CHAPTER 4: SYMMETRY AND GROUP THEORY

4.1

4.2

4.3

Ethane in the staggered conformation has 2 C; axes (the C—C line), 3 perpendicular C;
axes bisecting the C-C line, in the plane of the two C’s and the H’s on opposite sides of
the two C’s. No oy, 30, i, S¢. Overall, a D3, molecule.

Ethane in eclipsed conformation has two Cs axes (the C-C line), three perpendicular C,
axes bisecting the C-C line, in the plane of the two C’s and the H’s on the same side of

the two C’s. Mirror planes include o, and 3o, Overall, a Dy, molecule.

Chloroethane in the staggered conformation has only one mirror plane, through both C’s,
the Cl, and the opposite H on the other C. Overall, a C; molecule.

1,2-dichloroethane in the trans conformation has a C, axis perpendicular to the
C~C bond and perpendicular to the plane of both CI’s and both C’s, a ¢, plane through
both Cl’s and both C’s, and an inversion center. Overall, a Cy, molecule.

Ethylene is a planar molecule, with C; axes through the C’s and perpendicular to the C-C
bond both in the plane of the molecule and perpendicular to it. It also has a &, plane and
two o, planes (arbitrarily assigned). Overall, a Dy, molecule.

Chloroethylene is also a planar molecule, with the only symmetry element the mirror
plane of the molecule. Therefore, a C; molecule.

1,1-dichloroethylene has a C; axis coincident with the C~C bond, and two mirror planes,
one the plane of the molecule and one perpendicular to the plane of the molecule through
both C’s. Overall, a C,, molecule.

cis-1,2-dichloroethyiene has a C; axis perpendicular to the C-C bond and in the plane of
the molecule, two mirror planes (one in the plane of the molecule and one perpendicular
to the plane of the molecule and perpendicular to the C~C bond). Overall a C;, molecule.

trans-1,2-dichloroethylene has a C; axis perpendicular to the C—C bond and
perpendicular to the plane of the molecule, a mirror plane in the plane of the molecule,
and an inversion center. Overall, a Cy;, molecule.

Acetylene has a C,, axis through all four atoms, an infinite number of perpendicular
(, axes, a o, plane, and an infinite number of o, planes through all four atoms.
Overall, a Dy, molecule.

Fluoroacetylene has only the C, axis through all four atoms and an infinite number of
mirror planes, also through all four atoms. Overall a C.,, molecule.

Methylacetylene has a C; axis through the carbons and three G, planes, each
including one hydrogen and all three C’s. Overall, a €3, molecule.

3-Chloropropene (assuming a rigid molecule, no rotation around the C~C bond) has
no rotation axes and only one mirror plane through Cl and all three C atoms.
Overall, a C, molecule.
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30 Chapter 4 Svmmetry and Group Theory

1.6 a. Cyclohexane in the chair conformation has a C; axis perpendicular to the average plane
of the ring, three perpendicular C, axes between the carbons, and three o, planes, each
including the C; axis and one of the C, axes. Overall, Ds,.

b. Tetrachloroallene has three perpendicular C; axes, one collinear with the double bonds,
and the other two at 45° to the Ck—C—Cl planes. It also has two o, planes, one defined
by each of the CI-C—Cl groups. Overall, D,,. (Note that the ends of tetrachlorallene are

staggered.)
c. The sulfate ion is tetrahedral. T,
d. Most snowflakes have hexagonal symmetry (Figure 4.2), and have collinear Cg, C; and

C, axes, six perpendicular C; axes, and a horizontal mirror plane. Overall, Dg,. (For high
quality images of snowflakes, including some that have different shapes, see K. G.
Libbrecht, Snowflakes, Voyageur Press, Minneapolis, MN, 2008.)

e. Diborane has three perpendicular C; axes and three perpendicular mirror planes. Dy,

f. 1,3,5-tribromobenzene has a C; axis perpendicular to the plane of the ring, three
perpendicular C; axes, and a horizontal mirror plane. Ds,.

1,2,3-tribromobenzene has a C, axis through the middle Br and two perpendicular
mirror planes which include this axis. C;,.

1,2.,4-tribromobenzene has only the plane of the ring as a mirror plane. C,.

g. A tetrahedron inscribed in a cube has T, symmetry (see Figure 4.6).

h. The left and right ends of B;Hjg are staggered with respect to each other. There is a
(, axis through the borons. In addition, there are two planes of symmetry, each
containing four H atoms, and two C; axes between these planes and perpendicular to

the original C,. The point group is Dy,

4.7 a. A sheet of typing paper has three perpendicular C, axes and three perpendicular mirror
planes. Overall, Dy,

b. An Erlenmeyer flask has an infinite-fold rotation axis and an infinite number of G,
planes. C,.

c. A screw has no symmetry operations other than the identity, for a C, classification.

d. The number 96 (with the correct type font) has a C; axis perpendicular to the plane

of the paper, making it Cy,.

€. Y our choice—the list is too long to attempt to answer it here.
f. A pair of eyeglasses has only a vertical mirror plane. C;.
g. A 5-pointed star has a Cs axis, five perpendicular C, axes, one horizontal and five

vertical mirror planes. Ds;,.
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4.12

4.13

4.14

Chapter 4 Symmetry and Group Theory

b.

Problem 3.35: a. PHi: G,
b. H,Se: Cy,
c. SeFy G,
d. PFs: Dsy

Figure 3.8: a. COy: Doy,
b. SO;: Dy,
¢. CHy: Ty

Figure 3.15:  a. COy: Dy,

b. COFz.' sz
¢. NO; : Gy,
d. SO3Z D3/7

e. IFs: G,
f. X€O3Z C}v

g. BFzCl CZV

d. PC152 D}/,

€. SFG: O],

c. SNFg,I C3\,-
f. SO,Cly: G,
g. Xe0s: G5,

h. 8042_1 T(/

h. Sl’lClzI Cz\,
i Ker: Dooh

j. I0,Fs°™ Ds,

f. IF7Z 1)5/7

g. TaFs™ Dy

i. SOF;: Gy,
j. CIOSEs: G,
k. XCO3F2: D}/,

1. IOFsI C4\,

px has Co, symmetry. (Ignoring the difference in sign between the two lobes, the point

group would be Decy,.)

d,, has Dy, symmetry. (Ignoring the signs, the point group would be D)

dy 2 has Dy, symmetry. (Ignoring the signs, the point group would be D,.)

d-2has Doy symmetry.
Ju-has Ty symmetry.

The superimposed octahedron and cube
show the matching symmetry elements.

The descriptions below are for the
elements of a cube; each element also
applies to the octahedron.

E Every object has an identity
operation.

8 (3  Diagonals through opposite
corners of the cube are C; axes.

6 C,  Lines bisecting opposite edges are C; axes.

6 C;  Lines through the centers of opposite faces are Cy axes. Although there are only
three such lines, there are six axes, counting the C,’ operations.

Cy. Gy
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4.17

Chapter 4 Symmetry and Group Theory

N
i
F F/ N .

Symmetry Operations

SNFE;
F, (top view)

N—/F, —» x

F2 F[ F3
\ \
N—F, N—F; N—F,
F3 Fz F2
after £ after Cs after ¢, (x2)
Matrix Representations (reducible) ) )
I i _2n ] 1 \/5
cos—— —sin— 0 -— — 0
[ 0 0 23 3 ﬁ ? 10 0
B0 1 0| ¢ sin?E cosZ® ol L o] serlo -1 0
3 3 2 2
0 0 1 0 0 |1
0 0 | 0 0 1
L 11 ]
Characters of Matrix Representations
3 0 1
Block Diagonalized Matrices
1B,
I 00 2 2 1 0]0
0 10 RETR W S 0 -1] 0
0 0 [1] 22 0 0 [1]
0 0 [l]J
Irreducible Representations
L 2C; 30, Coordinates used
2 -1 0 (x,»)
1 | 1 z
Character Table
G, I E 2C; 3¢, Matching Functions
A 1 1 1 z 4y 2
A 1 1 -1 R,
E 12 -l 0 [, (R, Ry) (=", xp)(xz, y2)
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36 Chapter 4 Symmetry and Group Theory

Ty X Ty=1 X 1+ (=1) X 1+ (=1) X (D) +1 X (D) + (1) X (=D+1 X (1)
+1 X 1+(=1)X1=0

Ty X Ty=1 X 1+ (=1) X 141 X (=1)+ (=) X (1) + (=1) X (=1)+ 1 X (1)
+(-) X 1+1 X 1=0

420 a. h = § (the total number of symmetry operations)

b. A XE=1X242X1X 0+l X (-2)+2X 1 X0+2X1X0=0
A XE=1X2+2X1X04] X (22)+2 X (=1) X 0+2 X (-1) X 0=0
BIXE=1X2+2X(=1) X 041 X (=2)+2 X 1 X 042 X (-1) X 0=0
By X E=1X2+2 X (1) X 0+] X (-2)+2 X (<) X 0+2 X 1 X 0=0

c. E:4+2X0+4+2X0+2X0=8
A1 +2 X 1+1+2X 142X 1=8
A 14+2 X 14+14+2X 142X 1=8§
Bil+2 X 1+1+42X 142X 1=8
Byl+2X1+1+2X1+2X1=8

d. T, =24, +B, + B, + E:
A 1/8[1 X 6+2 X I X 0+1 X242 X 1 X2+2X ] X2]=2
Ay 18[1 X 642X 1 X 041 X 2+2 X (=1) X 2+2 X (-1) X 2]=0
Bil/8[1 X 6+2X (1) X 041 X2+2X 1 X2+2 X (-1) X 2]=1
By 1/8[1 X 6+2 X (<) X 0+1 X 2+2X (1) X2+2 X 1 X2]=1
E: 182X 6+2 X 0 X 0+(=2) X 2+2X 0X2+2X0X2]=1

T,=3 A4, +24, + By:

A8 X 642X 1 X 4+1 X 642X 1 X2+2X1X0]=3

Av 1B[1 X 6+2 X 1 X 4+ 1 X 642 X (=1) X 242 X (=1) X 0]=2
BiiI/8[1 X 6+2 X (1) X 4+1 X 6+2X 1 X 2+2 X (-1) X 0]=1
By 1/8[1 X 6+2 X (-1) X 4+ 1 X 6+2 X (=1) X 2+2 X 1 X 0]=0
E 182X 642X 0 X 4+(2) X 6+2 X 0X2+2X0X0]=0

421 G,
T\=34,+ 4, + E:
A 1/6[1 X 642 X 1 X 3+3 X1 X2]=3
Ay 1/6[1 X 6+2 X 1 X 3+3 X (-1) X 2]=1
Er 1/6[2 X 6+2 X (-1) X 343 X 0 X 2]=1

=4, +E:

A 6[1 X 5+2 X I X (-1)+3 X | X (-1)]=0
Ay 16[1 X 5+2 X 1 X (1) +3 X (-1) X (<)] = |
E: W62 X 54+2 X (1) X (=1)+3 X0 X (-1)]=2
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