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1. For a molecule belonging to the D21 point group, deduce whether the following vibrational
transitions from the ground vibrational state are allowed in the infrared and/or Raman
spectrum. State the direction of the transition moment and/or the component of the
polarizability involved.

a. to the v=2 level of a big vibration

b. to the v=1 level of an ay or bz, vibration

c. to the combination level involving v=1 of a b1y and v=1 of a b3g vibration

d. to the combination level involving v=2 of an a, vibration and v=1 of a by vibration.

a)

General remarks: For a molecule, a transition from v to v; to be infrared-active(raman)-active,

W iWv1 (Wv2"@&3%Wv1) has to be symmetric in order to not vanish upon integration. This is
aequivalent to the direct sum of the functions to contain the totally symmetric representation (a
consequence coming from group theory). In the case that W, is the ground state, the direct
product W2t (Wv2"@ ) has to contain the totally symmetric representation (since the ground state
is totally symmetric). For this to happen, I'(¥2) = ['({i) (T (¥2) = '(&;j)) has to hold for all
components i, j.

Operator specific remarks: The dipole moment operator is proportional to the space-operator.
Therefore, [ii possesses B1u, B2u, B3u symmetry for the x,y and z component respectively. For the
polarizibility, the following symmetries are given for the different components:

Ag Blg BZg
Biy Ag Bsg
BZ:: B3g Ag

With the above considerations in mind, the transitions are investigated as follows:

a) The symmetry of the niveau v = 2 of a big vibrational mode is B1g @ B1g = Ag, which is different
from any component of {i. Therefore, it is IR-forbidden. However, since the components aii are of
symmetry Ag, the transition is Raman allowed.

b) Neither the au nor the bz, vibrational mode possesses an adequate symmetry contained in p or
aijj . Therefore these transitions are neither IR nor Raman allowed.

c) The symmetry of the combined vibrational mode is: B1y & Bsg = B2u . Therefore, this transition
is Raman forbidden, but IR allowed with component py.

d) The symmetry of the combined vibrational mode is: Ay @ Ay & B2z = B2g. Therefore, this
transition is Raman allowed with component oy, but IR forbidden.



2. The infrared spectrum of N20 has three fundamental bands. Assuming that the structure of N20
is linear, explain how this spectrum allows you to distinguish between NNO and NON. Sketch
the normal modes.

With IR spectroscopy one can easily distinguish between NNO and NON, since NNO posesses a
permanent dipole, whereas NON does not (assuming a linear structure). Therefore NNO is IR
active and NON is not. Furthermore, the 3 fundamental bands can be associated to the following
normal modes:




3. Fill in the table with a YES or a NO to indicate allowed spectroscopic transitions. For
vibrational and vibrational Raman transitions, indicate the symmetry species of the
vibrational modes to which transitions are allowed.

General approach:

Purely rotational transitions:

The existence of a permanent dipole moment is investigated: For molecules with a permanent
dipole moment, purely rotational transitions are allowed, else not.

Vibrational & vibrational Raman transitions:
For determining the possible vibrational IR and vibrational Raman transitions, the direct product
decomposition of the reducible representation of the vibrational part needs to be computed.
Since the IR activity is determined by the dipole moment, a mode will be active if the irreducible
representation contains a linear part (x, y or z). Similarly, the Raman activity is determined by the
polarisability and a mode will be active if the irreducible representation contains a quadratic part
(xx,xy, yV, - . . ). The irreducible representation can be computed in the following way:

1. Determine the symmetry group G of the molecule

2. If G is an infinite group, then consider a subgroup (for Den this could be D2y, for

example) and continue solving in that group.

3. Look up (or derive) the character table corresponding to the group

4. For each symmetry element in the group, compute the reducible representation by

multiplying the number of unshifted atoms with the contribution per atom 1

5. Obtain the irreducible representation I'rredy,, by computing the coefficient a; for each term i

using the reduction formula (as also outlined in the lecture notes):

a; = § e Nex' (¢) x4 (c)

6. If the original group was infinite: use (or derive 2 ) partial correlation tables to map the
obtained decomposition back to the infinite group.
7. Subtract the translational and the rotational terms from I'rredy,; in order to obtain I'irredy,

1The contribution per atom depends on the considered symmetry element: a) E...3,b)i...-3c)o...1d)Ch=1+2cos(360/n)d)Sa=-1+2cos
(360/n)
20ne can easily derive partial correlation tables by matching corresponding functions

H:0:

H20 possesses a permanent dipole in z-direction. Therefore, purely rotational transitions are
allowed. Furthermore, it belongs to the symmetry group Czy, which possesses the following
character table:



Cyp | E | Co | 0u(x,2) | 0u(y,z)

A 1] 1 1 1 z x°, y*, z°
Ay |11 -1 -1 R; Xy

By || 1] -1 1 -1 X, Ry | xz

B, [ 1] -1 -1 1 Vv, Ry | yz

The character of the reducible representation for Hz0 is computed:
e X(E)=3Ng=3.3=9
* x(Cy) = N(1 +2cos(360/2)) =1(1+2cos(180)) = —1
=3
=1

(f, (y,2)

* x(ov(x,z2)
* x(ov(y,2)

Since Cyy is a finite group (4 group elements), the reduction formula can be applied:

) =
)=

o ay, =31-1-9+1-1-(— )+1-1-3+1-1-1):3
® as,=7(1-1-941-1-(-1)—-1-1-3-1-1-1) =

ag =3(1-1-9-1-1-(-1)+1-1-3-1-1-1) =3
®ap,=12(1-1-9-1-1-(-1)—1-1-34+1-1-1) =2

With that, the direct product decomposition is: I'rred, = 3A1 + 1A2 + 3B1 + 2B>
Subtracting the translational and rotational modes, the irreducible representation of the

vibrational part is obtained:

rzrnd l—irrad l"II‘)Ld rzmd

vib tot trans rot
=3A1+ 1A+ 3By + 2By — (A1 + By + By) — (A2 + By + Bp)
=2A1+ By

This means that 2 vibrational normal modes have A1 symmetry and 1 normal mode has B1
symmetry. Considering the character table, A1 corresponds to z, x%, y2 and z?2 entries, which is
associated to a . dipole moment and axx, ayy and o, polarisabilities. Similarly, B; corresponds to
x and xz entries, which is associated to a pux dipole moment and an ax, polarisability.



SFe:

SFs possesses no permanent dipole. Therefore purely rotational transitions are not allowed.
Furthermore, it belongs to the symmetry group Oy, which has the following character table:

O, |E|[8C;|6C,|[6Cy[3C(C2) | i |6Sy]|8Se |30y |60,

A [1] 1 1 1 1 11 [ 1]17]1 x* +y* +2°

E, [2] -1 0 2 2l 01210 222 —x* —y?, x* —y?
Toe |3] O 1 -1 -1 3| -1 0 | -1 1 Xy, Xz, yZ

Tw 3] 0 [ -1 ] 1 X Bl-11 011 [xyz

The character of the reducible representation for SFsis computed:
e Y(E)=3N=3-7=21

x(8C3) = Nc(1+2cos(360/3)) =
x(6C2) = N(1+2cos(360/2)) =

x(6C4) = N(1+2cos(360/4)) = 3(1 + 2cos(90)
x(3C2) = N(1+42c0s(360/2)) = 3(1 +2cos(180)) =
x(i) = Ni(=3) =1-(-3) = -3

x(6S4) = Ns(—1+2cos(360/4)) =

x(8S6) = Ns(—1+2cos(360/6)) =

x(30y) = Ngy, =5

X(604) = Ny, =3

1(1+ 2cos(120))
1(1 4+ 2cos(180

3(—1+42cos(90)) =
1(—1+2cos(60)) =0

)
)
) =
)

-3

Since Oy is a finite group (48 group elements), the reduction formula can be applied to the
relevant irreducible terms3:

* ap, = 48(1 1-21+8-1-0+6-1-(-1)+6-1-34+3-1-(-3)+1-1-(-3)+6-1-
1)+8-1-0+3-1-54+6-1-3)=1

—%(1 +2:21+8-(-1)-0+6-0-(—1)+6:0-3+3-2-(-3)+1-2-(-3)+6-
8:(~1)-0+3:2:54+6-0-3) =1

(=

ag
0-

(-1)+

= L(1-3-2148:0-046-1- (1) +6-(=1)-3+3- (-

(1)( 1Yl x0i0 B =

1)-5+6-1-3) =

1)-(=3)+1-3-(=3) +




¢ ar, = 4&(1-3-2148-0-0+6-(—1)-(=1)+6-1-3+3-(=1)-(=3) +1-(=3)-
(=3)+6-(=1)-(~1)+8-0-0+3-1-54+6-1-3) =3

With that, the direct product decomposition is: [rredy, = A1g + Eg + Tog + 3T1u + . ..
Subtracting the translational and rotational modes, the irreducible representation of the
vibrational part is obtained:

3Remark: Only irreducible terms which are associated to linear or quadratic coordinate terms need to be considered.
irred __ yirred _ l—‘irred _ I—-irrcd
vib — ot trans rot

= A]g + Eg + TZg +3T+...— (Tlu) - (Tlg)
:A1g+Eg+TZg+2Tlu+---

This means that one vibrational normal mode has A:; symmetry, one has E; symmetry, one has Tz
symmetry and two have T1, symmetry. Comparing these terms with corresponding functions in
the character table leads to 3 Raman active modes of symmetry A1g, Eg and T2 and two IR active
modes of symmetry T1u.

CS»:

CS2 possesses no permanent dipole. Therefore purely rotational transitions are not allowed.
Furthermore, it belongs to the symmetry group Do . Since Doy is an ininite group, we consider
one of its subgroups - namely D2n 4, which possesses the following character table:

Dy, |E|C | G (x ) G (}/ ) 1 | Oxy | Oxz | Oyz

A, [1]1 1 1 1] 1[1]1 X, y°, 2"
Bipg (1|1 ] -1 -1 11| -1]-1|R;|uxy
By |1]-1] -1 1 [ 1]-1]1]-1|R,|xz

By |1[-1] 1 1 [ 1[-1]-1]1|R]yz

Ay [ 1] 1 1 1 [-1]-1]-1]-1

By, [1] 1] -1 11111 |z

By [1]-1] -1 1 [1]1|-1]1]y

By, |1[-1] 1 1 (11 |1 ]-1|x

The character of the reducible representation for CS; is computed:



« X(E)=Ng-3=3-3=9

* X(C3) = Ne(142cos(360/2)) = 3(1+2cos(180)) = —3

e x(Ca(x)) = Nc(1+2cos(360/2)) = 1(1+2cos(180)) = —1
* X(C2(y)) = Ne(142c0s(360/2)) = 1(1 4 2cos(180)) = —1
o x(i)=Ni-(-3) =1-(-3) = -3

* X(oxy) =Ny-1=1-1=1

* X(0xz) =Ny-1=3-1=3

X(0y:) =Ny-1=3-1=3

4The choice of subgroup is in principle arbitrary, yet one of course will appreciate using a subgroup with a decently small numer of elements.
Since Dgy is a finite group (8 group elements), the reduction formula can be applied:

Gpg=3(1-1-941-1-(=3)+1-1-(=1)+1-1-(=1) +1-1-(=3) +1-1-1+1-

: (=1) - (1) +1-(=1)- (-1)+1-1-(=3) +1-1-
(/ )\-(—3)1+1-(—1)-(—1)+1-1-(—1)+1-1-(—3)+1-
a33g=-}§1-1-9+1-(\—1):-(—3)1+1-1-(—1)+1-(—1)-(—1)+1-1-(—3)+1-
) 3

3

1
apy=g(1:1-94+1-1-(=3)
1+1-(=1)-34+1-(=1)-

apry = §(1-1-9+1-1-(=3)+1-(-1)-(=1)+1-(=1)-(=1)+1-(=1)-(-3) +
1-(-1)-141-1-34+1-1:3) =2

apay = §(1-1-9+1-(=1)-(=3)+1-(=1)-(=1)+1-1-(=1) +1-(=1)- (=3) +
1-1-14+1-(=1)-34+1-1-3) =2

apay = g(1-1-9+1-(-1)-(=3)+1-1-(=1)+1-(=1)-(-1)+1-(=1)-(-3) +
1-1-14+1:1-341-(-1)-3)



giving the following decomposition:
[irred, (D) = Ag + Bag + B3g + 2B1y + 2B2u + 2B3y

Considering now the partial correlation table:
Ag - Xg*, Bag + B3g = Ilg, Biu = Zu*, B2y + B3y = Iy,

the direct product decomposition in the original infinite group is obtained:
Firredtot(Dooh) = Zg+ + Hg + 22u+ + Znu

Subtracting the translational and rotational modes, the irreducible representation of the
vibrational part is obtained:

Tois = Tt = Tipans — ot
= Zf + g + 25} +2TT, — (5 + 1) — (TT,)
=Xy + I + 11,

This means that one vibrational normal mode has X;* symmetry, one has X,* symmetry, one has
[T, symmetry. Comparing these terms with corresponding functions in the character table leads to
1 Raman active mode of symmetry Z*, Eg and T2 and two IR active modes of symmetry X,* and
[Ty



N20:

N20 possesses a permanent dipole. Therefore purely rotational transitions are allowed.
Furthermore, it belongs to the symmetry group Cewv. Since Cwy is an ininite group, we consider one

of its subgroups - namely Csy, which possesses the following character table:

Cy || E| C | 0u(x,2) | 0u(y,2)

A [[1]1 1 1 z i
Ay |[1] 1 -1 -1 R, Xy

By |[1] -1 1 -1 x, Ry | xz

B [[1] -1 -1 1 y, Ry | yz

The character of the reducible representation for N20 is computed:

* X(E)=Ng-3=3-3=9

* x(C2) = Ne(1+2c0s(360/2)) = 3(1 +2cos(180)) = —3
* x(0o(xz)) =Ny-1=3-1=3

e x(0v(yz)) =Ny-1=3-1=3

Since Csy is a finite group (4 group elements), the reduction formula can be applied:
(1-1-94+1-1-(-3)+1-1-34+1-1-3=3

1

4
*ap=71(1-1-9+1-1-(=3)+1-(-1)-3+1-(-1)-3=0
o ap=3(1-1-9+1-(-1)-(-3)+1-1-3+1-(-1)-3=3

111941 (-1)-(-3)+1-(-1)-3+1-1-3=3

® ap =

L] [IBz:

giving the following decomposition: I'rredy(C3y) = 3A1 + 3B1 + 3B2
Considering now the partial correlation table:
A1—- 2% B1+Bx— 1],

the direct product decomposition in the original infinite group is obtained:
Firredtot(Coov) = 32+ + 31_[

Subtracting the translational and rotational modes, the irreducible representation of the
vibrational part is obtained:

irred __ yirred _ rirrcd . I-irrvd
vib — *tot trans rot

This means that two vibrational normal modes have X+ symmetry and one has I[1 symmetry.

Comparing these terms with corresponding functions in the character table leads to all 3 modes
to be Raman and IR active.



Allene:

Allene possesses no permanent dipole. Therefore, purely rotational transitions are not allowed.
Furthermore, it belongs to the symmetry group D24, which possesses the following character
table:

Dy; |E|[2S4 | G | C; | 204

Ay (1] 1 11711 X, 2
Ay [ 1] 1 -1 -1 | R;

B; [1|-1[1]1]-1 x% —y?
B [1|-1 |1 |-1]1 |z Xy

E |2 0 [-2]0 0 | (Ry, Ry),(xy) | (xz,y2)

The character of the reducible representation for allene is computed:
® X(E)=3Ng=3-7=21

o x(254) = N5(—142cos(360/4)) = 3(—1 +2cos(90)) = —3
* x(C2) = Ne(1+2c0s(360/2)) = 3(1 +2cos(180)) = —3

o x(2C}) = N¢(142c0s(360/2)) = 1(1 +2cos(180)) = —

* X(204) = Ng, =3

Since D24 is a finite group (8 group elements), the reduction formula can be applied:
©ap, =35(1-1-21+2-1-(=3)+1-1-(=3)+2-1-(-1)+2-1-3) =2
®ap,=3(1-1-21+2-1-(=3)+1-1-(=3)+2-(=1)- (1) +2-(-1)-3) =

o ap, =3(1-1-21+2-(=1)-(=3)+1-1-(=3)+2-1-(-1)+2-(-1):3) =

© ap, =3(1-1-21+2-(=1)-(=3)+1-1-(=3)+2-(-1)-(-1)+2:1:3) =

o ap=3(1-2-214+2-0-(-3)+1-(-2)-(-3)+2:0-(-1)+2-0-3) =6

With that, the direct product decomposition is:
[irred, o = 2A1 + 1Az + 2B1 + 4Bz + 6E

Subtracting the translational and rotational modes, the irreducible representation of the

vibrational part is obtained:

irred irred irred irred
rwb F!o! - I-‘lrans - I-‘rot

=2A1+1A2+ 2By +4B, +6E— (E+ By) — (E+ Ap) =
=2A1+2B1+ 3B, +4E

This means that 2 vibrational normal modes have A1 symmetry, 2 have B1 symmetry, 3 have B>
symmetry and 4 have E symmetry. Comparing these terms with corresponding functions in the
character table leads to all modes being Raman active and 7 modes with symmetry B; and E to be
IR active.



Cla:

Clz2 possesses no permanent dipole. Therefore purely rotational transitions are not allowed.
Furthermore, it belongs to the symmetry group Dwn . Analogously to CS;, the subgroup D2n will be
used to find a decomposition, which will then be mapped to the infinite group using partial
correlation tables. The character of the reducible representation for Clz is computed:

« X(E)=Ng-3=2-3=6
X(C2) = Ne(142cos(360/2)) = 2(1 +2cos(180)) = —2
(Ca(x)) = Ne(1+2cos(360/2)) = 0(1 + 2cos(180)) =

* x(Ca(y)) = Nc(1+2cos(360/2)) = 0(1 +2cos(180))

* x({))=N;-(-3)=0-(-3)=0
()
(
(

>

0
0

0s) =Np-1=2-1=2
0y) =Ny-1=2-1=2

* X
* X

After application of the reduction formula, the following decomposition is found:

¢ apg=31-1-941-1-(=3)+1-1-(=1)+1-1-(=1)+1-1-(=3)+1-1-1+1-
1-341-1-3) =1

© apg=13(1-1-941-1-(=3)+1-(=1)-(=1)+1-(=1)-(=1)+1-1-(=3) +1-1-

1+1-(-1)-3+1-(-1)-3)=0

© ape = 1(1-1-941-(=1)-(=3)+1-(=1)-(=1)+1-1-(=1)+1-1-(=3) +1-
(1) 141-1-3+1-(=1)-3) =1

© apyg = 3(1-1-941-(=1)-(=3)+1-1-(=1)+1-(=1)-(=1) +1-1-(=3) +1-
(-1)- 141 (-1)-34+1-1-3) =1

® ap,=3(1-1-941-1-(=3)+1-1-(=1)+1-1-(=1)+1-(=1)-(=3)+1-(-1)-

1
1+1-(=1)-3+1-(=1)-3)=0

® agyy = §(1-1-941-1-(=3)+1-(-1)-(=1)+1-(=1)-(-1)+1-(-1)-(=3) +
1-(-1)-1+1-1-34+1-1-3)=2

® appy =g(1-1:941-(=1)-(=3)+1-(-1)- (1) +1-1-(=1)+1-(-1)-(=3) +
1-1-14+1-(=1)-34+1-1-3)=2

¢ ap3y =3(1-1-941-(=1)-(=3)+1-1-(=1) +1-(=1)- (1) +1-(=1) - (=3) +
1-1-1+1-1-3+1-(-1)-3)

giving the following decomposition:
[irred (D2n) = Ag + B2g + B3g + B1y + Bay + B3y

Considering now the partial correlation table:



Ag - Zg+, B2g + B3g - Hg , Biu— Zu+, Bau + B3y = Hu,

the direct product decomposition in the original infinite group is obtained:
l"irredtot(Dooh) = 2g+ + Hg + X0+ I,

Subtracting the translational and rotational modes, the irreducible representation of the
vibrational part is obtained:

irred __ yirred irred irred
vib — rtot rfrnns Frot

- Z‘; + 10 4+ 27 + 11, — (2 +11,) — (ITg)
=yt
8

This means that Cl; possesses one vibrational normal mode with symmetry ¥;* which is Raman
active.



4. For the molecules BF3 (D3n symmetry) and cis-diimide HN=NH (Czv symmetry): a,b)
Determine the number and symmetries of the normal modes of vibration. Determine
which of these modes will appear in an infrared spectrum and which will appear in a
Raman spectrum.

In analogy to problem 3, the number and symmetries of the normal modes of vibration are found.

BF3:
The point group D3n possesses the following character table:

Dj, | E | 2G5 3Cf»)_ ou(xy) | 2S3 | 30,

A 1] 1 |1 1 1|1 x* 4y, 2°
A’2 1 1 -1 1 1 -1 | R;

E [2] 1] 0 2 1] 0 | (xvy) | (x*—y%xy)
AT 1 | 1] 1 |14

A'2’ 1 1 -1 -1 -1 1 |z

E" 2] -1 0 -2 1 0 | Ry,Ry) | (xz, yz)

The character of the reducible representation for BFz is computed:

o x(E) = Np#3=4%3=12
X(2C3) = Nc(1+42c0s(360/3)) = 1(1 + 2cos(120))
X(3C5) = Ne(1+2c0s(360/2)) = 2(1 +2cos(180))
* x(op(xy)) =Npx1=4x1=4
(
(

0
-2

X(253) = Ns(—1+42cos(360/3)) = 1(—1+2cos(120)) = —2
230p) =Ny #1l=2%1=2

Since D3y is a finite group (12 group elements), the reduction formula can be applied:
o A] :11—2(1-1-12+2-1-0—|-3-1-(—2)+1-1-4+2-1-(—2)—|—3-1-2) =1

Ay=5(1-1-1242-1-0+3-(-1)-(-2)+1-1-442-1-(-2) +3-(-1)-2) =1
E'=4(1-2-12+42-(-1)-0+3-0-(-2)+1-2-4+2-(-1)-(-2)+3-0-2) =3

Al=15(1-1-1242-1-0+3-1-(=2) +1-(=1)-4+2-(=1)- (=2) +3-(-1)-2) =
0

AY=5(1-1-1242:1-0+3- (=1)- (=2) +1- (=1)-4+2-(=1) - (-2) +3-1-2) =
2

E'=1(1-2:1242-(=1)-043-0-(=2) +1-(=2)-442-1-(=2)4+3-0-2) =1



giving the following decomposition:
[irredyot(D3n) = Ar” + A2" + 3E" + 2A2” + E”

Subtracting the translational and rotational modes, the irreducible representation of the
vibrational part is obtained:
irred __ ypirred rirred . Firred

vib T ot trans rot
= A1+ A5 +3E' +2A7 + E' — (E' + AY) — (A5 + E")
= A} +2E + A
This means that BF3 possesses 1 vibrational normal mode with symmetry A1’ which is Raman

active, 2 normal modes of symmetry E‘ which are both IR and Raman active and another mode
with symmetry A2” which is IR active.

HN=NH:
The point group Czv possesses the following character table:

® X(E)=Np*x4=3%x4=12

* X(C2) = N¢(1+2cos(360/2)) =0(1+2cos(180)) =0
® X(0p(xz)) =Nyx1=0%x1=0

 x(0v(yz)) =Npx1=4x1=4

The character of the reducible representation for HN=NH is computed:

Cw || E| Co | 0uw(x,2) | 0w(y,2)

A |11 1 1 Z x?, yz, z2
Ay |11 -1 -1 R; Xy

By |1]-1 1 -1 x, Ry | xz

By || 1] -1 -1 1 y, Ry | yz

Since Czy is a finite group (4 group elements), the reduction formula can be applied:
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giving the following decomposition:
[irrede o = 4A1 + 2A2 + 2B1 + 4B2

Subtracting the translational and rotational modes, the irreducible representation of the
vibrational part is obtained:

irred __ pirred rirrvd . Firred _
vib — *tot trans rot

=4A1 +2A2+2B; +4By — (A1 + By + B2) — (A2 + B+ Bp) =
=3A1+ A+ 2B,
This means that cis-diimide possesses three vibrational normal modes with symmetry A1 which

are both IR and Raman active, 1 normal mode of symmetry A2 which is Raman active and 2
normal modes with symmetry B; which are both IR and Raman active.



