Chemistry 6330
Problem Set 4 Answers

(1) (a) BF4 tetrahedral (Ty)
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Tq E 8C; 3C, 6S, 60y
nyz 3 0 -1 -1 1
1—‘unmoved atoms 5 2 1 1 3

Tiotal 15 0 -1 -1 3

If we reduce T we find that:
ot = A1 + E + T1 + 3T>

Looking at the character table, we can see that:

rotational = T+
and

Ctranslational = T2
therefore,

Cvibrational = A1 + E + 2T

By inspection of the character table, the 2T, modes are IR active and A4, E, and 2T,
modes are Raman active.

(b) CINO bent (Cs)

N
Cs E Gh
nyz 3 1
l—‘unmoved atoms 3 3
1—‘total 9 3




[iotal = 6A" + 3A"”
Crotational = A" + 2A"
Ciransiational = 2A" + A"’
therefore,
Cvibrational = 3A’
IR active: 3A’

Raman active: 3A’

(c) XeOg trigonal pyramid (Csy)
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1—‘xyz 3 0 1
l—‘unmoved atoms 4 1 2
1—‘total 12 0 2

Ciotar = 3A1 + A + 4E
1—‘rotational = A2 +E
1—‘translational = A2 +E

therefore,
1—‘vibrational = 2A1 + 2E

IR active: 2A; + 2E
Raman active: 2A; + 2E

(d) CIF; t-shaped (Cyy)
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Coy E Cy(2) ov(Xz) ov(yz)
Ty 3 -1 1 1
1—‘unmoved atoms 4 2 2 4
Ciotal 12 -2 2 4
[iotal = 4A1 + A2 + 3B + 4B>
1—‘rotational = A2 + B1 + BZ
I_‘translational = A1 + B1 + B2
therefore,
Cvibrational = 3A1 + By + 2B>
IR active: 3A; + B4+ 2B>
Raman active: 3A; + B4 + 2B,
(e) SF4 see-saw (Cy)
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Coy E Cu(2) ov(Xz) o(yz)
Tyyz 3 -1 1 1
1—‘unmoved atoms 5 1 3 3
Tiotal 15 -1 3 3
Tiotal = 5A1 + 2A5 + 4B + 4B»
1—‘rotational = A2 + B1 + BZ
I_‘translational = A1 + B1 + B2
therefore,

l—‘vibrational = 4A1 + A2 + 281 + 282

IR active: 4A, + 2B, + 2B>
Raman active: 4A; + A, + 2B + 2B,



(2) (a)

Axes oriented such that z-axis goes through O-Xe-O bond and x-axis is through Xe,
perpendicular to the plane of the molecule

Dan E Ca(2) Caoly)  Calx) i o(xy)  o(xz) o(yz)
Tyye 3 -1 -1 -1 ) 1 1 1
1—‘unmoved atoms S 3 3 1 1 3 3 S
Cootal 15 -3 -3 -1 -3 3 3 5
1—‘total = 2Ag + B1g + BZg + 2839 + 3B1u + 3BZu + 3B3u
1—‘rotational = B1g + BZg + BSg
1—‘trz-mslational = B1u + BZu + B3u
therefore,

1—‘vibrational = 2Ag + BSg + 2B1u + ZBZU + ZB3u

(b) IR active: 2By, + 2By, + 2B3,
Raman active: 2A, + Bgg

(c) To solve this problem we need to look at what happens to Ay, E and T, when lowering the
symmetry from T4 to Cy, :

T4 ———* Cy»

A, — A

E _—r At A

T, —> A;+B;+B,

The normal modes for this molecule are: 4A; + A, + 2B + 2B,

(d) IR active: 4A, + 2B4 + 2B,
Raman active: 4A; + A, + 2B + 2B,

(e) There are several possible answers to this question:
(i) Neither structure is correct since neither has the correct number of IR bands.

(i) Structure |, which gives 8 possible IR bands, is correct and one of the stretches is too
weak to be seen or lies under another band.



N—-S

S—N

Do, symmetry

Axes oriented such that z-axis goes through the two N-atoms, y-axis goes through the two
S-atoms and x axis is perpendicular to the plane of the molecule.

Dan E Ca(2) Cafy)  Ca(x) i o(xy) o(xz) o(yz)
Tyyz 3 -1 -1 -1 -3 1 1 1
1—‘unmoved atoms 4 2 2 0 0 2 2 4
Cootal 12 2 -2 0 0 2 2 4
1—‘total = 2Ag + B1g + BZg + 2839 + 2B1u + 2B2u + 2B3u
1—‘rotational = B1g + BZg + BSg
1—‘trz-mslational = B1u + BZu + B3u
therefore,
I_‘vibrational = 2Ag + B3g + B1u + BZu + B3u
IR active: By, + By, + Bs,
Raman active: 2A4 + Bsq
SN
N
\|/ C,y symmetry
N
Coy E Cu(2) ov(Xz) o(yz)
Tyyz 3 -1 1 1
1—‘unmoved atoms 4 0 2 2
Tiotal 12 0 2 2
Tiotas = 4A1 + 2A5 + 3B + 3B>»
1—‘rotational = A2 + B1 + BZ
I_‘translational = A1 + B1 + B2
therefore,

[vibrational = 3A1 + Az + B4 + B>



IR active: 3A; + B+ B>
Raman active: 3A;+ A, +B; + B>

If structure A is correct, the IR and Raman spectra should each have only three bands. If
either, or both of the spectra contain more than three bands, this would indicate Structure
B is correct.

(4) Assume the molecule lies in the yz plane, with the z-axis going through the C-C bond, the x-
axis perpendicular to the plane of the molecule and the y-axis pointing down.

H H y
(a)
Dan E Ca(z) Caly)  Calx) ' o(xy)  o(xz) o(yz)
Ty 3 -1 -1 -1 ) 1 1 1
1—‘unmoved atoms 6 2 0 0 0 0 2 6
Cootal 18 -2 0 0 0 0 2 6
l—‘total = 3Ag + B1g + 2829 + 3B3g + Au + 3B1u + 3BZu + 2BSu
1—‘rotational = B1g + BZg + BSg
1—‘trz-mslational = B1u + BZu + B3u
therefore,
1—‘vibrational = 3Ag + BZg + 2839 + Au + ZB1u + 282u + B3u
(b) We can separate the bond internal coordinates into one C-C bond and 4 C-H bonds.
Doy | E Co(2) Caly) Ca(x) i o(xy) o(xz) o(yz)
Ten 4 0 0 0 0 0 0 4
Tce 1 1 1 1 1 1 1 1
I'ce = Ag

Ien = Ag + B3g + By + By



(c)

P43 (Arg) « Aryg

PA3(Ar,) < Ary + Ar, + Ary + A1,

PB3g(Ary) o« Ary — Ary, + Ary — Ary

X

pBlu (Arl) X AT'1 + Arz - AT‘3 - AT4

\[
<

PB2u(Ar)) o« Ary — Ar, — Ars + Ary

\(
e

(d) We can use the four C-C-H angles as internal coordinates for in-plane bending modes:

H\e_“\‘ g 9L/H Z
C——C v
[ _ ) X

H/63 92\ H y

Each of these four angles can be varied independently of the others; we therefore expect
no spurious modes.



Dan ‘ E Ca(2) Ca(y) Ca(x) i o(xy) o(xz)

Toios | 4 0 0 0 0 0 0

F61—94 =I'ey= Ag + Bsg + By + By

(e) We can use the results from Part C to write the SALC’s easily:

N /D
v\

PB3g(AB,) x AB; — AG, + AG; — AB,
-

PB1u(AG,) o AB, + AB, — AG; — AB,
PB2u(Af,) < AB; — AO, — AG; + AB,

N/
LD

There are no spurious modes from this choice of in-plane internal coordinates.

PA3(AG,) o NG, + AB, + A5 + AB,



(f) The choice of internal coordinates for out-of-plane bends is more difficult. Imagine lines
through the two C atoms, perpendicular to the plane of the molecule. We can use the angles
from these lines to the H atoms:

05

0, “under” Os
010 “under” O
041 “under” 6,
042 “under” O

65 + 99 =180"; 96 + 610 = 180°; 67 + 911 =180"; eg + 912 = 180°; we therefore expect 4
spurious modes.

Before we figure F95_912, let's see what we expect. If we subtract the stretching and in-
plane bending modes from Tyiprational W€ are left with

l—‘out-of-plane = BZg + Au + B3u

Dan | _E Ca(2) Cay)  Co(x) i o(xy) o(xz) o(yz)
Tosoi | 8 0 0 0 0 0 0 0

All of the operations except E move all of the angles. Reducing this rep gives us one irr. rep
of each symmetry:

F95—912 = Ag + B1g + BZg + BSg + Au + B1u + Bzu + B3u

We cannot increase both 05 and 0y at the same time, for this is physically impossible.
Likewise, 05 and 649, and so forth. Because the supplementary angles are related by c(yz),

any irr. rep for which y[c(yz)] = %(E) will lead to a physically impossible mode. Thus, the
spurious modes are Ag, B3y, B1y, and Bay,. (You should try using the projection operators of
these irr. reps if you don’t follow the logic used above.)

For the three remaining modes we expect:



pBZg(Ags) X ABS + A96 - A97 - AGS - A09 - Aglo + A911 + A912

e
N

PAu(ABs) o ABs — MO, + AB, — AOg — Ay + ABy g — MO, + A,

- +

N/
SN

This mode corresponds to twisting the two CH; fragments relative to one another.

pB3“(A95) X AHS + A96 + A97 + AQS - Agg - A910 - Agll - Aelz
+ +

—
SN

What about the By mode, which has not yet been accounted for?

pBlg(Ags) (04 ABS - A96 - A97 + AGS - A09 + Aglo + A911 - A912
+ +

N/
/N

This is not actually a vibrational mode; it corresponds to rotation about the C-C axis (R;).



