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Abstract

Group theory principles were applied and the transformation of the X, y, z vectors
on each atom caused by symmetry operations were observed to obtain the 3N basis
vector representations €8N of NiCl, =~ Al.Cls and Fe(CO)s. The identified infra-red

active modes and Raman active modes were then assigned to the experimental spectral
frequencies by using the projection operator method.
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I ntroduction

The number, types and the sdection rules
for vibrationd trangtions may be determined soldy
by reference to symmetry properties of molecules
(Thomas 1974). Such symmetry smplifies the
andyss of vibrationd modes and vibrationd
spectra @lberty and Danids 1979). Molecular
symmetry dlows prediction of its infrared or
Raman spectrum; and vice versa (Ferraro and
Ziomek 1975). The vibraiond modes of a
molecule may be classfied into various types, such
as bond stretches, and bond angle deformations. It
is possble to determine the number and symmetry
species of each type.

Continued interes in the fidd is shown by
the appearance of many publications such as
Buchachenko and Stepanov (1996); Eryomin et
al. (1996 & 2000); and Scherbinin et al. (1996).

Group theory by itsdf cannot predict the
frequency of a paticular vibratiion, but farly
accurate guesses can be made when combined
with accumulated experiences of molecular
spectroscopists (Cotton 1971; Kyi 1990).

The prediction requires a number of
molecular dructurd parameters, such as bond
lengths and bond angles, in addition to a
knowledge of appropriate force constants.

Then Wilson's F and G matrix method is
applied after constructing the required
symmetry adapted linear combinations (SALC).
(Wilson et al. 1955).

In principle the vibrationa spectrum of any
molecule can be andyzed to give gpecific
frequency assgnment to every vibrationd mode.
But in practice, severa complicating factors must
be taken into aooount. Fadtors such as combination bands,
difference bands and overtone bands caused by
combination of fundamentd vibrations, ambiguities
with respect to molecular or ionic Structure
(Davidson 1971); accidentd degeneracy; and
Fermi resonance (Siebrt 1966).

Vibrational M ode Assignment of
Some Molecules and lons

Nickel Tetrachloridelon

For vibraiond mode classfication, the
norma modes are expressed as functions of a set
of internad digolacement vectors which vyied
information on bond sretching and bond bending
contributions to different symmetry norma modes
(Cotton 1971). The projection operator method is

avery powerful method for explicit information on



vector bases for irreducible
(Wilson et al. 1955).

The ion has a square planar structure with a
nicked ion a the center of a square plane,
surrounded by four chloride ions a the corners.

Hence it has a Dy, symmetry (Kyi and Win

2001). The four Ni-Cl bonds which lie in a square
planar sructure of the nickd tetrachloride ion can
dtretch and contract in various combi-nations and
ae desgnaed as bond dretching internd
displacement vectors Vy, Vo, V3 and vy

representations

The same four Ni-Cl bonds can move
above and below the plane of the ion Structure,
giving rise to four out-of-plane deformation vectors
dl, d2, d3, and d4, another set of internd

displacement vectors.

The four CI-Ni-Cl bond angles can expand
and contract, giving yet another st of internd
displacement vectors d4, d d3, and d, cdled

in-plane deformation vectors.
The étr. is found by using the above bond
dretching internd displacement vectors Vi, Vo, Vg

and v, as basis. By applying the same procedure

as before Kyi and Win 2001). The irreducible
representation obtained from the D4, point group

tables, yield the following resuilt.
éstr. = AlgA Big ACEL e (1)

Smilaly éopd is found by using the above
four out-of-plane deformation interna
displacement vectorsdq, d, d3, and d, asbasis.

e'opd:EgA AoyA By (2)

€3N (genuine vibrations) does not contain
Eg (Winand Kyi 2000), hence it must correspond
to a par of redundant coordinates. Eg is thus
neglected.

éopd = Ay A By i (3)

éipd is obtained by usng thed, d, , dg,

and d4 asbass.

éipd:AlgA BlgA By ovoeeemnnnnnnnnnns(4)

The A1g is redundant as dl four angles

increesing or decreasing Smultaneoudy in a plane
is phydcdly impossble. Hence it is neglected.
Thus

In some cases, such as NiCl bond stretches,
fundamental modes may be found by applying
projection operators P.

Stretching Modes

The operation of the projection operators of
Alg’ B1g and E, symmetries (Equation 1) on v

yield the following:
P[Alg]v1:v1+ Vo + Vgt Vgt vyt Vgt
Vot Vg +Vg+ Vo + VgtV
:4v1+ 4v2 + 4v3 + 4v4
= Vp+ Vy Vgt Vg, (6)

P[Blg]v1 = Vp-Vy + Vg - vy
P[Eu]v1 = Vq-V3
Equation 6 shows that the Alg mode

includes smultaneous equa amplitude bond
dretching of al four bonds.
Equation 7 shows that the Blg modes has

one pair of bonds (v1 & v3) are out of phase by p
from another pair of bonds (v, & V) i.e while

one pair is gretching the other pair is contracting.
Equation 8 shows that in the E, mode the

pair of bonds (v2 & v4) do not vibrate while (v1
& v3) are in opposite phase. Since the B, mode is

doubly degenerate it will contain two fundamentd
modes. The reduction of = will yidd two

representations involving complex numbers e and
e* (complex conjugate), from which the two true
fundamental modes can be determined.

Out-of-plane Deformation



PlA, ] dy = dy +dp+dg +dy e 9)
P{Bo ] dy =dy - do+dg- Ay v (10)

Equation 9 shows tha dl four bonds
smultaneoudy bend upwards from the plane, in-
phase and to the same extent. Equation 10 shows
bonds 1 and 2 bend upwards while 2 and 4 bend
downwards to the same extent.

In-plane Deformation

PlAy ] dy = di+ do+ dg+ dy e (11)
P[BZQ] dy = dy- do+ dg - dgeeereee. (12)

PIEJd; = dj- dg.oveene

Equation 11 shows the sSmultaneous
expandon of dl four angles. It is physcdly
impossible and is therefore redundant. Equation 12
shows that the pair of angles @ & d3) expand

while the other pair of angles (d2 & d4) contract,

i.e. elongation of a pair of two opposng sdes of
the square planar ion dructure a the same time
when the other par of two opposng Sdes is
contracting.  Equation 13 shows that angle dq

expands while angle d3 contracts and vice versa
In other words when angle d; expands the side

extending that angle expands while the sSde
extending angle d3 contracts;, and when angle d1

contracts the sde extending that angle contracts
while the sde extending angle 3 expands.

Aluminum Chloride

The molecule has a square planar shape with
two chlorine - Cl and two duminum - Al aoms &
dternate corners. Each of the two duminum atoms
have two other chlorine atoms attached, forming
AICl, groups which extend outside the base square
plane. Thus the molecule has a Dy, symmetry

(Win and Kyi 2001).
The four sides of the square planar base are

desgnated as bond stretching internd displacement
VeCtors vy, vy, Vg and Vy- The four Al-Cl bonds

extending outsde the square planar base are

labded Vg, Vg VW and Vg. These describe the
stretching modes.

The angles surrounding one Al atom, on one
corner of the square planar base, are denoted as d
1 d2, d3, and d4, dating from the inner angle
going in a clockwise direction. Smilar angles d5,
d6, d4, and d8 ae defined for the angles

surrounding the other Al atom. The two angles Al-
ClI-Al on opposite corners of the square planar
base are d9 and le' These comditue the indane

inamd displacement vectors.
The eight bonds, four on each Al aom, can
move up and down from the base plane. These

angles are denoted d1 d2 d3 d4 d5, d6 d7
and dg . The projection operators are applied as

before and the results obtained are shown in Table
1.

Iron Carbonyl

The molecule has a triangular base with Fe
at the center and three carbon atoms at the three
gpexes. Each of the carbon atoms is bonded to an
oxygen aom forming a carbonyl group >C=0.
Thus, there are three carbonyl groups a the
apexes. In addition there are two carbonyl groups
outside the base plane, one above and one below
the base plane. It belongs to the Ban, point group

(Cotton et al. 1958; Ware 1970).

The Fe-C bonds in the base plane are
designated as v4q, Vo, and V3. The associated

carbonyl bonds are designated asVy, Vg, and Vg

The Fe-C bonds above and below the base plane
are designated as v and Vg; and the associated

carbonyl bonds are designated as Vg and V1o

The three angles surrounding the Fe atom in
the base plane are named dl, d2, and d3. The

angles on each sde of the three carbon atoms in
the apex carbonyl groups are caled d 1 and d5; d6

and d-; and dg and dg. These are the in-plane
bending vectors.



The three Fe-C bonds in the base plane dl,
d,, and dg and the three >C=0 bond d,, dg, and
d6 are out-of-plane bending vectors.

The projection operators are applied as
before and the results obtained are shown in table
2. It is interesting to note that gpplication of the

projection operator P[E'] ond, amihilates d5, d
7 and d9 out of a Sx member set of vectors {d 4

d6, d8, d5, d7, dg}. The same operator P[E'] on
dg amnihilates dy, dg, and dg. Thisis because
the sub-sets {d5, d7, d9} and {d4, d6, d8} are
not independent with respect to G, and s, Thus

the operator P[E'] is applied to both subsets.
Hence it is advisable to be on the look out for cases
whae some demats o a beds & dsgper on
gpplication of a projection operator.

Freqguency Assignment

Group theory can be used up to this stage
only. It can only reved the number and symmetry
types of the different possble modes. For
assgnment of known frequencies theoreticd
cdculations usng F and G matrices, based on
molecular properties such as group-masses, bond
srengths and force congtants, are required. The
cdculations yield frequencies for specific modes.
The experimentd frequency nearet to the
cdculated frequency is assgned that mode.
Frequency assgnment of Al,Cls modesis shownin
Table 3 (Klemperer 1956).

Conclusion

The difficulty of vibrationd andyssincreases
with gructurd complexity. This is partly because
sructura complexity makes complete identification
of internd coordinates (true bass vectors) difficult.
Some coordinates can often be missed ouit.

Thusit is advisable to check that:

évibration (genuine) = S;é , where & are

&tr , dpd, éopd ... etc...
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Table 1. Fundamental modes of AlL,Clg

Mode Projector Projected vector Remarks
Stretching 2Ag P[Ag]v1 Vit Vp + Vg + vy in-phase sretch
P[Ag]v5 Vg+ Vg + vV + Vg
2B1g  FByglv Vi- V2 * V3 - V4 two opposing sets
P[Blg]v5 Vg- Vg + V7 - Vg
2By PByyIvy Vit Vo -V3-Vy redundant mode
PBoy V5 Vg+ Vg - V7 - Vg
2Bg,  FBgylvg Vit Vp - V3t Yy
P[BSU]Vl Vg- Vg - V7 + Vg
In-plane bend 4Ag P[Ag] dq d+ do
P[Ag] dg dg+ dqg
P[Ag] dg d3+ dg
P[Ag] dg dyt+ dy+ d6+ d8
1B1g P[Blg] dq 0
P[Blg] dg dgt dg- dy- dg
P[Blg] ds & P[Blg] dg O
2By, PByldy 0
P[B, ] dg dy- ds+ dg- dg
P[B, ] dg 0
P{B, | dg dg- dqg physicaly impossble
3B3, PBg, ) di di- do physicaly impossble
PBg ] dq dgt dg- dy- dy
AB3yl dp d5 - 03
PBg, ) di 0
Out-of-plane 2829 P[BZg] d1 d1 + d2 - d5
bend FBagl d3 d3-da+dg physically impossible
2839 P[B3g] dq dy-d, +dg
B3yl d3 d3+dy-dg physically impossible
2A, PA ] dg dy-dy-dg
PA ] dg d3-dy-dg physicaly impossble
2By, P[Blu] dq dy +dy+ d5
P[Blu] d3 d3+d4+d8




Table 2. Fundamenta modes of Fe (CO)s

Mode Projector Projected vector Remarks
Stretching 4A1 - F{Aq]vq Vit Vo + V3 non-redundant
PIA1Ivg Vg + Vg physically possible
PA11v7 V7 + Vg modes
P[Al]v4 Vgt Vg + Vg
2B HElvq V1 - Vo - V3 non-redundant
PE]vg & PE]vz 0 possible modes
PE ]v4 V- Vg - Vg
2A2" P[A2"]v1 0 non-redundant
PlAS"Tvg Vg - Vg possible modes
PIALTv7 V7 V19
PIA,TY, 0
Inplanebend 24, P[A;]d, di+ dy+ dg redundart, impossible
P[Al] d4 d4+ d5+ d6+ d7+ d8+ d9 ditto
3E  PE]d, 2d- d,- dy
PE] d, 2d, - dg- dg
PE] dg 2dg - do - dg
1A, PA,1d, 0
P[A2]d6 d4-d5+ d6-d7+ d8-d9
Out-of-plane 2A, PlA,]d; dy+dy+dg
bend PlA,1d, dy+dg +dg two modes are same
2 PE]d, 2d, - dy - dy
P[E"] d4 2d4 - d5 - d6 two modes are same
Top& bottom A, P{A;]d; di+dy+dgt dytds+dg  al arephysicaly
>C=Obend E ME] d; 2d;- dy- d3 +2d, - d5 - d6 impossible modes



E  PE]d, 2dy- dy- dg - 2d,+ dg + dg




Table 3. Al,Cls Frequencies

Symmetry of fundamental mode Experimenta frequency/cm'1
Ag n, =506
n, =340
ng = 217
ng =112
Au n5 = -
B1g ng =438
ny = 164
By ng =625
Ng =---
Mo =~
B29 ny, =606
N, =164
Bou 13 =--
Mg =
Bag Ng = -
Ba, N =484
M7 ="




