Ethanol
CH,CH,0H

Methanol
CH,OH




symmetrical stretching asymmetrical stretching scissoting (bending

Stretching and bending vibrational modes for H>O.



and are said to be degenerate, appearing in an IR spectrum at 666 cm™.
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asymmetrical stretching scissoring (bending in and out
of the plane of the paper)
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symmetrical stretching scissoring (bending in the plane of the paper)

Stretching and bending vibrational modes for CO,.
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PUi(f;) = Zpxa(TD (Rf)
I; —>dimension of the i irreducible

representation
h  —>order of the group

o PTi >projection operator
=>arbitrary function
—>1IR under consideration
—>character of IR for the element R

o o



PYi(f;) =+ Zaxa(TD (Rf)
l; —=>dimension of the i irreducible

representation
h  —>order of the group

o PTi >projection operator
=>arbitrary function

—~ IR under consideration

PA=x +1xF+Ix D +IxR =27427; ~normalized _(7+7)

A representation has 1| + > asa basis

A, stretchhas % and 7 increasing or decreasing at the same time.
=h-h-Hh+h =251 -IhH> nonnalize:g(?i -5)

B, vibration in water is the one where the i coordinates is reducing

whilst the #» coordinates increase, and vice versa.




Vi) C=0

IR inactive, Raman active
Vias) =0

IR active, Raman active

85 0=C=0
IR active, degenerated



https://en.wikipedia.org/wiki/Carbon_Dioxide
https://en.wikipedia.org/wiki/Vibration
https://en.wikipedia.org/wiki/Molecular_dipole_moment
https://en.wikipedia.org/wiki/Reducible_representation
https://en.wikipedia.org/wiki/Polarizability
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5. Use the correlation table to find the normal modes for the original point group:
V1= Ag = z+g
Vo = Blu = Z*
u

v3 = Bay =Ty

va = B3y =Ty

6. Label whether the modes are either IR active or Raman active:
v1 = Raman active
v2 = IR active
vz = IR active

v4 = IR active

Group Vibrations and the Limitations

These group frequencies are to a first approximation independent of the remaining structure
of the molecule. This often makes it possible to identify the structure of a molecule by

visually examining its vibrational spectrum.

The following is a list of frequency regions (in cm™) and associated functional groups for

organic compounds.

3,700 - 3,100:
3,180 - 2,980:
3,000 - 2,700:
3,100 - 2,400:
2,300 - 1,900:
2,000 - 1,700:
1,900 - 1,550:
1,700 - 1,550:
1,660 - 1,450:
1,660 - 1,500:
1,620 - 1,420:
1,500 - 1,250:
1,350 - 1,150:
1,300 - 1,000:

OH, NH and =CH

aryl, olefinic, and three-membered ring CH
aliphatic CH

acidic and strongly bonded hydrogens
C=C and C=C=C

aryl and olefinic overtones

C=0

C=Cand C=N

N=0

NH2, CNH

aromatic and heteroaromatic rings
CH3 and CH2

CH2 and CH wag

Cc-O

1,000 - 600: olefinic and acetylenic wag
900 - 700: aromatic wag

900 - 500: OH, NH and NH2 wag

830 - 500: CClI, CBr and Cl

Generally, the infrared bands for inorganic materials are broader, fewer in number and
appear at lower wavenumbers than those observed for organic materials. If an inorganic

compound forms covalent bonds within an ion, it can produce a characteristic infrared
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spectrum.
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Infra-red

Strong; PQR contour
Very strong; PR contour Very strong; polarized
Very strong; PR contour Strong; depolarized




Activities of vibrations of planar and pyramidal 4 B; molecules

Activity
Symmetric (R = Raman,
I = infra-red)

Activity
(R = Raman,

Vibration Pyramidal « [ = infra-red)

R: active (pol)
strong
I: inactive

vy
symmetric
stretch

R: active (pol.)
strong
I: active |

mmmvesasessssasvrvrnan
veswesssnsssreasnaas

R: inactive
I: active ||

Y1
out-of-plane
symmetric
deformation

R: aciive (pol)
strong
It active ||

S = downwards)

P I R

R: active (depol))
weak
I: active L

R: active (depol.)
weak
I: active L

asymmetric

R: active (depol.}
weak
I: active L

: active (depol.)
weak
: aclive 1

asymmetyic
deformation

“ssssssanmashosansssssssasitanssnaseusrnanash

L T

rrB T s r s B A s s esTRsannEnEN

Planar AB,: 1 vibration Raman active only (v,)
1 infra-red active only (v,)
2 vibrations both Raman and infra-red active (v, v,).
Pyramidal AB;: All four vibrations both Raman and infra-red active.
Non-symmetric AB,: Possibly more than four different fundamental
frequencies.




rvib = 3A1 + ZB]_ + Bz

326/(al) 434(bl) 364(h2)
528(al) 703(bl)
752(al)
/F AN
:'09—F [ O=F
= 175°
| vz
F F

The red lines outline a
trigonal bipyramid.
Black lines show the
electron pairs

The F-CI-F angle involving
the axial F atoms is 175°

These are arranged in a trigonal bipyramidal shape with a 175° F(axial)-ClI-
F(axial) bond angle.

3. NOs (Nitrate ion)

No. of atoms : 4

Total No.freedoms : 3x4=12

Structure : non-linear

Vibrational deg. of freedom : 3 x 4 — 6 = 6 normal degenerate vibration modes,

The infrared and Raman spectra of powdered ionic nitrates have detected several

low intensity vibrational bands on the low frequency side of vl(A'X), 12(A”, >

v3(E") and va(E"). NO~ gelongs to Dan point group.

Nitrate ion fits the planar spectra: v1 is 1049 cm(-1) since it only Raman active.
Since usually stretching mode are larger than bending v3 and v4 are assigned

o =
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Deformaion (doubly degenerale) Stretch {irlply degenerate) Deformation (triply degenerale)
R inactive TR active (3019 e TR active (1366 cn!



cm-1); v3(F) is the thrice degenerate vibration (628 cm-1).

Dr. M.Ramalingam
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Effect of coordination on Ligand Vibrations

Complex formation leads to several changes in the ligand. These may manifest
through changes in the electronic structure, the state of energy or symmetry of the
ligand. These changes affect the vibrations of the ligand and this in turn will cause

a change in its vibrational spectrum compared to that of the free ligand.

The vibrational spectrum of a complex compound is influenced by the structure, the
symmetry of the complex, the strength of its co-ordination bonds and its interaction
with the environment. Based on the changes in the spectrum of the complex

(compared to the free ligand) many properties of the compound may be deduced.

Coordination of the donor atom of the ligand to the central atom lowers the
symmetry of the ligand. This decreases in symmetry gives rise to bands in the
infrared spectrum which were not infrared-active in the free ligand, in accord with
the selection rules. Bonds which are equivalent in the free ligand are not equivalent
in the coordinated state; this may cause the splitting of certain bonds. This change
can be readily seen in the spectra of simple ions, such as carbonate, sulphate or
nitrate, and in the spectra of their complexes.

Uses of groups vibrations in the structural elucidation of metal complexes of

1. Urea:

Urea has Cyy point group symmetry if the four hydrogen atoms are in the plane of the

molecule. The symmetry analysis is given below.

Total: 8a, + 3a, + 5b, + 8b, =24
Rotational a2 + b, + b, = 3
Translational a, + b, + b, = 3
Vibrational 7al + 2a2 + 3b1 + 6b2 = 18

The stretching frequency of the carbonyl vibration of urea is at 1686 cm™ which does not

correspond to a “free carbonyl”. Urea has three coordina- tion sites: the carbonyl oxygen

and the two nitrogen atoms. Urea, in spite of its three coordinating sites, usually acts as a

monodentate ligand.
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Co-ordinating atom

V(c-0)in cm’ V(cNin cm’”

N 1683 1473

N 1725 1395
(0] 1530 1505
O 1505 1507







Metals can bond to DMSO either through its oxygen or its sulfur. If the bonding is to the
sulfur, the metal donates electrons from its = orbitals (the t2g) into an empty & orbital on
the DMSO ligand, thereby increasing the S--O bond order. Thus, if the metal is bonded to
the DMSO at the sulfur, the frequency of the absorption increases. If the bonding is to the
oxygen of the DMSO, the metal forms a bond with one of the lone pairs on the oxygen,
and thereby withdraws electron density from the oxygen. This favors the second resonance
form, since the oxygen will "seek™ to gain electrons to compensate for the electrons donated
to the metal. The net effect is that the S=O bond order declines and the S=O absorption

appears at lower frequency.

The most characteristic vibrational modes are those dominated by S—O stretching. IR
frequencies at 1043 cm™! for solid (213 K) dimethy! sulfoxide, 1058 cm™ for liquid (300
K), and 1101 cm™! for gas (360 K), have been reported for this band.

The SO stretching band has moved down to 950 cm™ in the [Co(DMSO)g]*2
ion and even further, to 915 cm™, in SnC1*2DMSO.

U,il)vq 970vi 5- 11 ;tretch 7141%
Asym. C-S &etch 1730111 Sym. C-S
stretch ( G85v

1291rv.sh 1287111

1055rs,hd 110 2 ~ s 1064~s 1096~s 8-0 str.
1012s 1016m

94tis 829w

921m 915a

887w 898w 748m 750m

6906 689m ........ 619 Asym. C-S str.
661m 672m .....' 611 Sym. C-S str.

4. CNS (thiocyanate)

The structure of the SCN ion is a combination of the two resonating structures :

SH——C _N o — S—C-—“.\i*

When the metal-sulphur bond is formed, the structure with the triple C=N and
single C—S bond becomes predominates.The thiocyanate ion forms complexes

with most transition metals, but it can coordinate in at least four ways :
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Wavenumbers of vibrations of thiocyanate groups in different modes of coordination in intrared spectra
(cm™")[170]

Mode of coordination

(NCS)” 2053 746 486, 471

M—NCS 2100—2050s,b 870—820 w 485—475
M—SCN 213020855, sp 760—700 b 470—430
M—NCS—M 2165—2065 800—750 470—440

s — strong, b — broad, w — weak, sp — split.




The 3000-3465 cm-! region:
In this region, the asymmetric and symmetric NH stretching vibrational bands of

NH2 of the free ligand (TU) observed at 3380, 3279, 3177 and 3090 cm™ were
shifted to higher wavenumbers on the formation of the metal-thiourea complexes.
The formation of S=>M bonds in all the investigated complexes is expected to
increase the contribution of the highly polar structure to the thiourea molecule,
resulting in the increase of the double bond nature of the C—N bond and a greater
single bond character for the carbon-to-sulphur bond The band at 1477 cm™ of the
ligand (TU) is assigned to the N-C-N stretching vibration. On coordination, this
band was shifted to (1478-1543 cm™) in the complexes. The wavenumber increase
observed for the complexes could be explained due to the greater double bond

character of the carbon-to-nitrogen bond on complex formation.

Effect of isotopic substitution on the vibrational spectra of molecules

A molecule can vibrate in many ways, and each way is called a vibrational mode.

The wave number of absorbance n can be calculated by

l / mMa - Hig

Y = —
o OB W= ————.
“T L \ H my + mp

in which c is the light velocity, f is the force constant in the atomic scale and the
spring constant for the macroscopic model, respectively, and m is the reduced mass.

Note that the force constant is a criterion for the strength of

It is generally assumed that the bond length is not altered by isotopic substitution.
The chemical bond in the molecule A_B. Therefore, the stronger the chemical
bond (electronic effect) and the smaller the reduced mass m (mass effect), the
higher the wave number of the absorption band v.

w2 u

—_y=
o 12303
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If the bond stretch for 0% in hemacyanin oceurs at 845 cm™, caleulate the frequency of the
aman band cxpected for the bound streteh of %05 in hemacyanin,

sing the equation for the wave number:

=751.1cm™

_ -(moz}_ﬂﬂlﬁcm"
25  1.125



Vibrational spectra of metal carbonyls with reference to the nature of bonding

CO is an unsaturated ligand, by virtue of C-O multiple bond. Such ligands are
capable of accepting metal dn electron by back bonding, i.e. these ligands are n-
acceptor and therefore also called as hard ligands. Being t—acidic in nature, CO is
a strong field ligand that achieves greater d—orbital splitting through the metal to
ligand n—back donation. A metal-CO bonding interaction thus comprises of a CO
to metal c—donation and a metal to CO n—back do nation (Figure 2). Interestingly
enough, both the spectroscopic measurements and the theoretical studies suggest
that the extent of the metal to CO n—back donation is almost equal to or even greater
than the extent of the CO to metal c—donation in metal carbonyl complexes. This
observation is in agreement with the fact that low valent—transition metal centers

tend to form metal carbonyl complexes.

In the metal carbonyl complexes, the direct bearing of the n—back donation is
observed on the M—C bond distance that becomes shorter as compared to that of a
normal M—C single bond distance. Metal binds to C, not O, because the ligand
HOMO is the Carbon, not the Oxygen-lone pair, this is because oxygen is more
electronegative & so its orbitals have lower energy. Dipole moment of free CO

molecule is close to zero.

The MO diagram of carbon monoxide.

The order of energy of the molecular orbitals and the accommodation of ten

electrons of the carbon monoxide can be shown as:

(osb)2(opb)2 (ny b=nzb) 4 (cs*)2 (ny*=nz*)0 (cp*)0 (cs*) is the highest
occupied molecular orbital (HOMO) which can donate the lone pair of electrons
for the formation of a OC—M o bond. (ny*=nz*) are the lowest unoccupied
molecular orbitals (LUMO) which can accept the electron density from an
appropriately oriented filled metal orbital resulting into formation of a M—CO =
bond.

The nature of M-CO bonding in mononuclear carbonyls can be understood by

considering the formation of a dative o-bond and n-bond due to back donation.
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M(CO)X trans-M(CO) X, cls-M(CO), X,
c D, C

Polnt group Symmetries of IR active modes  Number of absorptions

M(CO)sX Cov

trons-M(CO),Xs Dy

cisM(CO)MXa Csy

Jae-M(CORXy Gy

mer-M(CO):Xs  Coy

CO stretching modes observed in the IR spectrum
Alm -Em Tlu l

‘All All Bll E

A g Blgt Eu

Ay, Ay, By, Bs Ay, Ay, By, B2

AL E AL E

Ay, Ay, B Ay, Ay, B



Rule of thumb....
Each unique CO has 1 v(CO)

Each set of equivalent CO’s have 2 v(CO)
(symmetric and antisymmetric)
Therefore {CO)CrX has 3 v(CO)

How many v(CO) will Cr(CO), have?

» All carbonyl ligands are equivalent.

» For highly symmetric molecules such as octahedral or tetrahedral, the symmetri
stretch does not result in a dipole change and therefore is not IR active.

P(OPh); P(OPh);
| .co oc. | .co

co
co P(OPh),

)"’i°\ oc)“'i°\co

trans-




The character table for the point group Cay is shown below.

Cov C2 ov(X2) 6.’ (yz)
X2,
AL 1 1 1 1 z y2,
Z2
A 1 1 -1 -1 R; Xy
B1 1 -1 1 -1 X, Ry XZ
B> 1 -1 -1 1 Y, Rx yz

Using the character table for the point group Cay, we generate a reducible representation

(T'req) of the C-O stretching modes in the molecule cis-Mo(CO)4[P(OPh)s]->

C2v

ovV(xz) ov’(vZ)

I'red 4

2

Reduction of the reducible representation can be achieved using the reduction formula

I'red = 2A1 + B1 + Bo.

All three of the contributing irreducible representations, Az, B1, and B, are IR active because they

transform as either the x-, y-, or z-axis (see the symmetry of functions in the character table).
Therefore, we predict that cis-Mo(CQO)s[P(OPh)s]> will exhibit 4 C-O stretching modes in its IR

spectrum.

Applications of Raman spectroscopy — resonance Raman spectroscopy.

Resonance Raman spectroscopy is a variant of ‘normal’ Raman spectroscopy. ‘Normal’

Raman spectroscopy uses laser excitation at any wavelength in order to measure the Raman

scattering of this laser light. Notwithstanding the many practical issues caused by the use

of different laser wavelengths, the end result will be very similar whatever wavelength is

used.

In resonance Raman the excitation wavelength is carefully chosen to overlap with (or be

very close to) an electronic transition — this typically means in an area of UV-visible

absorption. Such overlap can result in scattering intensities which are increased by factors

of 102-10° — thus, detection limits and measurement times can be significantly decreased.

However, since the excitation coincides with UV-visible absorption fluorescence

backgrounds can be significant and more problematic than with ‘normal’ Raman scattering.

Dr. M.Ramalingam
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highly specific like a chemical fingerprint of a material.

Raman spectra are acquired quickly within seconds.

samples can be analyzed through glass or a polymer packaging.
laser light and Raman scattered light can be transmitted by optical

fibers over long distances for remote analysis.

in Raman spectroscopy, the region from 4000 cm™ to 50 cm™ can be

covered by a single recording.

Raman spectra can be collected from a very small volume (< 1 pm in diameter).
inorganic materials are easily analysable with Raman spectroscopy.

Disadvatantages of Raman Spectroscopy

can not be used for metals or alloys.

the Raman effect is very weak. The detection needs a sensitive and

highly optimized instrumentation.

fluorescence of impurities or of the sample itself can hide the Raman
spectrum. Some compounds fluoresce when irradiated by the laser

beam.

sample heating through the intense laser radiation can destroy the

sample or coverthe Raman spectrum.

S.No. Raman IR

1 It is due to the scattering of light by the It is the result of absorption of light by vibrating
vibrating molecules. molecules.

5 The vibration is Raman active if it causes a Vibration is IR active if there is change in
change in polarizability dipole moment.

3 The molecule need not possess a permanent | The vibration concerned should have a
dipole moment. change in dipole moment due to that vibration.

4 Water can be used as a solvent. Water cannot be used due to its intense

absorption of IR.

5 Raman lines are weak in intensity; Dilute solutions are preferred
concentrated solutions preferred

6 Sample preparation is not very elaborate; it | Sample preparation is elaborate
can be in any state. Gaseous samples can rarely be used.

7 Gives an indication of covalent character Gives an indication of ionic character in the
in the molecule. molecule.

8 Cost of instrumentation is very high Comparatively inexpensive.

9 Optical systems are made of glass or Optical systems are made of NaCl, NaBr, KClI,
quartz KBr etc

10 Monochromatic radiations used Polychromatic in the IR region
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