Reconstructed Normal modes of the XY,

reference system in high symmetry

November 29, 2020

E-mail:

Contents

1 General rules of reference system in “standard orientation” 5

2 XY, reference system in T; symmetry 6
2.1 Cartesian coordinates . . . . . . . . . L L e 6
2.2 Reconstructed normal modes . . . . . .. Lo e 6

2.2.1 Ay (breathing) . . . . . . . e 6
2.2.2 E o 7
223 (D) T o o o 7
2.2.4 (II) Ty (triplet-degenerate intra-molecular translations between atoms X and 4 xY) . . ... ... .. 8
2.3 Curvilinear parameters of Ty reference and their components . . . . . . .. ... ... ... 0. 8

3 XYj; reference system in Ds3; symmetry 8
3.1 Cartesian coordinates . . . . . . . . ... e 8
3.2 Reconstructed normal modes . . . . . .. Lo e 9

3.2.1 () Af (breathing) . . . . . . o 9
3.2.2 (II) A} (anti-breathing) . . . . . . . . . . . e 9
323 (I) E' ((t1, 1) deformation mode of 3-membered ring) . . . . . . . . . ... .. L. 9
3.2.4 E" (relative rotation between 2xY and the 3xY plane around x- and y- axes) . ... ... ...... 10
3.2.5 (II) E' + (I)AY (pseudo-triplet-degenerate intra-molecular translations between atoms 2 xY and 3 xY) 10
3.2.6 (IID)E’' + (IT)AY (pseudo-triplet-degenerate intra-molecular translations between atoms X and 5 xY) 11
3.3 Curvilinear parameters of D3, reference and their components . . . . . . . . . .. ... .. oL L. 11



4 XY; reference system in Cy, symmetry 11

4.1 Cartesian coordinates . . . . . . ... L e e 11
4.2 Reconstructed normal modes . . . . . ... e e e e 12
421 (DA; (breathing mode) . . . . . . . . o o 12
4.2.2 (I)A; (anti-breathing mode) . . . . . . . . . . 12
4.2.3 (I)Bz (g2 puckering mode of 4-membered ring) . . . . . . .. ... L Lo Lo 12
424 (DE ((t1, 1) deformation mode of 4-membered ring) . . . . . . . . ... L oL 13
4.2.5 (I)B2 + By ((t2, 2) deformation mode of 4-membered ring) . . . . . . . ... ... .. ... ... .. 13
4.2.6 (II)E (relative rotation between Y2 and the 4xY plane around z- and y- axes) . . . . ... ... ... 14
427 (IINE + (IIT)A; (pseudo-triplet-degenerate intra-molecular translations between atoms X and 5 xY) 14

4.3 Curvilinear parameters of Cy, reference and their components . . . . . . . . .. .. .. .. Lo L. 14
5 XY reference system in O symmetry 15
5.1 Cartesian coordinates . . . . . . . L 15
5.2 Reconstructed normal modes . . . . . ... L 16
5.2.1 Ay, (breathing) . . . . . . . .. 16
5.2.2 E, (anti-breathing) . . . . . . . . . ... 16
5.2.3 Thy ((t2, 72 = 90°) deformation modes of three 4-membered rings) . . . .. .. ... ... ... . ... 17
5.2.4 Ty, (g2 puckering modes of three 4-membered rings) . . . . . . ... ... . ... ... ... ..., 17
5.2.5 (I) Ty, (intra-molecular translations between 2xY and 5xY) . . . .. .. ... ... ... ... ... 17
5.2.6 (II) Ty, (triplet-degenerate intra-molecular translations between atoms X and 6 xY) . ... ... .. 18

5.3 Curvilinear parameters of Oy, reference and their components . . . . . . . .. .. ... L oL L. 18
6 XY reference system in Cj, symmetry 18
6.1 Cartesian coordinates . . . . . . . L e 19
6.2 Reconstructed normal modes . . . . . ... L. 19
6.2.1 (I) Ay (breathing mode) . . . . . . . . . . 19
6.2.2 (II) Ay (anti-breathing mode) . . . . . . . . . . .. 19
6.2.3 (I) By ((t1, ) mode of 5-membered ring) . . . . . . . . . L 20
6.2.4 (II) E; (relative rotation between Y2 and the 5xY plane around z- and y- axes) . . . ... ... ... 20
6.2.5 (I) By ((t2, 72) mode of 5-membered ring) . . . . . . . . . L 21
6.2.6 (II) Fy ((t3, 73) mode of 5-membered ring) . . . . . . . . .. ... . 21
6.2.7 (III) B2 ((g2, ¢2) mode of 5-membered ring) . . . . . . . . . . ... .. L 22
6.2.8 (III)E; + (IIT)A; (pseudo-triplet-degenerate intra-molecular translations between atoms X and 6 xY) 22

6.3 Curvilinear parameters of Cs, reference and their components . . . . . . . . . . . . ... ... ... ...... 22



7 XY; reference system in Ds; symmetry 23

7.1 Cartesian coordinates . . . . . . .. L e 23
7.2 Reconstructed normal modes . . . . . . .. 23
7.2.1 (I) A} (breathing mode) . . . . . . . . . . e 23
7.2.2 (II) A} (anti-breathing mode) . . . . . . . . . L 24
7.2.3 (I) Ef ((t1, 1) mode of 5-membered ring) . . . . . . . .. ... L 24
7.2.4 (1) E} ((t2, 72) mode of 5-membered ring) . . . . . . . . . . L 25
7.2.5 (II) ES ((t3, 73) mode of 5-membered ring) . . . . . . . . . .. Lo 25
7.2.6 EY (relative rotation between 2xY and the 5xY plane around x- and y- axes) . ... ... ... ... 26
7.2.7  EY ((q2, ¢2) mode of 5-membered ring) . . . . . . . ... L e 27

7.2.8 (II) E] + (I) A} (pseudo-triplet-degenerate intra-molecular translations between atoms 2xY and 5xY) 27

7.2.9 (III) E{ + (II) A (pseudo-triplet-degenerate intra-molecular translations between atoms X and 7xY’) 28

7.3 Curvilinear parameters of Dy, reference and their components . . . . . . . . . ... ... .. L. 28
8 XY reference system in Cg, symmetry 28
8.1 Cartesian coordinates . . . . . . . L e 29
8.2 Reconstructed normal modes . . . . . .. .. L 29
8.2.1 (I) Ay (breathing mode) . . . . . . . . .. 29
8.2.2 (II) Ay (anti-breathing mode) . . . . . . . . . . . . 29
8.2.3 (I) Bz (g3 mode of 6-membered ring) . . . . . . . ... 30
8.2.4 (I) By ((t1,71) mode of 6-membered ring) . . . . . . . . . . L 30
8.2.5 (II) E; (relative rotation between Y2 and the 6xY plane around z- and y- axes) . . . . .. ... ... 31
8.2.6 (I) Fy ((t2,72) mode of 6-membered ring) . . . . . . . . . . .. 31
8.2.7 (II) By + B ((t3,73) mode of 6-membered ring) . . . . . ... .. ... ... 32
8.2.8 (II) Fy ((t4,74) mode of 6-membered ring) . . . . . . . . . . .. .. 33
8.2.9 (III) E2 ((g2,¢2) mode of 6-membered ring) . . . . . . . . . . .. L 33
8.2.10 (III) By + (III) A; (pseudo-triplet-degenerate intra-molecular translations between atoms X and 7xY) 34

8.3 Curvilinear parameters of Cg, reference and their components . . . . . . . . . . . . ... ... .. .. ..... 34
9 XYj reference system in O, symmetry 35
9.1 Cartesian coordinates . . . . . . . . L e 35
9.2 Reconstructed normal modes . . . . . ..o e 35
9.21 Ajg (breathing) . . . . . . .. e 35
9.2.2 Ay, (anti-breathing) . . . . . . . . . L 36
9.2.3 E, (relative-translation between two 4-membered rings) . . . . . .. ... ... 36



9.24 E, (relative-rotation between two 4-membered rings) . . . . . . . ... 37

9.2.5 (I)T54 (symmetric puckering of two 4-membered rings) . . . . . ... ... ... ... L. 37
9.2.6 (II)Ty, (symmetric rthombus modes of two 4-membered rings) . . . . . . . . ... ... ... ... ... 38
9.2.7 Ty, (antisymmetric stretching of two 4-membered rings) . . . . . . . . . ... o L 38
9.2.8 (I)T1. (antisymmetric breathing of two 4-membered rings) . . . . . . . . . ... ... ... ... ... 38
9.29 (II)T, (intra-molecular translations between atoms X and 8 xY) . . ... ... ... ... .. .... 39

9.3 Curvilinear parameters of Oy reference and their components . . . . . . . . ... ... ... .. 39
10 XYy reference system in Dj3; symmetry 40
10.1 Cartesian coordinates . . . . . . . . . . L e e e e e e e 40
10.2 Reconstructed normal modes . . . . . . . .. L e 40
10.2.1 (I)A] (breathing) . . . . . . . . o o 40
10.2.2 (I)A] (anti-symmetric breathing) . . . . . . . . ... L 41
10.2.3 (IIT)A} (anti-symmetric combination of three planar breathing modes) . . . . . . . ... ... ... .. 41
10.2.4 A} (anti-symmetric combination of three planar rotation modes) . . . . .. ... ... .. ... . ... 41
10.2.5 (I)AJ (anti-symmetric combination of two planar breathing modes) . . . . . . . . ... ... ... ... 42
10.2.6 AY (anti-symmetric combination of two planar rotation modes) . . . . . . ... ... L. 42
10.2.7 (I)E’ (planar deformation of the middle 3-membered ring) . . . . . . . . ... ... ... ... ... . 43

10.2.8 (II)E’ (symmetric combination of two planar deformation modes in the top and bottom 3-membered

TINES) v e e 44
10.2.9 (IIT)E’ (combination of puckering deformation modes in the top and bottom 3-membered rings) . .. 45
10.2.10 (I)E” (combination of puckering deformation modes in the three 3-membered rings) . . . .. . .. .. 46

10.2.11 (IN)E” (anti-symmetric combination of two planar deformation modes in the top and bottom 3-

membered TINES) . . ... Lo 47
10.2. 12 (IIN E” (“seesaw” modes) . . . . . . v v vt v it e 48
10.2.13(IV)E’ + (IT) A4 (relative translations between the top/bottom and middle 3-membered rings) . . .. 49
10.2.14 (V)E’ + (III)AY (intra-molecular translations between atoms X and 9 xY) . . . . ... ... ... .. 49

10.3 Curvilinear parameters of Dgj, reference and their components . . . . . . . . . . . . .. ... .. ... ..... 50



1 General rules of reference system in “standard orientation”

The general rules in the geometry of reference system obey the definition of spherical coordinate system.
e Atom X is always the first one, which is located in the center.

e For the n number of Y atoms on the spherical surface,

1. The Y atoms are grouped by their z coordinates. Atoms in each group have the same z value.
2. These groups are ordered by the z values. The first group have the largest positive z value.

3. In each group, the first Y atom should be put on the positive z-axis (if this is allowed by the symmetry) or some

other high-symmetry axis, whereas the others should be ordered counterclockwise.

max

e Search e = max|(x,y, 2);| in the atomic Cartesian coordinates, and one or more elements may be found. If the

first extreme element is negative, then the Cartesian coordinates should be multiplied by —1.
The general rules in the normal mode l,,, of reference system.
e I, should be mass-independent (let mx = my ), and have been normalized by ljnlm =1.

e Atom X can be distorted only in the last 3 normal modes, which correspond to the relative translations between X
and nx Y in x, y, and z directions. In other normal modes if the contributions from atom X are not zero, they must

be projected out.

e Search €™** = max|(l,);| in the 3(n+ 1) elements of L,,,, and one or more elements may be found. If the first extreme

element is negative, then replace l,,, by —l,,.

« For degenerate normal modes (eg. T, TT, and T* in T modes, E and E' in E modes), they should be rotated, which

makes that

1. In T and E: the distortions in the z direction are zero if possible. Then the zero distortions in the y direction

if necessary.
2. In TT: the distortions in the y direction are zero. Then the zero distortions in the z direction if necessary.
3. The new T* and E' can be obtained uniquely by the orthonormal condition.
e In general, the normal modes are ordered by degeneracy. Exceptions are
1. Normal modes with distorted atom X should be the last.

2. e modes should be the first in pseudo-triplet-degenerate normal modes.

o Before and after the rotation, all the normal modes (including the translational and rotational ones) should be

orthogonal.



For most of the XY,, systems, two possible high-symmetric references are given: Oy, /D(n,g)h and C(,_1),. However,

the XY, system has only one high-symmetric reference T,; because Cs, is a subgroup of it, and for XYg the C7, and Dgy,

references are not often used.

2 XY, reference system in 7; symmetry

Symbols and constants used in this section:

rq1: radius of the reference sphere.

¢ =1/V3, 2 =/2/3.

a =F/2,8=2/2,v=2/V5,6 =1/v/20,¢=1/2,( =1/8.

2.1 Cartesian coordinates

T

2.2 Reconstructed normal modes

2.2.1 A, (breathing)
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2.2.4 (II) T, (triplet-degenerate intra-molecular translations between atoms X and 4 xY)

v 0 0
5 0 0
: W) =|-5 0 0],uT})
5 0 0
'L 5 0 0
2.3 Curvilinear parameters of T, reference and their components
XYy: T4 reference
R1 % Al
R2  theta2 % E
R3  theta3 phi3 h (I)T2
R4 thetad phi4d % (I1)T2
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3 XY; reference system in D3, symmetry

Symbols and constants used in this section:

ry radius of the reference sphere.

6, = cos(2T), .F, = sin(

3

)

a =+/1/5, 8 =1/1/20, v = \/3/20, § = \/3/10, e = \/2/15, n = 1/2, 0 = \/1/12, 0 = \/1/10, £ = \/1/3, m = \/1/30,
p=1/5/6,k=1/3/14, \ = \/2/7, p= /8/21, v = \/2/21.

3.1 Cartesian coordinates
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3.2 Reconstructed normal modes

3.2.1 (I) A} (breathing)
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3.2.2 (II) A| (anti-breathing)
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3.2.4
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E" (relative rotation between 2xY and the 3xY plane around x- and y- axes)

(10)

3.2.5 (II) £’ 4+ (I)A} (pseudo-triplet-degenerate intra-molecular translations between atoms

2 xY and 3 xY)
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3.2.6 (III)E’ + (II)A} (pseudo-triplet-degenerate intra-molecular translations between atoms

X and 5 xY)
I L p 0 0 0 p 0 00 o
-7 0 0 0O —m O 0 0 -«
A
\g( -7 0 0 ; 0 —m 0 ) 00 —m
GA——= UE') = A Ty = A(AY) = (12)
A\ =4 —7 0 0 0 -7 0 00 —x
-7 0 0 0 —m 0 0 0 —m
@ 7 0 0 0 —7 0 00 —n

3.3 Curvilinear parameters of D3, reference and their components

XYs5: D3j, reference

R1 % (I)A1'

R2 % (II)A1!

R3 theta3 % (DE'

R4  thetad % E"

R5 thetab phib % (IIDE' + (I)A2"
R6 thetab phi6 % (IIIE' + (II)A2"

4 XY; reference system in Cy, symmetry

Symbols and constants used in this section:

r1 radius of the reference sphere.
¢ =1/4, 7 = \/15/16.
a =1/2, =+/1/5,v=1/4,6 = /3/5, e =/3/80, ¢ =+/12/25, n = /3/100, # = 1/1/30, p = 1/5/6.

4.1 Cartesian coordinates

X1 0 0 0
Y2 0 0 r1
Y3 57 1 0 —-%¢ 1
= (13)
Y4 0 54 T1 —% T
Y5 —5” 1 0 -% T
Y6 0 —-% T1 —% T1

11



4.2 Reconstructed normal modes

4.2.1 (I)A; (breathing mode)

12

0 0 0
0 0 B
< B 0 -¢p
0o 5 -¥¢8
-7 B 0 -¢p
0 -8 -¥¢8
0 0 0
0 0 ¢
1(Ay) = -y 0 —e
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4.2.4 (I)E ((t1, 1) deformation mode of 4-membered ring)

13
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4.2.6 (II)E (relative rotation between Y2 and the 4xY plane around z- and y- axes)

Contributions in z column are not zero because of orthogonality to the total rotation modes.

00 0
0 0
-n 0
I(E) = ! ’ (19)
-n 0 0
-n 0 —p
-n 0 0
0 0
0 ¢ 0
0 — 0
(B = "
0 —n B
0 —-n 0
0 —n =5

4.2.7 (III)E + (IIT) A, (pseudo-triplet-degenerate intra-molecular translations between atoms
X and 5 xY)

p 0 0 0 p 0 0 0 p
-7 0 0 0 —m 0 0 0 —m
-7 0 0 0 —m 0 0 0 —m
UE) = JA(ET) = (A = (20)
-7 0 0 0 —m 0 0 0 —m
-7 0 0 0 —m 0 0 0 —m
-7 0 0 0 —m 0 0 0 —m

4.3 Curvilinear parameters of C,, reference and their components
XY5: C4p reference

R1 % (A1

R2 % (II)A1

R3 % (IDB2

R4  thetad % (DE

R6  thetab % (II)B2 + B1

R6  theta6 % (IDE

R7 theta7 phi7 % (IIIDE + (IID)A1

14



Another set of curvilinear parameters of Cy, reference: (I)Bz and (IT)Bs are exchanged to get a turnstil rotation mode

of atoms Y5 and Y6.

XY5: C4y reference

R1 % (DAl

R2 % (II)A1

R3 % (I1)B2

R4  thetad h (DE

R5  thetab % (I)B2 + Bl

R6  theta6 % (IDE

R7 theta7 phi7 % (III)E + (III)A1

5 XY reference system in O, symmetry

Symbols and constants used in this section:

rq1: radius of the reference sphere.

a =1/V6,B=1/2y=1/V3,0=7/2,¢ = /6/T,( = ¢/6.

5.1 Cartesian coordinates

z

l; X1 0 0 0

—. Y2 0 0
Y3 rno 0 0
vil=| 0o rn 0 (21)
Y5 -, 0 0
Y6 0 —r1 0

@ Y7 0 0 —r

15



5.2 Reconstructed normal modes

5.2.1 A;, (breathing)

5.2.2 E, (anti-breathing)

z

©

Yy

&P
(CAdn

16
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5.2.3 Ty, ((t2, 72 = 90°) deformation modes of three 4-membered rings)

0 0 0 0 0 0

0 00 30 0

0 B 0 00 8
Why)=| g o ofl.um)=| o0 of.,u1,

0 -8 0 00 -8

8 0 00 0

0 0 0 30 0

5.2.4 Ty, (g2 puckering modes of three 4-membered rings)

@ ) 0 0 0 0 0 0

—. B0 0 0 B 0

| 0 0 O 0 -5 0
! W) =|-8 0 ol .4 T)=10 o of.UT5)=

00 0 0 -8 0

B 0 0 0 00

@ 80 0 0 B 0

5.2.5 (I) T, (intra-molecular translations between 2xY and 5xY)
©

Y N 0 0 O 0 0 0

-6 0 0 0 =6 0

] ~ 0 0 0 -5 0
UTw)=|-6 0 o UT{)=]0 ~ of.UTi)=

v 00 0 -5 0

-6 0 0 0 v 0

-6 0 0 0 -6 0

17
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5.2.6 (II) Ty, (triplet-degenerate intra-molecular translations between atoms X and 6 xY")

z

e 0 O 0 € 0 0 0 €
: ¢ 00 0 —¢ 0 00 ¢
¢ 00 0 —¢ 0 00 ¢
UTw)=|—¢ o o UT)=|0o —¢ ol .uT{)=]0 0 —| @7
¢ 00 0 —¢ 0 00 ¢
¢ 00 0 —C 0 00 —
@ ¢ 00 0 —¢ 0 00 ¢

5.3 Curvilinear parameters of O;, reference and their components
XYg: 0p reference

R1 % Alg
R2  theta2 % Eg
R3  theta3 phi3 % T2g
R4 theta4 phid % T2u
R5 theta5 phi5 % (DTiu
R6  theta6 phi6 % (II)Tiu

6 XY reference system in (5, symmetry

Symbols and constants used in this section:
r1 radius of the reference sphere.
Cp = cos(2T), S, = sin(2LT).

5 5

a =1/5,8=1/24/25, v = \/1/6, 6 = 2/5, ¢ = \/1/150, n = \/2/3, 0 = \/4/150, o = \/1/5, £ = \/2/15, T = \/5/9,
p:\/%,lﬁ:m,)\zm,u:\/l/ﬁlz

18




6.1 Cartesian coordinates

6.2 Reconstructed normal modes

6.2.1 (I) A; (breathing mode)

X1
Y2
Y3
Y4 | =
Y5
Y6

Y7
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6.2.3 (I) E1 ((t1, 1) mode of 5-membered ring)

6.2.4 (II) E; (relative rotation between Y2 and the 5xY plane around z- and y- axes)

20
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6.2.5 (I) Ey ((t2, 2) mode of 5-membered ring)

21
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6.2.7 (III) E> ((q2, ¢2) mode of 5-membered ring)

o o o o o o o

o O o o o o o

Gk
Gk
Guk
ok

o o o o o o o

0
0
0
Sk
Ak
Sk

o o o o o o o

yglﬁ

6.2.8 (III)E; 4+ (IIT)A; (pseudo-triplet-degenerate intra-molecular translations between atoms

6.3 Curvilinear parameters of Cs,

X and 6 xY)

R1
R2
R3
R4

R5

theta3
thetad

thetab

l(E)

)
h
h
h
)

|
|
=
o o o o o o o

o s} o o o o e}
~
—
=
=
~
I

o o o o o o o

|
=
o o o o o o o

o o o o o o o

o o o o o o o

reference and their components
XYs: Cs, reference

(DDAl
(I1)A1
(DE1
(IDE1
(DE2

22




6

7

8

R6  thetab % (IDE2
R7  theta? %» (IIDE
R8 theta8 phi8

2

% (III)E1 + (III)A1

7 XY reference system in D5, symmetry

Symbols and constants used in this section:
r1 radius of the reference sphere.

Cn = cos(HT), S = sin(2T).

a =/1/7, B=1/2/35, 7= \/5/14, 6 = \/1/5, ¢ = \/8/45, 1 = \/5/18, 0 = \/2/5, . = \/T/8, & = \/1/56.

7.1 Cartesian coordinates

7.2 Reconstructed normal modes

7.2.1 (I) A} (breathing mode)

23

X1
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Y4
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Y6
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Y8

1
G1r1
Gar1
G311
Gar1

0

61«
Gra
G5
G

S
S
311
S

0

S
S
Sz
S

o o o o o

-7




7.2.2 (II) A} (anti-breathing mode)

T

I(AY) =
7.2.3 (I) E] ((t1, m) mode of 5-membered ring)
e |,
y (B} =
@
@ |
: (e =

24

0
0
4]
2
616
G40
626
0

0
0
0
Fa6
S46
S
30
0

— B
— S
—
— B

0

0
0
0
S0
S
BT
S0
0

0
0
o
626
C4d
616
€30
0

o o o o o o o o

o o o o o o o o

o o o o o =2

(40)



7.2.4 (I) E} ((t2, 2) mode of 5-membered ring)

7.2.5 (II) E, ((t3, 73) mode of 5-membered ring)

&

z

z

Y

€T

25

0
0
o
626
G416
616
€30
0

0
0
0
30
F16
S40
S0
0

0
0
o
616
2
626
€16
0

0
0
0
F26
BN
S
S50
0

0
0
4]
636
616
G416
626
0

0
0
0
F46
S0
F26
S0
0

o o o o o o o o

o o o o o o o o

o o o o o o o o




7.2.6 E/ (relative rotation between 2xY and the 5xY plane around x- and y- axes)

26

UEY

0
0
0
S0
F26
30
F46

o o o o o o o o

616
626
636
646

o

o o o o o 3

|
=

o o o o o o o o

0
0
4]

o o o o o o o o

Se
Fhe
S3€
Fye

Ge€
Gae
Gse
Gue

(43)



7.2.7 EY ((g2, ¢2) mode of 5-membered ring)

z

© .,

L(E3)

o o o o o o o o

o o o o o o o o

630
¢10
640
€20

o o o o o o o o

0
0
0
S50
B2
S0
S0

o o o o o o o o

0

7.2.8 (II) E} 4+ (I) A} (pseudo-triplet-degenerate intra-molecular translations between atoms

2xY and 5xY)

o o o o o o o o
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o o o o o o o o

|
=
o o o o o o o o

1(A3)

o o o o o o o o
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7.2.9 (III) B + (II) A} (pseudo-triplet-degenerate intra-molecular translations between

atoms X and 7xY)

¢t 0 0 0 ¢ 0 0 0 ¢
) £ 0 0 0 —€ 0 00 —¢
£ 0 0 0 —¢ 0 00 —¢
ey - | 0 amh =" M= |0 Y e
£ 0 0 0 —¢ 0 00 —¢
£ 0 0 0 —€ 0 00 —¢
£ 0 0 0 —¢ 0 00 —¢
£ 0 0 0 —¢ 0 00 —¢

7.3 Curvilinear parameters of D5, reference and their components

R1
R2
R3
R4
R5
R6
R7
R8
R9

theta3
thetad
thetab
thetab
theta?
theta8

theta9

XY7: Dsp reference
% (1AL

% (II)A1!

% (I)E1'

% (I)E2'

% (II)E2'

% E1"

%, E2"
phi8 % (IIEL' + (I)A2"
phi9 % (III)E1' + (II)A2"

8 XY reference system in (s, symmetry

Symbols and constants used in this section:

r1 radius of the reference sphere.

Cn = cos(HE), S, = sin(2E).

a =1/6,

6

B =/35/36, v = \/1/7, § = \/1/252, ¢ = \/5/36, ¢ = \/5/7, n = \/5/252, A = \/1/6, 0 = /30/49, +

=/5/294, k = \/2/21, p = \/1/3, v = \/T/8, £ = \/1/56.

28



8.1 Cartesian coordinates

8.2 Reconstructed normal modes

8.2.1 (I) A; (breathing mode)

29

X1
Y2
Y3
Y4
Y5
Y6
Y7
Y8

Bri
©10m
©211
C3Pr1
Capr
5071

C1€
Gac
Cse
Gue
Cre

0 0
0 1
0 —ar
Apr1 —ary
Fofr1 —ary
Spry  —ary
Supr1 —ary
Sepry  —ary
0 0
0~
0 -0
e =0
Soe —0
Sze —0
e =90
S —0
0 0
0 ¢
0 —n
—Aa —n
—Sa —n
—Sa -
—S -1
—Ssa —n




8.2.3 (I) By (g3 mode of 6-membered ring)

30

UB2) =

o o o o o o o o

G
G

G
G

B\
B9

B9
S

o o o o o o o o

S
T

S
T

CaN
G\

G
G

o o o o o o o o

o o o o o o o o

(51)



8.2.5 (II) E; (relative rotation between Y2 and the 6xY plane around z- and y- axes)

ylli

1By = (52)

—t Sk
- K
- YK
-t 5K

©C o o o o o o o
\
~

> O

C1k
Gak
Gk
Gk
sk

|
-
© ©o o ©o o o o o

\

>
o o o o o o o o
o o o o o o o o
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32

o O o o o o o o

G
6o

Ga
G\

B2
SUA

S
B0

SUA
B9

B
S

G
G

G
G

o o o o o o o o

o o o o o o o o

o o o o o o o o

(54)



8.2.8 (II) E; ((t4,74) mode of 6-membered ring)

33

2P
CaA
Gz A
GaA
GLA

S
TS
BZP)N
B2
T

o o o o o o o o

o o o o o o o o

B2
S
BZP)
S0P
BZP)

ZP
GaA
Gz A
GaA
CsA

%2 12
Cap

%2 12
Capt

o o o o o o o o

o o o o o o o o




10

0
0
0
Sap
S
0
Sl
Sap

o o o o o o o o
o o o o o o o o

8.2.10 (III) E; + (III) A; (pseudo-triplet-degenerate intra-molecular translations between
atoms X and 7xY)

v 0 0 0 v 0 0 0 v
£ 0 0 0 —¢ 0 0 0 —¢
£ 0 0 0 —¢ 0 0 0 —¢
7 ey =|" T o= " T e
£ 0 0 0 —¢ 0 0 0 —¢
£ 00 0 —€ 0 00 —¢
£ 0 0 0 —¢ 0 0 0 —¢
£ 00 0 —€ 0 00 —¢

8.3 Curvilinear parameters of Cg, reference and their components

XY7: Cg, reference

R1 % (DAl

R2 % (II)A1

R3 % (I)B2

R4  thetad % (IDE1

R5  thetab % (II)E1

R6  thetab % (IDE2

R7  theta? % (II)B2+B1

R8  theta8 % (II)E2

R9  theta9 % (III)E2

R10 thetal0 phil0 % (III)E1 + (III)A1
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9 XYj; reference system in O, symmetry

Symbols and constants used in this section:

ry: radius of the reference sphere.

a =+6/12, 3 =1/4, v =/3/12,6 = /2/4, ¢ = /2/12.

9.1 Cartesian coordinates

9.2 Reconstructed normal modes

9.2.1 A,, (breathing)

35

X1
Y2
Y3
Y4
Y5
Y6
Y7
Y8

Y9

T1

—r

-7

T1

1

—-r1

-7

T1

T1

T1

—rq

-7y

1

T1

—ry

—r1

T1

1

1

1

—ry

—-r1

—rqy

—-ry




9.2.2 A,, (anti-breathing)

36
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9.2.4 FE, (relative-rotation between two 4-membered rings)

9.2.5 (I)Ty, (symmetric puckering of two 4-membered rings)

00 0 0 0
v, 5§00 0 5
5 0 0 0 -0

5§00 0 5
UDy)=|-6 0 0|.UT3,)=|0 -5
5 0 0 0 -5

5§00 0 5

5 0 0 0 -0

5§00 0 5

37

|
=
o ©O O o o o o o o

- 2y

v =2y

v 2y

-y 2y

v 2y

-y 2y

- 2

o O O o o o o o o

v 2y

o O o o o o o o o

o O o o o o o o o

(62)
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9.2.6 (II)T3, (symmetric rhombus modes of two 4-membered rings)

0 0 0 0 0 0 0 0 0
v, BB 0 g o B 0o B B
B -8 0 g 0 —p o 5 B
-8 =B 0 g 0 -p 0o 5 -8
=|-8 8 ol UT)=| s 0o plUE)=|0o 5 -s| (64
g B0 -8 0 B 0 -5
g -8 0 -8 0 -B 0 -8
-8 =B 0 -8 0 -8B 0 - -8
-8 B 0 -8 0 B 0 - -8
9.2.7 Ty, (antisymmetric stretching of two 4-membered rings)
0 0 0 0 0 0 0 0 0
Y, B -8 0 g 0 -p 0 B -8B
-8 -8 0 -8 0 -B 0 -8 B
-8 B0 g o B 0o B B
Tw)=| 8 B o[ UTZ)=|-p 0 p|.U)=|0 -5 -8 (65)
-8 B0 g o B 0o B B
g B0 -8 0 B 0 -8 -8B
-8 0 g 0 —p 0 B -8B
-8 =B 0 -8 0 -8 0 -8 B
9.2.8 (I)7T}, (antisymmetric breathing of two 4-membered rings)
0 0 0 0 0 0 0 0 0
Y ., g B0 g o B 0o B B
-8 B 0 -8 0 B 0 -8 -8B
-8 =B 0 g 0 -p 0 B -8B
g —p o Ty =|-p 0 —p|UTL)=|0o -5 p| (60)
-8 =B 0 g 0 —=p 0 B -8B
B -8 0 -8 0 -8 0 -8
g B0 g o0 B 0 8
-8 B 0 -8 0 B 0 -8 -8B
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9.2.9 (II)T7y, (intra-molecular translations between atoms X and 8 xY)

z

8 0 0 0 8 0 0
Y - 0 0 0 — O 0
x

— 0 O 0 — O 0

- 0 0 0 - O 0

UTw)=| - 0 o|.UT{)=|0 - o .UTi)= |0

- 0 0 0 —e O 0

- 0 0 0 — O 0

— 0 O 0 — O 0

- 0 0 0 — O 0

9.3 Curvilinear parameters of O; reference and their components
XYg: 0j reference

o o o o o o o o o

R1 % Alg
R2 % A2u
R3  theta3 % Eg
R4  thetad % Eu
R5 theta5 phib %h (I)T2g
R6 theta6 phib6 % (II)T2g
R7  theta7 phi7 % T2u
R8 theta8 phi8 % (I)T1lu
R9 theta® phi9 % (II)T1iu
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10 XY, reference system in D3, symmetry

10.1 Cartesian coordinates
Symbols and constants used in this section:

rq1: radius of the reference sphere.

@ :\/5/79762\/1/7377:\/3/7475:1/376:2/3777:1/2'

X1
Y2

Y4
Y5
Y6
Y7
Y8
Y9

Y10
10.2 Reconstructed normal modes

10.2.1 (I)A] (breathing)
Symbols and constants used in this section:

a =/5/81, 8= 1/1/2T, v =+/1/12, 6 =1/9, e =2/9, n =1/6, 6 = 1/3.

WAy =

40

1
—nry
—nr
—€ry

(5’/"1

5T’1

0 0
0 ary
—Br1 ary
pri ar
0 0
7y 0
—yry 0
0 —ar
—fBry  —ary
Br1 —ary
0 0
0 o
-8  «
I} «
0
v 0
— 0
0 —«
-8 —a
g —«

(69)



10.2.2 (II)A} (anti-symmetric breathing)

Symbols and constants used in this section:

a =/40/1377, B = \/17/162, v = \/10/153, § = \/10/1377, e = \/10/459, n = \/5/306, 6 = \/5/102.

0 0 0
y a 0 g
5 e B
-0 —e f
— 0 0
= (70)
n —0 0
n 0 0
« 0 —p
—0 e —p0
5 —e -8B
10.2.3 (IIT) A} (anti-symmetric combination of three planar breathing modes)
Symbols and constants used in this section:
a =/8/51, B=/3/34, v = \/2/51, 6 = \/2/17, € = /3/136, = \/9/136.
z
0 0 0
0 0
y B
* —€ n 0
- —n 0
« 0 0
I(A}) = (71)
—y 6 0
-y =46 0
8 0 0
—€ n 0
— —n 0

10.2.4 A} (anti-symmetric combination of three planar rotation modes)

Symbols and constants used in this section:

a = \/8/51, B =/3/34, v = \/2/51, 6 = \/2/17, e = \/3/136, n = \/9/136.
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0 0 0
, 0 B0
* -n —e 0
n —e 0
0 ao O
1(43) = (72)
-5 —v 0
b — 0
0 B 0
-n —€ 0
n —e 0
10.2.5 (I)AY (anti-symmetric combination of two planar breathing modes)
Symbols and constants used in this section:
a =4/1/6, B=1/1/24, v =/1/8.
z
0 0 0
@ 0 0
y
) -8 v 0
-8 = 0
0 0 0
(A7) = (73)
0 0 0
0 0 0
-« 0 0
B — 0
gv 0

10.2.6 A/ (anti-symmetric combination of two planar rotation modes)

Symbols and constants used in this section:

a =+/1/6, B =+/1/24, v = \/1/8.
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0 0

0 «

- =B

v =B

wap-| "
0 0

0 0

0 —«a

vy B

- B

10.2.7 (I)E’ (planar deformation of the middle 3-membered ring)

Symbols and constants used in this section:

a =+/1/3, 8= /1/12, v = 1/2.

0 0

0 0

0 0

0 0

wwy-| ¢
-8 =

-8 v

0 0

0 0

0 0

43
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0 0
0 0
0 0
0 0
0 «
v =B
-y -8B
0 0
0 0
0 0

o O o o o o o o o o

10.2.8 (II)E’ (symmetric combination of two planar deformation modes in the top and

bottom 3-membered rings)

Symbols and constants used in this section:

a =\/1/6, 8= \/1/24, v = \/1/8,

44
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10.2.9 (IITI)E’ (combination of puckering deformation modes in

membered rings)

Symbols and constants used in this section:

a =\/1/3, 8= /1/12, v = 1/2.

45

0 0
0 «
vy =B
-y B
0 0

0
0 0
0 «
v =B
-y —B

o o o o o o o o o o

o O o o o o o o o o

o O o o o o o o o o

the top and bottom 3-




o o o o o o o o o o
o o o o o o o o o o

10.2.10 (I)E” (combination of puckering deformation modes in the three 3-membered rings)

Symbols and constants used in this section:

a =/16/51, B =/3/17, v = \/4/51, 6 = \/4/17, e = \/3/68, n = 1/9/68.

x

o~
—~
Sl
—
Il
jen)} o S o o o o (e} o jan}

o o o o o o o o o o
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o O o o o o o o o o
o O o o o o o o o o
(an]

10.2.11 (II)E” (anti-symmetric combination of two planar deformation modes in the top

and bottom 3-membered rings)

Symbols and constants used in this section:

a =\/1/6, 8= \/1/24, v = \/1/8,

0 00

« 0 0
-5 - 0

-8 7 0

B — 0 00
0 00

0 00

—« 0 0

gy 0

g o=y 0
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0 0 0
0 a 0
Y

’ v =8 0
-y =8 0
it 0 00

E") =
0 0 0
0 0 0
0 —a 0
—y 0
¥ 0

10.2.12 (III)E” (“seesaw” modes)

Symbols and constants used in this section:

a = /120/629, B = /160/1887, v = 1/30/629, § = 1/90/629, ¢ = \/40/1887, n = +/40/629, 6 = /17/222.

0 0 0
y 0 0 -5
v g 0 €
6 0 €
0 0 «
I(E") =
0 0 —v
0 0 —v
-0 0 —-p
-0 0 €
-6 0 €
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10.2.13 (IV)E’ + (I1)AJ (relative translations between the top/bottom and middle 3-membered
rings)
Symbols and constants used in this section:

« :\/%»6:\/1/18.

00 0 0 00 00 0
, -8 0 0 0 -8 0 00 -8
‘ -8 0 0 0 -8 0 00 -8
-8 0 0 0 -8 0 00 -8

wey= | =" Maan =" " e
a 0 0 0 a O 0 0 «
a 0 0 0 a O 0 0 «
-8 0 0 0 -8 0 00 -8
-3 0 0 0 -8 0 00 —8
-8 0 0 0 -8 0 00 -8

10.2.14 (V)E' + (III)AJ (intra-molecular translations between atoms X and 9 xY)
Symbols and constants used in this section:

a =4/1/90.
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10

11

12

13

14

10.3 Curvilinear parameters

9 0 O 0 9a 0 0
—a 0 0 0 —a 0 0
—a 0 0 0 —a 0 0
—a 0 0 0 —a O 0
, —a 0 0 Jt 0 —a 0 ” 0
UE') = A(BT) = (A7) =
—a 0 0 0 —a O 0
—a 0 0 0 —a 0 0
—a 0 0 0 —a O 0
—a 0 0 0 —a 0 0
—a 0 0 0 —a 0 0

of Dj; reference and their components

o O o o o o o o o o

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14

theta?
theta8
thetad
thetall
thetall
thetal2
thetal3 phil3
thetal4d phil4d

XYg: D3p reference
% (DAL

% (II)A1!

% (III)A1'

% A2'

% (I)A2"

% A1"

% (DE'

% (IDE'

% (IIDE'

%» (DE"

% (IDE"

% (IDE"

% (IV)E'+(II)A2"
% (DE'+(III)A2"
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