105.4° 105.4° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 306.5 cm™ 307.4 cm™ 0.9cm™
2 878.4 cm™ 877.9 cm™ -0.5cm™
3 976.3cm™ 975.9 cm™ -0.4cm™
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4 1065.2 cm™ 1065.6 cm™ 0.4cm?
5 1187.8 cm™ 1187.6 cm™ -0.2cm?
6 1359.2 cm™ 1361.4 cm™ 2.2cmt
7 1457.8 cm™ 1457.8 cm 0.0 cm™
8 1508.0 cm™ 1508.0 cm™* 0.0cm™
9 1527.6 cm™ 1530.6 cm™ 3.0cm?
10 1667.2 cm™ 1666.9 cm™ -0.3cm?
11 2996.5 cm™ 2997.3 cm™ 0.8cm™
12 3079.5.¢m™ 3079.8 cm™ 0.3cmt
13 3114.9 cm™ 3115.6 cm™ 0.7 cm™
14 3497.7 cm™ 3498.3 cm™ 0.6 cmt
15 3578.6.cm* 3579.2 cm™* 0.6 cm™*
24. CH,NH
{&2
<>
'
F{f /;)9 \
@

Geometric parameter CCSD(T) PEF Deviation
ri 1.2275 A 1.2774 A -0.0001 A
r2 1.0882 A 1.0881 A -0.0001 A
r3 1.0924 A 1.0923 A -0.0001 A
r4 1.0217 A 1.0216 A -0.0001 A
al 124.6° 124.6° 0.0°
a2 109.5° 109.5° 0.0°
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a3 118.6° 118.6° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 1072.7 cm™ 1073.4 cm™ 0.7cm?
2 1080.7 cm™ 1082.2 cm™ 1.5cmt
3 1162.1 cm™ 1163.4 cm™ 1.3cm?
4 1386.5 cm™ 1387.4 cm™ 0.9cm™
5 1482.9 cm™ 1483.7 cm™® 0.8cmt
6 1674.7 cm™ 1675.9 cm™ 1.2cm?
7 3051.6 cm™ 3052.0 cm™ 0.4 cmt
8 3151.7 cm™ 3152.0 cm™ 0.3cm™
9 3440.2 cm™ 3440.7.¢cm™* 0.5cm™
25. CHN
_on r2
Geometric parameter CCSD(T) PEF Deviation
rl 1.1601 A 1.1600 A -0.0001 A
r2 1.0669 A 1.0668 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation
1 716.0 cm™ 716.6 cm™ 0.6 cm™
2 716.0 cm™ 716.6 cm™ 0.6 cm™
3 2110.7 cm* 2111.7 cm™ 1.0cm®
4 3442.8 cm™ 3443.7 cm™ 0.9cm?
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26. NHCNH

ri frZ

)~

Geometric parameter CCSD(T) PEF Deviation
rl 1.2300 A 1.2299 A -0.0001A
r2 1.0120 A 1.0119 A -0.0001A
al 170.6° 170.6° 0.0°
a2 116.7° 116.7° 0.0°

Vibrational mode CCSD(T) PEF Deviation
1 525.8 cm™ 526.0 cm* 0.2cmt
2 527.0 cm™ 527.2 cm™ 0.2 cm™
3 761.9 cm™ 763.9.cm 2.0cm™
4 944.8 cm™ 945.2 cm'™ 0.4 cm™
5 954.5 cm™ 954.4 cm™ -0.1cm?
6 1247.4 cm™ 1247.8 cm 0.4 cm™
7 2187.3 cm™ 2188.5cm™ 1.2cm?
8 3594.0 cm™ 3594.9 cm™ 0.9 cm™
9 3594.4 cm™ 3595.0 cm™ 0.6 cm?

27. CO

>0

62




Geometric parameter CCSD(T) PEF Deviation

r 1.1357 A 1.1356 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation

1 2152.9 cm™ 2154.1 cm™ 1.2cm?

28. CO,
«—'I 5

Geometric parameter CCSD(T) PEF Deviation

r 1.1663 A 1.1662 A -0.0001 A

Vibrational mode CCSD(T) PEF Deviation

1 660.2.cm 660.6 cm™ 0.4 cm™

2 660.2 cm™ 660.6'cm™ 0.4 cmt

3 1345.9 cm™* 1346.4 cm™ 0.5cm™

4 2395.2 cm™® 2396.9 cm™ 1.7cm?

29. CH,O
rl
al
2
=

Geometric parameter CCSD(T) PEF Deviation

rl 1.2096 A 1.2095 A -0.0001 A
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r2 1.1033 A 1.1032 A -0.0001 A
al 121.9° 121.9° 0.0°
a2 116.2° 116.2° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 1192.0 cm™ 1192.3 cm™ 0.3cm™
2 1274.6 cm™ 1274.8 cm™ 0.2 cm™
3 1542.8 cm™ 1543.2 cm™ 0.4 cm™
4 1780.1 cm™ 1781.0 cm™ 0.9 cm™
5 2929.0 cm™ 2929.6 cm™ 0.6 cm™
6 2995.5 cm™ 2996.0cm™ 0.5cm™
30. CH;0OH
Geometric parameter CCsSD(T) PEF Deviation
rl 1.4211 A 1.4207 A -0.0004 A
r2 0.9593 A 0.9594 A 0.0001 A
r3 1.0876 A 1.0888 A 0.0012 A
r4 1.0955 A 1.0947 A -0.0008 A
al 107.3° 107.4° 0.1°
a2 107.5° 106.9° -0.6°
a3 112.0° 112.3° 0.3°
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31.

a4 109.3° 108.2° -1.1°
a5 106.9° 108.8° 1.9°
Vibrational mode CCSD(T) PEF Deviation
1 304.6 cm™* 305.3 cm™ 0.7cmt
2 1064.8 cm™ 1066.0 cm™ 1.2cmt
3 1095.3 cm™* 1096.2 cm™ 0.9cm?
4 1179.4 cm™ 1179.1 cm™ -0.3cm*
5 1393.6 cm™ 1394.9 cm™® 1.3cm’t
6 1487.5 cm™ 1487.4 cm -0.1cm*
7 1507.7 cm* 1507.6.cm™ -0.1cm*
8 1523.0 cm™® 1523.6 em* 0.6 cmt
9 3009.0 cm* 3009.7 em* 0.7 cm™
10 3064.1 cm™ 3064.6 cm™ 0.5cm?
11 31277 cm™ 3128.1cm* 0.4 cm™
12 3864.5 cm™ 3865.4 cm™t 0.9cm?
CH;0OCHj,4
Geometric parameter CCSD(T) PEF Deviation
rl 1.4109 A 1.4108 A -0.0001 A
r2 1.0889 A 1.0888 A -0.0001 A
r3 1.0979 A 1.0978 A -0.0001 A
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al 110.8° 110.7° -0.1°
a2 107.6° 107.6° 0.0°
a3 109.0° 109.0° 0.0°
a4 108.4° 108.4° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 206.4 cm™ 200.1 cm™ 6.3cm*
2 259.1 cm™ 256.7 cm™ 2.4 cm’
3 418.1 cm™ 418.7 cm™ 0.6 cm™
4 963.7 cmt 964.3 cm™ 0.6 cm™*
5 1129.1 cm™ 1128.6.cm™ 0.5cm™
6 1169.5 cm™ 1169.8 cm* 0.3cmt
7 1202.6 cm > 1202.2 cm* -0.4cm*
8 1212.2 cm™ 1211.6 cm™ -0.6cm™
9 12770 cm™ 1275.7 cm* -1.3cm*
10 1460.4 cm™ 1462.2 cm 1.8cm?
11 1490.8 cm* 1491.0 cm™ 0.2 cm™
12 1495.3 cm™ 1496.4 cm* 1.1cm?
13 1499.8 cm™® 1500.8 cm™* 1.0cm?
14 1508.4 cm* 1510.7 cm* 2.3cm?
15 1527.4 cm™* 1526.5 cm™ -0.9cm™
16 2978.2 cm™* 2978.8 cm™ 0.6 cm™
17 2087.0 cm™ 2087.7 cm™ 0.7 cm™
18 3030.5 cm™ 3028.7 cm™ -1.8cm*
19 3036.2 cm™ 3036.5cm™ 0.3cm™
20 3128.8 cm™ 3130.7 cm™ 1.9cm?
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21 3130.7 cm™ 3130.7 cm™ 0.0cm™
32. CH;COOH
Geometric parameter CCSD(T) PEF Deviation
rl 1.2071 A 1.2070 A -0.0001 A
r2 1.5041 A 1.50424 0.0001 A
r3 1.3571 A 1.3571 A 0.0000 A
r4 1.0904 A 1.0904 A 0.0000 A
r5 1.0861 A 1.0860 A -0.0001 A
ré 0.9676 A 0.9675 A -0.0001 A
al 111.3° 111.3° 0.0°
a2 122.5° 122.5° 0.0°
a3 109.4° 109.6° 0.2°
a4 105.5° 105.5° 0.0°
a5 110.3° 110.3° 0.0°
a6 107.7° 110.3° 2.6°
Vibrational mode CCSD(T) PEF Deviation
1 75.0cm™ 83.2cm™ 8.2cm™
2 418.5 cm™ 416.9 cm™ -1.6cm™
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3 545.7 cm™ 547.9 cm™ 2.2cm’t
4 583.9 cm™ 583.4 cm™ -0.5cm™
5 664.7 cm™ 662.0 cm™ 2.7cm?
6 869.3 cm™ 869.8 cm™ 0.5cm™
7 1004.7 cm™ 1003.7 cm™ -1.0cm™
8 1071.0 cm™ 1070.0 cm™ -1.0cm™
9 1220.0 cm™ 1219.6 cm™ -0.4cm™
10 1354.9 cm™ 1355.8 cm™ 0.9 cm™
11 1421.8.cm?* 14215 cm™ -0.3cm™
12 1480.9 cm™ 1485.3 cm™ 4.4 cm™
13 1487.6 cm™ 1488.8 cm™ 1.2cm?
14 1836.4cm™ 1836.8 cm™ 0.4cm™
15 3064.6 cm™ 3066.1 cm™ 1.5cm™
16 3136.8 cm™ 3136.1 cm™ -0.7cm™
17 3180.1 cm™ 31813¢cm™ 1.2cm™
18 3775.8 cm™ 3777.6 cm™ 1.8cm™
33. C,H,O
SR
r2 I}ﬁ " )i ad

Geometric parameter CCSD(T) PEF Deviation
rl 1.4319 A 1.4318 A -0.0001 A
r2 1.4683 A 1.4681 A -0.0002 A
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r3 1.0845 A 1.0844 A -0.0001 A
al 61.7° 61.7° 0.0°

a2 115.1° 115.1° 0.0°

a3 119.3° 119.3° 0.0°

a4 116.0° 116.0° 0.0°

Vibrational mode CCSD(T) PEF Deviation

1 816.1 cm™ 816.3 cm™ 0.2cm™
2 849.7 cm* 850.3 cm* 0.6 cmt
3 899.3 cm? 899.8 cm™ 0.5cm?
4 1052.1 cm* 1052.4.cm™ 0.3cm™
5 1156.5 cm* 1157.2 em™* 0.7 cm™
6 1157.7 cm* 1158.2 em* 0.5cm?
7 1174.9 cm™* 1175.4 cm™ 0.5cm™
8 11763 cm™ 1176.8 cm™ 0.5cm™
9 1299.6 cm™ 1300.4 cm™ 0.8 cmt
10 1513.1 cm* 1513.3 cm™* 0.2 cm™
11 1549.4 cm™ 1550.4 cm* 1.0cm?
12 3108.8 cm™ 3109.3cm™ 0.5cm?
13 3117.0cm? 3117.5cm? 0.5cm™
14 3195.7 cm™ 3196.4 cm™ 0.7 cm™
15 3210.4 cm™ 3210.9 cm™ 0.5cm™
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34. CF,

Geometric parameter CCSD(T) PEF Deviation
r 1.3192 A 1.3189 A -0.0003 A
Vibrational mode CCSD(T) PEF Deviation

1 440.0 cm* 438.4 cm™ -1.6 cm™

2 440.0 cm™ 438.8cm™ -1.2cm™

3 638.9cm™ 636.9 cm™ -2.0cm™

4 638.9cm™ 637.1 cm™ -1.8cm™

5 638.9 cm™ 637.4 cm™ -1.5cm™

6 923.1.cm™ 922.7 cm -0.4 cm™

7 13224 cm™ 1325.0cm™ 2.6 cm™

8 1822.4 cm™ 1325.0 cm™ 2.6.cm™

9 1322.4 cm™ 1325.0 cm™ 2.6 cm™

35. CCl,
r
9

Geometric parameter CCSD(T) PEF Deviation
r 1.7769 A 1.7766 A -0.0003 A
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Vibrational mode CCSD(T) PEF Deviation

1 216.4 cm™ 217.3cm™ 0.9cm?

2 216.4 cm™ 217.5cm™* 1.1cm?

3 313.8cm™ 315.2 cm™ 1.4cm?

4 313.8cm?t 315.4cm™ 1.6 cm?

5 313.8cm?t 315.6 cm™ 1.8cm?t

6 458.6 cm* 461.9 cm* 3.3cmt

7 800.6 cm™ 802.2 cm™ 1.6 cm?

8 800.6 cm™ 802.2 cm™ 1.6 cm?

9 800.6 cm™ 802.2cm™ 1.6 cm?

36. N,
=0

Geometric parameter CCSD(T) PEF Deviation

r 1.1038 A 1.1037 A -0.0001 A

Vibrational mode CCSD(T) PEF Deviation

1 23455 cm™ 2346.4 cm™ 0.9 cm?

37. NH;
e
-~ 'y
a
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Geometric parameter CCSD(T) PEF Deviation
r 1.0141A 1.0140A -0.0001 A
a 105.7° 105.6° -0.1°
Vibrational mode CCSD(T) PEF Deviation
1 1108.3 cm 1108.8 cm™ 0.5cm?
2 1687.7 cm™ 1688.0 cm™ 0.3cm?
3 1687.8 cm™ 1688.0 cm™ 0.2cm™
4 3471.6 cm™ 3472.0 cm™ 0.4cm?
5 3597.3 cm™ 3597.9 cm™ 0.6 cm™
6 3597.4cm™ 3597.9 cm™ 0.5cm?
38. N,H, (Z form)
rzf\/ rl
,a\7 _
Geometric parameter CCSD(T) PEF Deviation
rl 1.2536 A 1.2535 A -0.0001 A
r2 1.0310 A 1.0308 A -0.0002 A
a 105.7° 105.7° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 1328.4 cm* 1328.2 cm* -0.2cm*
2 1350.1 cm* 1349.7 cm* -0.4cm™
3 1558.0 cm™ 1558.4 cm™ 0.4 cmt
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4 1621.6 cm™ 1621.7 cm™ 0.1cm™
5 3269.2 cm™ 3270.2 cm™ 1.0cm™
6 3301.0 cm™ 3301.8 cm™ 0.8cm™
39. N,H, (E form)
r2 <\3
<>
Geometric parameter CCsD(T) PEF Deviation
rl 1.2512:A 1.2511 A -0.0001 A
r2 1.0360 A 1.0359 A -0.0001 A
a 111.6° 111.6° 0.0°
Vibrational mode CCsSD(T) PEF Deviation
1 1258.6 cm™ 1259.3cm™ 0.7cm™
2 1371.2cm™ 1372.0cm™ 0.8cm™
3 1565.0 cm™ 1565.8 cm™ 0.8cm™
4 1575.2 cm™ 1575.8 cm™ 0.6 cm™
5 31458 cm™ 3146.5cm™ 0.7 cm™
6 3235.2 cm™ 3236.6 cm™ 1.4cm™
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40. NH;NH,

Geometric parameter CCSD(T) PEF Deviation
rl 1.4448 A 1.4446 A -0.0002 A
r2 1.0154 A 1.0153 A -0.0001 A
r3 1.0120 A 1.0119 A -0.0001 A
al 110.8° 110.8° 0.0°
a2 106.2° 106.2° 0.0°
a3 106.6° 106.6° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 400.5cm™ 402.8 cm™ 2.3cm™
2 857.8 cm™ 858.6 cm™ 0.8cm™
3 10471 cm™ 1047.0 cm™ -0.1cm™
4 1126.3 cm™ 1126.5 cm™ 0.2cm™
5 1314.1 cm™ 1314.8 cm™ 0.7 cm™
6 1347.4 cm™ 1348.3 cm™ 0.9 cm™
7 1676.4 cm™ 1676.8 cm™ 0.4 cm™
8 1690.2 cm™ 1690.8 cm™ 0.6 cm™
9 3464.2 cm™ 3465.3 cm™ 1.1cm’
10 3476.1 cm™ 3477.6 cm™ 1.5cm™
11 3571.5cm™ 3572.7cm™ 1.2cm™
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3576.8 cm™

3577.6 cm™

0.8 cm™

41. NH,OH

rl
v y/ﬂ

a3
Geometric parameter CCsSD(T) PEF Deviation
rl 1.4486 A 1.4483 A -0.0003 A
r2 0.9598 A 0.9597A -0.0001 A
r3 1.0167 A 1.0166 A -0.0001 A
al 101.4° 101.5° 0.1°
a2 103.2° 103.2¢ 0.0°
a3 104.9° 104.9° 0.0°
Vibrational mode CCsSD(T) PEF Deviation
1 407.1 cm™ 407.3 cm™ 0.2cm*
2 930.9cm™* 931.5cm™ 0.6 cm?
3 1169.6 cm™ 1169.5 cm™ -0.1cm?
4 1330.7 cm* 1331.5cm* 0.8cm™
5 1419.0 cm™* 1419.7 cm* 0.7 cm™
6 1670.6 cm* 1671.0 cm* 0.4 cm™
7 3452.1 cm™ 3453.4 cm™ 1.3cm™
8 3536.3 cm™ 3537.6 cm™ 1.3cm?
9 3855.6 cm™ 3856.8 cm™ 1.2cm?
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42. NHO

Geometric parameter CCSD(T) PEF Deviation
rl 1.2144 A 1.2142 A -0.0002 A
r2 1.0554 A 1.0553 A -0.0001 A
a 107.8° 107.9° 0.1°
Vibrational mode CCsSD(T) PEF Deviation
1 1540.2 cm™ 1541.1 ¢m* 0.9 cm™
2 1596.5 cm 1597.4 cmt 0.9cm™
3 2937.6 cm™ 2938.2 cm™ 0.6cm™
43. HNO;
4\a}
r2 1
ad
r3 /X/r4
Geometric parameter CCSD(T) PEF Deviation
rl 1.4053 A 1.4050 A -0.0003 A
r2 1.1972 A 1.1970 A -0.0002 A
r3 1.2127 A 1.2125 A -0.0002 A
r4 0.9701 A 0.9700 A -0.0001 A
al 114.0° 114.1° 0.1°
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a2 115.4° 115.4° 0.0°
a3 101.5° 101.5° 0.0°
a4 130.5° 130.5° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 486.7 cm™ 485.6 cm™ 2.1cm?
2 588.2 cm* 588.6 cm™ 0.4 cm?
3 663.7 cm™ 664.1 cm™ 0.4 cm™
4 779.6 cm? 780.0 cm™ 0.4 cm™
5 914.0 cm* 914.5 cm™ 0.5cm?
6 1337.7 cm? 1339.1.cm™ 1.4cm?
7 1357.7 cm™ 1359.4 ¢m* 1.7cm?
8 1772.1 cm™* 1773.3 cm* 1.2cm?
9 3752.6 cm™ 3752.7 cm* 0.1 cm™
44, ;N
T
F
Geometric parameter CCSD(T) PEF Deviation
r 1.3717 A 1.3715 A -0.0002 A
a 101.9° 101.9° -0.0°
Vibrational mode CCSD(T) PEF Deviation
1 502.2 cm™* 506.9 cm™ 4.7 cm?
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2 502.3 cm™* 506.9 cm™ 4.6 cm*
3 659.7 cm™ 663.3 cm™ 3.6 cm?
4 949.2 cm™* 956.7 cm™ 7.5cm?
5 949.2 cm™* 956.7 cm™* 75cm?
6 1058.2 cm™* 1064.5 cm™ 6.3cm™?
45, CI3N
/
@
Geometric parameter CCSD(T) PEF Deviation
r 1.7765 A 1.7763 A -0.0002 A
a 107.2° 107.2° 0.0°
Vibrational mode CCsSD(T) PEF Deviation
1 257.1 cm™ 260.0 cm™ -1.1cm*
2 257.1cm™ 256.0 cm™ -1.1cm?
3 348.9 cm™ 352.7 cm? 3.8cmt
4 548.4 cm™ 551.7 cm™ 3.3cm*
5 663.1 cm™ 662.8 cm™ -0.3cm?
6 663.1 cm™ 662.8 cm™ -0.3cm*
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46. O,

oo

Geometric parameter CCSD(T) PEF Deviation
r 1.2120 A 1.2117 A -0.0003 A
Vibrational mode CCSD(T) PEF Deviation
1 1585.8 cm* 1586.7 cm™ 0.9cm™
47. Os
Geometric parameter CCSD(T) PEF Deviation
r 1.2755 A 1.2754 A -0.0001 A
a 117.0° 117.0° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 715.6 cm™ 715.7 cm™® 0.1cm*
2 1054.0 cm™ 1055.8 cm™ 1.8cm?t
3 1152.9 cm™ 1151.8 cm™ -1.1cm*
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48. H,0

M
—7 &
Geometric parameter CCSD(T) PEF Deviation
r 0.9595 A 0.9594 A -0.0001 A
a 103.6° 103.6° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 1668.0 cm™ 1668.9 cm™ 0.9cm™
2 3840.6 cm™ 3841.3 ¢m* 0.7cmt
3 3945.1 cm™ 3946.0 cm™ 0.9 cm™
49. H,0,
rl
r2 —7
a‘\—ﬂ y
Geometric parameter CCSD(T) PEF Deviation
rl 1.4579 A 1.4576 A -0.0003 A
r2 0.9640 A 0.9639 A -0.0001 A
a 99.5° 99.6° 0.1°
Vibrational mode CCSD(T) PEF Deviation
1 372.3cm* 372.5cm™ 0.2cm™
2 911.6 cm™ 912.5cm™* 0.9cm?t
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3 1323.6 cm™ 1324.2 cm™ 0.6 cmt
4 1435.9 cm™ 1436.7 cm™ 0.8cmt
5 3807.2 cm™ 3808.6 cm™ 1.4cmt
6 3808.6 cm™ 3810.0 cm™ 1.4cmt
50. F,O
&
Geometric parameter CCSD(T) PEF Deviation
r 1.4097 A 1.4094 A -0.0003 A
a 103.2° 103.1° -0.1°
Vibrational mode CCSD(T) PEF Deviation
1 469.2 cm* 469.5 cm™ 0.3cm™
2 867.3 cm™ 867.7 cm™ 0.4 cm™
3 950.0 cm™ 950.6 cm™ 0.6 cm?
51. CI,0
/
9
Geometric parameter CCSD(T) PEF Deviation
r 1.7151 A 1.7148 A -0.0003 A
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a 110.9° 110.8° -0.1°
Vibrational mode CCSD(T) PEF Deviation
1 291.9 cm™ 294.0 cm™ 2.1cm™
2 642.2 cm™ 644.0 cm™ 1.8cm™
3 698.6 cm™ 700.2 cm™ 1.6 cm™
52. F,
<~
A
Geometric parameter CCSD(T) PEF Deviation
r 1.4158 A 1.4156 A -0.0002 A
Vibrational mode CCSD(T) PEF Deviation
1 919.9 cm™ 920.3 cm™ 0.4 cm™
53. HF
r
<>
P9
Geometric parameter CCSD(T) PEF Deviation
r 0.9173 A 0.9172 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation
1 4176.8 cm™ 4177.7 cm™ 0.9cm™
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54. FNa

d—0

Geometric parameter CCSD(T) PEF Deviation
r 1.9793 A 1.9790 A -0.0003 A
Vibrational mode CCSD(T) PEF Deviation

1 548.6 cm™ 549.5 cm™ 0.9cm™

55. F,Mg
I
«—
99—

Geometric parameter CCSD(T) PEF Deviation
r 1.7564 A 1.7561 A -0.0003 A
Vibrational mode CCsSD(T) PEF Deviation

1 156.6 cm™ 157.1 cm™* 0.5cmt

2 156.6 cm™ 157.1 cm? 0.5cm™

3 571.6 cm™* 571.8 cm™ 0.2cmt

4 892.4 cm™ 896.4 cm™ 4.0 cm™
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56. AlF;

a/é\\y

Geometric parameter CCSD(T) PEF Deviation
r 1.6424 A 1.6422 A -0.0002 A
Vibrational mode CCsSD(T) PEF Deviation
1 240.8 cm* 241.0 cm™? 0.2cmt
2 240.9 cm™ 241.0 cm™ 0.1cm*
3 302.2 cm? 303.1.cmt 0.9cmt
4 691.9 cm™ 692.2 cm* 0.3cmt
5 960.0 cm™ 960.4 cm™* 0.4 cm™
6 960.0 cm™ 960.4 cm™ 0.4 cmt
57. F,Si
9
Geometric parameter CCSD(T) PEF Deviation
r 1.5695 A 1.5693 A -0.0002 A
Vibrational mode CCSD(T) PEF Deviation
1 259.6 cm™ 259.7 cm™ 0.1cm*
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2 259.6 cm™ 259.7 cm* 0.1cm™
3 384.0 cm™t 384.3cm?t 0.3cmt
4 384.0 cm™ 384.3cm™ 0.3cm?
5 384.1 cm™ 384.3cm™ 0.2cm™
6 794.8 cm™ 795.1 cm™ 0.3cm?
7 1035.3 cm™® 1036.7 cm™ 1.4cm?
8 1035.3 cm* 1036.7 cm™ 1.4cm?
9 1035.4 cm* 1036.7 cm™ 1.3cm?
58. F3P
Geometric parameter CCSD(T) PEF Deviation
r 15762 A 1.5760 A -0.0002 A
a 97.5° 97.5° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 345.3 cm™ 348.9 cm™ 3.6cm™
2 345.3 cm™ 348.9 cm™ 3.6cm*
3 485.9 cm™ 487.8 cm™ 1.9cm?
4 877.8 cm™ 880.2 cm™ 2.4 cm*
5 877.8 cm™ 880.2 cm™ 2.4 cm’
6 905.6 cm™ 907.9 cm™ 2.3cm?
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99. F,S

Geometric parameter CCSD(T) PEF Deviation
r 1.6032 A 1.6029 A -0.0003 A
a 98.3° 98.2° -0.1°

Vibrational mode CCSD(T) PEF Deviation

1 349.8 cm™ 350.3cm™ 0.5cm™

2 825.3cm™ 826.2.cm " 0.9cm™

3 846.6 cm™ 847.5 cm™* 0.9cm™

60. HNa
<>
@ v

Geometric parameter CCSD(T) PEF Deviation
r 1.9232 A 1.9231 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation

1 1131.5cm™ 1131.7 cm™ 0.2cm™
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61. Na,S

Geometric parameter CCSD(T) PEF Deviation
r 2.4614 A 2.4610 A -0.0004 A
a 125.6° 125.6° 0.0°

Vibrational mode CCSD(T) PEF Deviation

1 46.4cm™ 46.3em™ -0.1cm*

2 300.1 cm™ 300.3.cm™ 0.2cm™

3 389.3cm™ 389.7 cm™* 0.4cm™

62. NaCl
9

Geometric parameter CCSD(T) PEF Deviation
r 2.4049 A 2.4044 A -0.0005 A
Vibrational mode CCSD(T) PEF Deviation

1 352.2 cm™ 353.3cm™ 1.1cm’
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63. H,Mg

—gP—9

Geometric parameter CCSD(T) PEF Deviation
r 1.7121 A 1.7120 A -0.0001 A
Vibrational mode CCSD(T) PEF Deviation
1 439.1 cm: 439.3cm™* 0.2cm?
2 439.1 cm™ 439.3cm™ 0.2cm™
3 1605.8 cm™ 1606.0 em™* 0.2cmt
4 1632.8 cm ™ 1633.8 em* 1.0cm?
64. Cl,Mg
r
Geometric parameter CCSD(T) PEF Deviation
r 2.1838 A 2.1834 A -0.0004 A
Vibrational mode CCSD(T) PEF Deviation
1 107.6 cm™ 108.3 cm* 0.7 cm™
2 107.6 cm™ 108.3 cm™® 0.7cm?
3 323.7cm* 326.0 cm™ 2.3cm?
4 623.0 cm™ 627.5cm™* 45cm?
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65. AlH;

e

Geometric parameter CCSD(T) PEF Deviation
r 1.5851 A 1.5850 A -0.0001 A
Vibrational mode CCsSD(T) PEF Deviation

1 717.4 cm™ 717.3 cm™ -0.1cm*

2 791.4 cm™ 791.8 cm™ 0.4 cm™

3 791.4 cm? 791.8cmt 0.4cm?

4 1940.6 cm™ 1941.0 cm™ 0.4cm?

5 1947.2.¢cm* 1947.7 cm: 0.5cm™

6 1947.2 cm™* 1947.7.cm™ 0.5cm?

66. AICI;
"
a/‘ A
@

Geometric parameter CCSD(T) PEF Deviation
r 2.0834 A 2.0831 A -0.0003 A
Vibrational mode CCSD(T) PEF Deviation

1 145.4 cm™ 146.3 cm™ 0.9 cm™
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2 145.4 cm™ 146.3 cm™ 0.9 cm™

3 207.0 cm™ 207.3cm? 0.3cmt

4 385.5cm™ 388.4 cm™ 29cm?

5 626.7 cm™ 628.5 cm™ 1.8cm’t

6 626.7 cm™ 628.5 cm™ 1.8cm?t

67. H,Si

Geometric parameter CCSD(T) PEF Deviation
r 1.4826 A 1.4824 A -0.0002 A
Vibrational mode CCSD(T) PEF Deviation

1 930.5 cm™ 9314 cm™ 0.9 cm™

2 930.7 cm™* 931.4 cm™ 0.7 cm™

3 930.7 cm™ 931.4cm™ 0.7 cm™

4 983.7 cm™ 984.7 cm™ 1.0cm?

5 083.8 cm™* 984.7 cm™ 0.9 cm?

6 2250.3 cm™® 2251.2 cm™ 0.9 cm™

7 2258.0 cm™ 2258.9 cm™ 0.9 cm?

8 2258.1 cm™ 2259.0 cm™ 0.9 cm™

9 2258.1 cm™ 2259.0 cm™ 0.9 cm?
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68. Cl,Si

% o

Geometric parameter CCSD(T) PEF Deviation
r 2.0357 A 2.0353 A -0.0004 A
Vibrational mode CCSD(T) PEF Deviation

1 144.3 cm™ 145.4 cm™ 1.1cm?

2 144.3 cm™ 1454 cm™ 1.1cm?

3 218.5cm™ 220.0 cm™ 1.5cm™

4 218.6 cm™ 220.1 cm™ 1.5cm™

5 218.6 cm™ 220.1 cm™ 1.5cm™

6 419.8.cm™ 422.9 cmt 3.1cm’

7 623.2 cm™ 625.8 cm’™ 2.6 cm™

8 623.2 cm™ 625.8 cm™ 2.6.cm™

9 623.2cm™ 625.8 cm™ 2.6cm?

69. HiP
/
) ~—" W
Geometric parameter CCSD(T) PEF Deviation
r 1.4185 A 1.4184 A -0.0001 A
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a 93.5° 93.5° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 1018.1 cm™ 1020.2 cm* 2.1cm*
2 1142.1 cm™ 1143.9 cm™ 1.8cm’t
3 1142.1 cm™ 1143.9 cm™ 1.8cm?t
4 24125 cm™ 2411.9 cm -0.6cm?
5 2421.3 cm™* 2420.8 cm™ -0.5cm™
6 2421.3 cm™ 2420.8 cm™ -0.5cm?
70. Cl5P
Geometric parameter CCsSD(T) PEF Deviation
r 2.0648A 2.0644 A -0.0004 A
a 100.3° 100.3° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 184.6 cm™ 187.5cm™ 29cm?
2 184.6 cm™ 187.5cm™ 29cm?
3 256.5 cm™ 259.1 cm™ 2.6cm™
4 507.7 cm™ 510.7 cm™ 3.0cm?
5 507.7 cm™ 510.7 cm™ 3.0cm™
6 507.7 cm™* 518.9 cm™* 1.2cm?
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71. H,S

Geometric parameter CCSD(T) PEF Deviation
r 1.3407 A 1.3406 A -0.0001 A
a 92.3° 92.3° 0.0°
Vibrational mode CCSD(T) PEF Deviation
1 1203.8 cm™ 1204.5cm™ 0.7 cm™
2 2716.8 cm™ 27175¢m™ 0.7 cm™
3 2732.6 cm ™ 2733.2 cm'* 0.6 cm™
72. Cl,S
Geometric parameter CCSD(T) PEF Deviation
r 2.0411 A 2.0406 A -0.0005 A
a 102.7° 102.6° -0.1°
Vibrational mode CCSD(T) PEF Deviation
1 201.5cm™ 202.7 cm™ 1.2 cm?
2 519.4 cm™ 521.6 cm™ 2.2cm’
3 520.4 cm™ 522.8cm™ 2.4cm™
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73. Cl;,

@—9

94

Geometric parameter CCSD(T) PEF Deviation
r 2.0178 A 2.0174 A -0.0004 A

Vibrational mode CCSD(T) PEF Deviation
1 542.0 cm™ 546.0 cm™ 4.0 cm™




