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PCHT32_INORGANIC CHEMISTRY – III 

Unit-I Infrared Spectroscopy 

1. Introduction:  

 Infrared spectroscopy (IR spectroscopy) is the spectroscopy that deals with the infrared region of the 

electromagnetic spectrum, which is light with a longer wavelength and lower frequency than visible light. It 

covers a range of techniques, mostly based on absorption spectroscopy.  

 As with all spectroscopic techniques, it can be used to identify and study structure of molecules and 

chemicals. Infrared spectroscopy exploits the fact that molecules absorb specific frequencies that are 

characteristic of their structure.  

 These absorptions are resonant frequencies, i.e. the frequency of the absorbed radiation matches the 

transition energy of the bond or group that vibrates. The energies are determined by the shape of the 

molecular potential energy surfaces, the masses of the atoms, and the associated vibronic coupling. 

  In particular, in the Born–Oppenheimer and harmonic approximations, i.e. when the 

molecular Hamiltonian corresponding to the electronic ground state can be approximated by a 

harmonic oscillator in the neighborhood of the equilibrium molecular geometry, the resonant 

frequencies are associated with the normal modes corresponding to the molecular electronic ground 

state potential energy surface.  

 The resonant frequencies are also related to the strength of the bond and the mass of the 

atoms at either end of it. Thus, the frequency of the vibrations is associated with a particular normal 

mode of motion and a particular bond type. 

  Infrared radiation is largely thermal energy. It induces stronger molecular vibrations in 

covalent bonds, which can be viewed as springs holding, together two masses, or atoms. The 

complexity of infrared spectra in the 1450 cm
-1

 to 600 cm
-1

 region makes it difficult to assign all the 

absorption bands, and because of the unique patterns found there, it is often called the fingerprint 

region. Absorption bands in the 4000 to 1450 cm-1region are usually due to stretching vibrations of 

diatomic uni s, and this is sometimes called the group frequency region 

2. Fourier transform infrared (FTIR): 

  Spectroscopy is a measurement technique that allows one to record infrared spectra. Infrared light is 

guided through an interferometer and then through the sample (or vice versa). A moving mirror inside the 

apparatus alters the distribution of infrared light that passes through the interferometer. The signal directly 

recorded, called an "interferogram", represents light output as a function of mirror position.  

 A data-processing technique called Fourier transform turns this raw data into the desired result (the 

sample's spectrum): Light output as a function of infrared wavelength (or equivalently, wave number). As 

described above, the sample's spectrum is always compared to a reference. 

  A beam of infrared light is produced, passed through an interferometer and then split into two 

separate beams. One is passed through the sample, the other passed through a reference. The beams are both  

reflected back towards a detector, however first they pass through a splitter, which quickly alternates which 

of the two beams enters the detector. The two signals are then compared and a printout is obtained. This 

"two-beam" setup gives accurate spectra even if the intensity of the light source drifts over time. 

3. Organic 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-1) and associated functional groups for 

organic compounds 
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  3,700 - 3,100:   OH, NH and ≡CH  

  3,180 - 2,980:   aryl, olefinic, and three-membered ring CH  

  3,000 - 2,700:   aliphatic CH  

  3,100 - 2,400:   acidic and strongly bonded hydrogens  

  2,300 - 1,900:   C≡C and C=C=C  

  2,000 - 1,700:   aryl and olefinic overtones  

  1,900 - 1,550:   C=O  

  1,700 - 1,550:   C=C and C=N  

  1,660 - 1,450:   N=O  

  1,660 - 1,500:   NH2, CNH  

  1,620 - 1,420:   aromatic and heteroaromatic rings  

  1,500 - 1,250:   CH3 and CH2  

  1,350 - 1,150:   CH2 and CH wag  

  1,300 - 1,000:   C–O  

  1,000 - 600:   olefinic and acetylenic wag  

  900 - 700:   aromatic wag  

  900 - 500:   OH, NH and NH2 wag  

  830 - 500:   CCl, CBr and CI 

 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 spectrum. 

4. Main infrared bands of some common inorganic ions:

  CO3
2-

  1450-1410, 880-800 cm
-1

  

   SO4
2-

  1130-1080, 680-610 cm
-1

  

   NO
3-

  1410-1340, 860-800 cm
-1

 

   O4
3-

  1100-950 cm
-1

 

   SiO4
2-

  1100-900 cm
-1

 

   NH4
+
  3335-3030, 1485-1390 cm

-1
 

   nO4
-
  920-890, 850-840 cm

-1
 

 Diatomic molecules produce one vibration along the chemical bond. onatomic ligands, 

where metal s coordinates with atoms such as halogens, H, N or O, produce characteristic bands. 

These bands are summarized in below.  

 Chracteristic infrared bands of diatomic inorganic molecules:  (metal), X (halogen)

  -H   stretching 2250-1700 cm
-1

 1  

   -H   bending 800-600 cm-1  

   -X   stretching 750-100 cm
-1

 

   =O  stretching 1010-850 cm
-1

   

   =N  stretching 1020-875 cm
-1

 

 

5. Fingerprint Region:  

    The region to the right-hand side of the diagram (from about 1500 to 500 cm-1) usually 

contains a very complicated series of absorptions. These are mainly due to all manner of bending 

vibrations within the molecule. This is called the fingerprint region.  
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 It is much more difficult to pick out individual bonds in this region than it is in the "cleaner" 

region at higher wavenumbers. The importance of the fingerprint region is that each different 

compound produces a different pattern of troughs in this part of the spectrum.

  IR alone cannot determine a structure.  
   Some signals may be ambiguous.  

   The functional group is usually indicated.  

   The absence of a signal is definite proof that the functional group is absent.  

   Correspondence with a known sample’s IR spectrum confirms the identity of the  

  compound.  

5.  Infrared and Raman Spectroscopy:  

  The rule of mutual exclusion in molecular spectroscopy relates the observation 

of molecular vibrations to molecular symmetry. It states that no normal modes can be 

both Infrared and Raman active in a molecule that possesses a centre of symmetry and they are 

mutually exclusive. This is a powerful application of group theory to vibrational spectroscopy, and 

allows one to easily detect the presence of this symmetry element by comparison of the IR and 

Raman spectra generated by the same molecule 

 The combined uses of IR and Raman spectroscopy in the structural elucidation of simple 

molecules like N2O, ClF3, NO3
-
, ClO4

– 
effect of coordination on ligand vibrations – uses of groups 

vibrations in the structural elucidation of metal complexes of urea, thiourea, cyanide, thiocyanate 

and dimethyl sulfoxide. 

 6. Molecular Vibrations:  

 There are two types of molecular vibrations, stretching and bending. A molecule consisting 

of n atoms has a total of 3n degrees of freedom, corresponding to the Cartesian coordinates of each 

atom in the molecule.  

 In a nonlinear molecule, 3 of these degrees are rotational and 3 are translational and the 

remaining corresponds to fundamental vibrations; in a linear molecule, 2 degrees are rotational and 

3 are translational. The net number of fundamental vibrations for nonlinear and linear molecules is 

therefore:  



 

    Molecule degrees of freedom: 

    Nonlinear:

    Linear:

7. Combined uses of IR and Raman Spectroscopy in the Structural Elucidation of Simple 

Molecules: 

 (a).  N2O (Nitrous oxide) 

  No. of atoms  

  Total No. Freedoms

  Structure   

  Vibrational deg. of freedom 

   N2O is isoelectronic with CO

  IR absorptions at (bending) 598

  (asymmetric stretching

   The two of these (symmetric

  Raman spectrum; the (bending) 598 

  according to rule of mutual exclusion, the molecule has no center of symmetry, i.e., 

  it does not have the symmetric structure N

  its IR and Raman spectra. Hence N

  confirmed by its rotational spectrum. 

  IR lines with R structure: linear molecule 

  No center of symmetry: N

4 

Molecule degrees of freedom:  

Nonlinear:  3n– 6  

Linear:   3n– 5    

Combined uses of IR and Raman Spectroscopy in the Structural Elucidation of Simple 

O (Nitrous oxide) �≡�+−�−
  

   : 3   

No. Freedoms    : 3 x 3 = 9  

   : Linear  

Vibrational deg. of freedom   : 3 x 3 – 5 = 4 modes of vibration

O is isoelectronic with CO2. It is linear but not symmetrical. It 

absorptions at (bending) 598 cm
-1

, (symmetric stretching) 1285

stretching) 2224 cm
-1

.  

these (symmetric) 1285 cm
-1

, and (asymmetric) 2224 cm

Raman spectrum; the (bending) 598 cm
-1

 is not observed due to weak intensity. Thus 

according to rule of mutual exclusion, the molecule has no center of symmetry, i.e., 

ve the symmetric structure N–O–N because two bands are common to 

its IR and Raman spectra. Hence N2O has a unsymmetrical structure N

confirmed by its rotational spectrum.  

IR lines with R structure: linear molecule  

No center of symmetry: N-N-O  

 

 

Combined uses of IR and Raman Spectroscopy in the Structural Elucidation of Simple     

of vibration 

. It is linear but not symmetrical. It has three intense 

) 1285 cm
-1

, and  

and (asymmetric) 2224 cm
-1

 appear in  

is not observed due to weak intensity. Thus 

according to rule of mutual exclusion, the molecule has no center of symmetry, i.e., 

N because two bands are common to 

O has a unsymmetrical structure N–N–O,  
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CORE COURSE-VIII (CC-VIII)    

PHYSICAL METHODS IN CHEMISTRY II 

 

UNIT II: Infrared and Raman Spectroscopy  

UNIT II: Infrared and Raman Spectroscopy  

  

Vibrations in simple molecules (H2O, CO2) and their symmetry notation for molecular vibrations 

– group vibrations and the limitations – combined uses of IR and Raman spectroscopy in the 

structural elucidation of simple molecules like N2O, ClF3, NO3
-
, ClO4

–
 effect of coordination on 

ligand vibrations – uses of groups vibrations in the structural elucidation of metal complexes of 

urea, thiourea, cyanide, thiocyanate and dimethyl sulfoxide.  

  

Effect of isotopic substitution on the vibrational spectra of molecules – vibrational spectra of 

metal carbonyls with reference to the nature of bonding – geometry and number of C-O 

stretching vibrations (group theoretical treatment) – applications of Raman spectroscopy – 

resonance Raman spectroscopy.   

 

Vibrations in simple molecules (H2O, CO2) 
 

Molecular Vibrations  

  

There are two types of molecular vibrations, stretching and bending. A molecule 

consisting of n atoms has a total of 3n degrees of freedom, corresponding to the Cartesian 

coordinates of each atom in the molecule. In a nonlinear molecule, 3 of these degrees are 

rotational and 3 are translational and the remaining corresponds to fundamental 

vibrations; in a linear molecule, 2 degrees are rotational and 3 are translational. The net 

number of fundamental vibrations for nonlinear and linear molecules is therefore: 

 

Molecule degrees of freedom:        

(nonlinear 3n– 6)           

(linear 3n– 5) 

 

The fundamental vibrations for water, H2O, are given in Figure. Water, which is 

nonlinear, has three fundamental vibrations. 

 
 

 

Carbon dioxide, CO2, is linear and hence has four fundamental vibrations (Figure). The 

two scissoring or bending vibrations are equivalent and therefore, have the same 

frequency and are said to be degenerate, appearing in an IR spectrum at 666 cm
–1

. 
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Only two IR bands (2350 and 666 cm

–1
) are seen for carbon dioxide, instead of four 

corresponding to the four fundamental vibrations. Carbon dioxide is an example of why 

one does not always see as many bands as implied by our simple calculation. In the case 

of CO2, two bands are degenerate, and one vibration does not cause a change in dipole 

moment.  

 

Symmetry Notation for Molecular Vibrations 

 

 Step 1, Use displacement coordinates.  

Step 2, What is the point group of H2O  

Step 3, Generate a reducible representation 

Step 4, Reducing the representation 

Step 5, Examining the irreducible representations (Determine vib ) 

 

The characters of the reducible representation can be determined by considering the 

combined effect of each symmetry operation on the atomic vectors. 
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Operation Contribution per atom*  

E    3  

C2          -1  

C3    0  

C4    1  

C6    2  

σ    1  

i          -3  

S3          -2  

S4          -1  

S6    0  

*Cn = 1 + 2cos(360/n); Sn = -1 + 2cos(360/n) 

 

1. Water Molecule (H2O) 

 

If the symmetry label (e.g. A1, B1, E) of a normal mode of vibration is associated with x, 

y, or z in the character table, then the mode is IR active.  

 

If the symmetry label (e.g. A1, B1, E) of a normal mode of vibration is associated with a 

product term (x
2
, xy) in the character table, then the mode is Raman active. 
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The reducible representation for the displacement coordinates is the multiplication of the 

number of unshifted atoms and the contribution to character  

 

 
The reduction can be achieved using the reduction formula: 

 

 
 

A1:  (1/4)[(9)(1)(1) + (-1)(1)(1) + (1)(1)(1) + (3)(1)(1)]  = 3 

 

A2:  (1/4)[(9)(1)(1) + (-1)(1)(1) + (1)(-1)(1) + (3)(-1)(1)  = 1 

 

B1:  (1/4)[(9)(1)(1) + (-1)(-1)(1) + (1)(1)(1) + (3)(-1)(1)  = 2 

 

B2:  (1/4)[(9)(1)(1) + (-1)(-1)(1) + (1)(-1)(1) + (3)(1)(1)  = 3 
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Using Internal Coordinates to analyze vibrations 

 

 

 
 

 Internal Coordinates  

Vibration of water molecule: vib =2A1+B2   

Which are bond-stretching vibrations & which are bending vibrations? Internal 

coordinate 

 

 

 E C2 xz yz 

# of unshifted coordinates 2 0 0 2 

red 2 0 0 2 

 

 

aA1 = 1/4 [(211) + (211)]   = 1 

aA2 = 1/4  [(211) + (2(-1)1)]   = 0 

aB1 = 1/4  [(211) + (2(-1)1)]   = 0 

aB2 = 1/4  [(211) + (211)]   = 1 

 

  red = str  = A1 + B2 

  vib = str + ben = 2A1 + B2 

  ben = (2A1 + B2) - str = (2A1 + B2) – (A1 + B2) = A1  

 

  str + ben = A1 + A1    (both symmetric) 

  str = B2 (asymmetric) 
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Using Projection Operator to analyse two possible stretching vibration, A1 and B2 

 

 

    
 

 
   

The linear combinations of the coordinates also have A1 and B2 symmetry 

Consider the internal coordinates r1 and r2  

 Take r1 as the generating function 

 

C
2v

 E C
2
 σ

xz
 σ

xz
   

P
A
1 1x1xr

1
 1x1xr

2
 1x1xr

2
 1x1xr

1
 2r1+2r2 

P
A
2 1x1xr

1
 1x1xr

2
 1x-1xr

2
 1x-1xr

1
 0 

P
B
1 1x1xr

1
 1x-1xr

2
 1x1xr

2
 1x-1xr

1
 0 

P
B
2 1x1xr

1
 1x-1xr

2
 1x-1xr

2
 1x1xr

1
 2r1-2r2 

 

 

 
 

1. Carbon dioxide Molecule (CO2) 

Linear molecules, such as CO2, have 3N-5 vibrational modes because 3 of all the modes 

result in a translation and 2 in a rotation. 
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Carbon Dioxide, CO2 

 

D∞h E 2C∞ ... ∞σv i 2S∞ ... ∞C'2 
linear functions, 

rotations 
quadratics 

A1g=Σ+
g 1 1 ... 1 1 1 ... 1 

 
x2+y2, z2 

A2g=Σ−
g 1 1 ... -1 1 1 ... -1 Rz 

 
E1g=Πg 2 2cos(φ) ... 0 2 -2cos(φ) ... 0 (Rx, Ry) (xz, yz) 

E2g=Δg 2 2cos(2φ) ... 0 2 2cos(2φ) ... 0 
 

(x2-y2, xy) 

E3g=Φg 2 2cos(3φ) ... 0 2 -2cos(3φ) ... 0 
  

... ... ... ... ... ... ... ... ... 
  

A1u=Σ+
u 1 1 ... 1 -1 -1 ... -1 z 

 
A2u=Σ−

u 1 1 ... -1 -1 -1 ... 1 
  

E1u=Πu 2 2cos(φ) ... 0 -2 2cos(φ) ... 0 (x, y) 
 

E2u=Δu 2 2cos(2φ) ... 0 -2 -2cos(2φ) ... 0 
  

E3u=Φu 2 2cos(3φ) ... 0 -2 2cos(2φ) ... 0 
  

... ... ... ... ... ... ... ... ... 
  

Vibrational spectroscopy 

A vibration will be active in the IR if there is a change in the dipole moment of the 

molecule and if it has the same symmetry as one of the x, y, z coordinates. To determine 

which modes are IR active, the irreducible representation corresponding to x, y, and z are 

checked with the reducible representation of Γvib. IR mode is active if the same 

irreducible representation is present in both. 

Furthermore, a vibration will be active in the Raman if there is a change in 

the polarizability of the molecule and if it has the same symmetry as one of the direct 

products of the x, y, z coordinates. To determine which modes are Raman active, the 

irreducible representation corresponding to xy, xz, yz, x
2
, y

2
, and z

2
 are checked with the 

reducible representation of Γvib. Raman mode is active if the same irreducible 

representation is present in both. 
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Carbon dioxide molecule on a Cartesian coordinate 

1. Assign point group: D∞h 

2. Determine group-subgroup point group: D2h 

3. Find the number of normal (vibrational) modes or degrees of freedom using the  

equation:     3n - 5 = 3(3) - 5 = 4 

2. Derive reducible representation Γ3N: 

 
 

D2h E C2(z) C2(y) C2(x) i σ(xy) σ(xz) σ(yz) 

Γ3N 9 -3 -1 -1 -3 1 3 3 

 

3. Decompose the reducible representation into irreducible components using the      

reduction formula: 

Γ3N = Ag + B2g + B3g + 2B1u + 2B2u + 2B3u 

 

4. Solve for the irreducible representation corresponding to the normal modes  

with the subgroup character table: 

Γ3N = Ag + B2g + B3g + 2B1u + 2B2u + 2B3u 

Γrot = B2g + B3g 

Γtrans = B1u + B2u + B3u 

Γvib = Γ3N - Γrot - Γtrans 

Γvib = Ag + B1u + B2u + B3u   
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5. Use the correlation table to find the normal modes for the original point group: 

v1 = Ag = Σ
+

g 

v2 = B1u = Σ
+

u 

v3 = B2u = Πu 

v4 = B3u = Πu 

 

6. Label whether the modes are either IR active or Raman active: 

v1 = Raman active 

v2 = IR active 

v3 = 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
-1

) and associated functional groups for 

organic compounds. 

3,700 - 3,100: OH, NH and ≡CH 

3,180 - 2,980: aryl, olefinic, and three-membered ring CH 

3,000 - 2,700: aliphatic CH 

3,100 - 2,400: acidic and strongly bonded hydrogens 

2,300 - 1,900: C≡C and C=C=C 

2,000 - 1,700: aryl and olefinic overtones 

1,900 - 1,550: C=O 

1,700 - 1,550: C=C and C=N 

1,660 - 1,450: N=O 

1,660 - 1,500: NH2, CNH 

1,620 - 1,420: aromatic and heteroaromatic rings 

1,500 - 1,250: CH3 and CH2 

1,350 - 1,150: CH2 and CH wag 

1,300 - 1,000: C–O 

1,000 - 600: olefinic and acetylenic wag 

900 - 700: aromatic wag 

900 - 500: OH, NH and NH2 wag 

830 - 500: CCl, CBr and CI 

 

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 

spectrum. 
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Main infrared bands of some common inorganic ions: 

 CO3
2- 

    1450-1410, 880-800 cm
-1

 

 SO4
2-

     1130-1080, 680-610 cm
-1

 

 NO3
-  

     1410-1340, 860-800 cm
-1

 

 PO4
3-

     1100-950 cm
-1

 

 SiO42-    1100-900 cm
-1

 

 NH4
+
      3335-3030, 1485-1390 cm

-1
 

 MnO4
- 
    920-890, 850-840c m

-1
  

Diatomic molecules produce one vibration along the chemical bond. Monatomic ligand, 

where metal s coordinate with atoms such as halogens, H, N or O, produce characteristic 

bands. These bands are summarized in below. 

Chracteristic infrared bands of diatomic inorganic molecules: M(metal), X(halogen) 

 M-H stretching          2250-1700 cm
-1

 

 M-H bending             800-600 cm
-1

 

 M-X stretching          750-100 cm
-1

 

 M=O stretching         1010-850 cm
-1

 

 M=N stretching         1020-875 cm-1- 

 

Fingerprint Region 

The region to the right-hand side of the diagram (from about 1500 to 500 cm
-1

) usually 

contains a very complicated series of absorptions. These are mainly due to all manner of 

bending vibrations within the molecule. This is called the fingerprint region. 

 

It is much more difficult to pick out individual bonds in this region than it is in the 

"cleaner" region at higher wavenumbers. The importance of the fingerprint region is that 
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each different compound produces a different pattern of troughs in this part of the 

spectrum. 

 IR alone cannot determine a structure.  

 Some signals may be ambiguous.  

 The functional group is usually indicated.  

 The absence of a signal is definite proof that the functional group is absent.  

 Correspondence with a known sample’s IR spectrum confirms the identity of the 

compound.     

 

Combined uses of IR and Raman Spectroscopy in the Structural Elucidation of Simple 

Molecules  
 

1. N2O (Nitrous oxide)  𝑁 ≡ 𝑁+ − 𝑂− 

 

No. of atoms    :  3 

Total No.freedoms  :  3 x 3 = 9 

Structure   : Linear 

Vibrational deg. of freedom : 3 x 3 – 5 = 42 modes degenerate 

  

 N2O is isoelectronic with CO2. It is linear but not symmetrical. It as three intense IR 

absorptions at (bending) 598, (symmetric)1285  , and (assymmetric) 2224 cm
-1

.  

 

 Two of these (symmetric)1285  , and (asymmetric) 2224 cm
-1

 appear in Raman 

spectrum; the (bending) 598 is not observed due to weak intensity. Thus 

according to rule of mutual exclusion, the molecule has no center of symmetry, 

i.e., it does not have the symmetric structure N – O – N because two bands are 

common to its IR and Raman spectra. Hence N2O has a unsymmetrical structure  

N – N – O, confirmed by its rotational spectrum. 

 

 IR lines with PR structure: linear molecule  

 

 No center of symmetry: N-N-O  
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AB3: This type molecule is expected to have 3N-6 = 6 fundamental vibrations.             

However if the shape of the molecule has some symmetry this number will be reduced by 

degeneracy. For symmetric planar and symmetric pyramidal shape one stretching mode and one 

angle deformation mode are each doubly degenerate. So four different fundamental frequencies 

would be observed. These are shown in the table. The main symmetry axis passes through atom 

A and is perpendicular to B3 plane. The vibrations types are classified based on this axis.  

 

 

 
2. ClF3 (chlorine trifluoride) 

 

No. of atoms    :  4 

Total No.freedoms  :  3 x 4 = 12 

Structure   : non-linear 

Vibrational deg. of freedom : 3 x 4 – 6 = 6 normal nondegenerate vibration modes, 

 

The infrared and Raman spectra of the interhalogen ClF3 has been studied in the 

vapor phase. Frequencies for the six fundamental vibrations of the molecule been 

assigned based on C2ν symmetry. All are Raman and IR active. 
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 Γ𝑣𝑖𝑏 = 3𝐴1 + 2𝐵1 + 𝐵2 

 

 

326(al)  434(bl)  364(b2) 

528(al)  703(bl)     

752(al) 

 

 
 

These are arranged in a trigonal bipyramidal shape with a 175° F(axial)-Cl-

F(axial) bond angle. 

 

 

3. NO3
-
 (Nitrate ion) 

 

No. of atoms    :  4 

Total No.freedoms  :  3 x 4 = 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 𝜈1(𝐴1
′ )'), 𝜈2(𝐴2

′′, 

𝜈3(𝐸′) and 𝜈4(𝐸′). 𝑁𝑂3
− belongs to D3h 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  
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4. ClO4
–
 (perchlorate ion) 

No. of atoms    :  5 

Total No.freedoms  :  3 x 5 = 15 

Structure   : non-linear 

Vibrational deg. of freedom : 3 x 5 – 6 = 9 normal degenerate vibration modes) 

              

       
 

   
 

~1102 cm
-1

 IR & Raman (stretch triply degenerate) 

~935 cm
-1

 Raman (symmetric stretch) 

~628 cm
-1

 IR & Raman (stretch triply degenerate) 

~462 cm
-1

 Raman (deformation doubly degenerate) 

 

 

In the free  state the perchlorate ion has Td symmetry with its vibrational modes 

distributed as  

 

 Γ𝑣𝑖𝑏 = 𝐴1 + 𝐸 + 2𝐹2 

 

where the A1 and E2 species are Raman active only while the two F2 species are 

both IR and Raman active. 

 

These modes are expected to occur at 928, 459, 1119 and 625 cm
–1

 respectively 

for the perchlorate ion. 

 

ν1(A) is the stretching totally symmetrical vibration (935 cm–1); ν2(E) (462 cm–

1) is the twice degenerate vibration; ν3(F) is the thrice degenerate vibration (1102 

cm–1); ν3(F) is the thrice degenerate vibration (628 cm–1). 
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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 C2v 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 7a1 + 2a2 + 3b1 + 6b2 = 18 

 

The stretching frequency of the carbonyl vibration of urea is at 1686 cm
-1

 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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Urea forms complexes with metal ions like Fe
3+

, Cr
3+

, Zn
2+

, Cu
2+

, Pt, Pd. Co-

ordination can occur through oxygen or nitrogen atom and changes in stretching 

frequency of the carbonyl group has been found to be less than 1662 cm
-1

with no 

appreciable changes in the N-H frequency( vN-H = 3500, 3350; in the complex the 

vibration is observed around 3300 cm
-1

). The vibrational frequency of C-N bond 

increases considerably. These changes can be rationalised through the resonance 

structures of urea, which are shown below. 

 

Changes in the spectrum in this case are usually: (1) no great effect on the N-H 

stretching frequencies; (ii) a lowering of the C=O stretching frequency. However, 

the spectra differ significantly from that of free urea if a nitrogen-metal bond is 

present. 

 

 When coordination occurs through oxygen, there is a decrease in the C-O 

stretching frequency due to major contribution of structures II a and II b, 

simultaneously there is an increase in the absorption due to C-N. No appreciable 

changes in N-H stretching. 

 

 When co-ordination occurs through nitrogen reverse is observed, that is there is an 

increase in C-O and a decrease in that of C-N stretching frequencies. The increase 

is attributed to Structure I, which is the only contributor (both nitrogen atoms are 

involved in complexation).  
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2. CN
-
  

Co-ordinate to the metal atom through carbon. The free CN
-
 ion has a stretching 

frequency of 2080 cm
-1

, in complexes it generally has a higher value and a sharp 

absorption in the range 2000-2200 cm
-1

 is observed.      

        

       

 

In the Free State the contribution of II a is greater than I a towards the resonance hybrid. 

In complexes the contribution of I b or II b depends on the metal atom to which it is 

coordinated. It has been found that CN stretching frequency in its complexes depends on 

electro negativity, oxidation state and co-ordination number of the metal atom. 

 The stretching frequency of the ligand CN increases with increase in electro 

negativity of the metal ion. 

  [ Ni (CN)4]
2-

< [ Pd (CN)4 ]
2-

< [ Pt (CN)4 ]
2-

 

  2135 cm
-1

,     2143 cm
-1

        2150 cm
-1

 

 

 The CN stretching frequency increases with increase in the oxidation state of the 

metal atom. Higher oxidation state of the metal would decrease electron density at 

the metal center for back bonding with the ligand. 

[ Ni (CN)4]
4-

< [ Ni (CN)4]
2-

 

  1985 cm-1,    2135 cm-1. 
 

 The stretching frequency for CN decreases with increase in coordination number 

of the metal atom.Increase in Coordination number results in a decrease in 

positive charge on the metal, which in turn weakens the M-CN sigma bond. 

[ Ag (CN)4 ]
3-

 <[ Ag (CN)3 ]
2-

 <[ Ag (CN)2 ] 

2092 cm
-1

  2105 cm
-1

  2135 cm
-1

 

 

 

3. Dimethyl sulfoxide  

 

It is structurally similar to acetone, with a sulfur replacing the carbonyl carbon. The 

normal absorption of the S=O bond occurs at 1050 cm
-1

. This is lower than the C=O 

frequency, since the SO bond has a larger reduced mass than the CO bond resulting in 

the frequency shift. 
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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
−1

 for solid (213 K) dimethyl sulfoxide, 1058 cm
−1

 for liquid (300 

K), and 1101 cm
−1

 for gas (360 K), have been reported for this band. 

 

  The SO stretching band has moved down to 950 cm
-l
 in the [Co(DMSO)6]

+2
 

  ion and even further, to 915 cm
-l
, in SnC1

4-
2DMSO. 

 

U,il)vq 97Ovi 5- I I .;tretch 

7141% Asym. C-S &etch 1 730111 

Sym. C-S stretch ( G85v 

 

1291rv.sh 1287111 

1055rs,hd 1 1 0 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 :  

 

 

 
 

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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M-S-CN  M-N=C=S  M-S-C≡N M      M-SM 

        | 

        C 

        ||| 

        N 

The type of bond depends on the oxidation state of the metal, steric factors, and 

the other ligands present. 

 

 
 

5. CS(NH2)2 (Thiourea) 

 

The ligand that fulfils most of the ideal ligand requirements set out in the 

Introduction is thiourea (S:C(NH2 )2 (tu). It forms complexes with a wide range of 

both transition and non-transition metals, and can form octahedral, tetrahedral, 

square-planar, and polymeric complexes. Representative crystal structures are 

available for each of the stereochemical arrangements, and there are no internal 

ligand vibrations in the v(M-S) region of the spectrum. Thiourea almost always 

coordinates through the sulphur atom. The crystal structures of the following 

thiourea complexes have been reported, and in each case the bonding is through 

sulphur NiCl2 tu4, ZnCl2 tu2 , [Pdtu4]Cl2 , CdCl2 tu2 etc.,  

 

 
 

 

Thiourea possesses C2v symmetry, and on this basis the following distribution of 

normal modes occurs : 

 
 

Γ𝑣𝑖𝑏 =  7𝐴1 +  2𝐴2 +  6𝐵1 + 3𝐵2 

 
 

All are raman active; except A2 allare IR active. The 𝜈𝐶=𝑆  stretching frequency in 

the region 72 – 713 cm
-1

 is shifted to lower region upon complexation.  
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The 3000–3465 cm-
1
 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
-1 

were 

shifted to higher wavenumbers on the formation of the metal–thiourea complexes. 

The formation of SM 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
-1

 of the 

ligand (TU) is assigned to the N–C–N stretching vibration. On coordination, this 

band was shifted to (1478–1543 cm
-1

) 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 

 

 
 

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 ν. 

𝜔2

𝜔1
=  √

𝜇1

𝜇2
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The different isotopes in a particular species may give fine detail in infrared 

spectroscopy. For example, the O-O stretching frequency of oxyhemocyanin is 

experimentally determined to be 832 and 788 cm
−1

 for ν(
16

O-
16

O) and ν(
18

O-
18

O) 

respectively. 

 

The reduced masses for 
16

O-
16

O and 
18

O-
18

O can be approximated as 8 and 9 

respectively. So, 

  

 
 

 

Isotope Effects:  

 

H
35

Cl, H
37

Cl, D
35

Cl, and D
37

Cl each have unique spectra because the substitution 

of different isotopes changes the reduced mass of the molecule.  H atoms have the 

largest change in isotopic mass of all atoms, a factor of ~2 in substituting D (i.e. 

2
H) for H (i.e. 1H). The study of isotope effects, especially upon deuteration is an 

important tool in mechanistic organic chemistry. The harmonic vibration 

frequencies of two isotopic variants of a diatomic molecule in the same electronic 

state are then related by the equation  

𝜔2

𝜔1
=  √

𝜇1

𝜇2
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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 dπ electron by back bonding, i.e. these ligands are π-

acceptor and therefore also called as hard ligands. Being π−acidic in nature, CO is 

a strong field ligand that achieves greater d−orbital splitting through the metal to 

ligand π−back donation. A metal−CO bonding interaction thus comprises of a CO 

to metal σ−donation and a metal to CO π−back do  nation (Figure 2). Interestingly 

enough, both the spectroscopic measurements and the theoretical studies suggest 

that the extent of the metal to CO π−back donation is almost equal to or even 

greater than the extent of the CO to metal σ−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 π−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: 

 

(σs b ) 2 (σp b ) 2 (πy b =πz b ) 4 (σs*)2 (πy*=πz*)0 (σp*)0 (σs*) is the highest 

occupied molecular orbital (HOMO) which can donate the lone pair of electrons 

for the formation of a OC→M σ bond. (πy*=πz*) 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 π 

bond. 

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

considering the formation of a dative σ-bond and π-bond due to back donation. 
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Energy-level diagram for CO can be refined by inclusion of s, p mixing. Crucial 

to the discussions on M-CO bonding properties are the frontier orbitals 

σ*(HOMO) and π*(LUMO) 

 

 

Formation of dative σ-bond:  

 

The overlapping of empty hybrid orbital (a blend of d, s and p orbitals) on metal 

atom with the filled hybrid orbital (HOMO) on carbon atom of carbon monoxide 

molecule results into the formation of a M←CO σ-bond. 

 

 
 empty d or p-orbital      filled sigma-orbital   

 

Formation of π-bond by back donation:  

 

This bond is formed because of overlapping of filled dπ orbitals or hybrid dpπ 

orbitals of metal atom with low-lying empty (LUMO) orbitals on CO molecule.  

 
 

         filled d-orbital     empty pi-orbital 
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Bridging CO groups:  

 

In addition to the linear M-C-O groups, the carbon monoxide ligand is also known 

to form bridges. This type of bonding is observed in some binuclear and 

polynuclear carbonyls. It is denoted by μn–CO, where n indicates the number of 

metals bridged. While n=2 is the most common value, it reaches to be 3 or 4 in 

certain less common carbonyls. In a terminal M-C-O group, the carbon monoxide 

donates two electrons to an empty metal orbital, while in μ2–CO group, the M-C 

bond is formed by sharing of one metal electron and one carbon electron. 

 

INFRARED SPECTROSCOPY  

 

The carbonyl groups can have two modes of stretching 

 

 Typical stretching frequencies:  

 

•Uncoordinated or "free" CO: 2143 cm-1   

•Terminal M-CO: 2125 to 1850 cm-1   

•Doubly bridging (µ-2): 1850 to 1750 cm-1   

•Triply bridging (µ-3): 1675 to 1600 cm-1 
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Geometry and number of C-O stretching vibrations (group theoretical treatment) 

The following steps are needed in order to determine the number of IR active vibrational 

modes in a molecule – metal carbonyls: 

 

1. Determine the point group of the molecule. 

 

2. Generate a reducible representation of the C-O stretching vibrations within the      

molecule. 

 

3. Reduce the reducible representation using the reduction formula 

4. Identify the number of translational irreducible representations present in the reduced 

representation from step 3. 

 

Example: 

 To demonstrate, we will walk through the application of group theory to the 

molecule cis-Mo(CO)4[P(OPh)3]2. 

 

 Using the symmetry tree, and assuming that the ligands P(OPh)3 are point ligands 

(while ignoring the symmetry of those ligands), we find that cis-Mo(CO)4[P(OPh)3]2 is 

in the point group C2v. 
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The character table for the point group C2v is shown below. 

C2v E C2 σv(xz) σv’(yz) 
  

A1 1 1 1 1 z 

x
2
, 

y
2
, 

z
2
 

A2 1 1 −1 −1 Rz xy 

B1 1 −1 1 −1 x, Ry xz 

B2 1 −1 −1 1 y, Rx yz 

 

Using the character table for the point group C2v, we generate a reducible representation 

(Γred) of the C-O stretching modes in the molecule cis-Mo(CO)4[P(OPh)3]2 

 

C2v E C2 σv(xz) σv’(yz) 

Γred 4 0 2 2 

 

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

 

Γred = 2A1 + B1 + B2.  

 

 All three of the contributing irreducible representations, A1, B1, and B2, 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(CO)4[P(OPh)3]2 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 10
2
-10

6
 – 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.  
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APPLICATION Raman Spectra of Inorganic Species  

 The Raman technique is often superior to infrared for spectroscopy investigating 

inorganic systems because aqueous solutions can be employed.  

 

 In addition, the vibrational energies of metal-ligand bonds are generally in the 

range of 100 to 700 cm-1, a region of the infrared that is experimentally difficult 

to study.  

 

 These vibrations are frequently Raman active, however, and peaks with  values 

in this range are readily observed.  

 

 Raman studies are potentially useful sources of information concerning the 

composition, structure, and stability of coordination compounds. 

 

 Quantitative applications Raman spectra tend to be less cluttered with peaks than 

infrared spectra. As a consequence, peak overlap in mixtures is less likely, and 

quantitative measurements are simpler. In addition, Raman sampling devices are 

not subject to attack by moisture, and small amounts of water in a sample do not 

interfere. 

 

 

Advantages of Raman Spectroscopy 

 many organic and inorganic materials are suitable for Raman analysis. These can be 

solids, liquids, polymers or vapors. 

 no sample preparation needed. 

 not interfered by water. 

 non-destructive. 
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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
-1

 to 50 cm
-1

 can be covered by a single 

recording. 

 Raman spectra can be collected from a very small volume (< 1 μm 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 cover the 

Raman spectrum. 

 

 

 

S.No. Raman IR 

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

It is the result of absorption of light by vibrating 
molecules. 

2 
The vibration is Raman active if it causes a 
change in polarizability 

Vibration is IR active if there is change in 

dipole moment. 

3 
The molecule need not possess a permanent 
dipole moment. 

The vibration concerned should have a 

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; 

concentrated solutions preferred 

Dilute solutions are preferred 

6 
Sample preparation is not very elaborate; it 

can be in any state. 

Sample preparation is elaborate 

Gaseous samples can rarely be used. 

7 
Gives an indication of covalent character 

in the molecule. 

Gives an indication of ionic character in the 

molecule. 

8 Cost of instrumentation is very high Comparatively inexpensive. 

9 
Optical systems are made of glass or 

quartz 

Optical systems are made of NaCl, NaBr, KCl, 

KBr etc 

10 Monochromatic radiations used Polychromatic in the IR region 
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ABSTRACT 

 
Nuclear magnetic resonance spectroscopy (NMR) is the great tool for 

elucidating the molecular structure of organic compounds and inorganic complexes. 
This technique gives the information regarding the number of magnetically distinct 
nuclei under investigation and gives the vital facts about the nature of the surrounding 
nuclei. The hydrogen and carbon nuclei are the major constituents of inorganic and 
organic complexes. Proton and carbon-13 NMR are the important tool used to 
investigate the structures in organic and inorganic complexes (organometallics). The 
chemical environment around each proton under investigation is different and it is 
possible to differentiate them. This characteristic feature is due to different chemical 
environments around each nuclei. The external magnetic field influences the valence 
electrons and is highly affected and these tend to generate a magnetic field, that too 
in opposite direction to the applied magnetic field. This characteristic is used for the 
application of lanthanide complexes  as Shift Reagents (SR). 
 
Keywords: NMR, Shift reagents, Lanthanides, Proton Nuclei. 

 
INTRODUCTION 

 
The studies of trivalent lanthanide complexes experienced a rapid growth over the last 

four decades because of the unique optical and paramagnetic properties associated with Ln(III) 
ions. The lanthanide complexes show interesting structural,1 optical,2-5 electrochemical,6 
magnetic properties-which could be appropriate for single molecule magnets (SMMs)1, 7-11  and 
catalysis12 unlocks extra-ordinary routes to the applications in the field of material sciences13-16 
as well as in biological sciences.17, 18 The lanthanide complexes in such fields are largely 
investigated for luminescence2, 5, 19-23 and contrast agents in magnetic resonance imaging 
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(MRI),24-27 memory devices in electronics,1, 28, 29 display devices (OLEDs),30-32 colour 
indicators,33 sol-gel glasses,34-36 in ormosils,37-39 in polymer matrices,40-42 in zeolites,43 chelate 
lasers,44-46 in analytical chemistry as trace analysis of organic and  biomolecular compounds,47, 48 
luminescent visualization of latent fingerprints,49, 50 security inks,17, 19, 20, 51-53 chemical 
sensors,22, 54-58 and more recently in optical imaging of cells,16, 59-64 have significantly increased 
the interest in the area of  lanthanides chemistry. Furthermore, unprecedented reactivity 
prototype and new geometries make their chemistry fascinating, miscellaneous and unique. 
Nuclear magnetic resonance spectroscopy (NMR) is the great tool for elucidating the 
molecular structure of organic compounds and inorganic complexes. This technique gives the 
information regarding the number of magnetically distinct nuclei under investigation and gives 
the vital facts about the nature of the surrounding nuclei. The hydrogen and carbon nuclei are 
the major constituents of of inorganic and organic complexes. Proton and carbon-13 NMR are 
the important tool used to investigate the structures in organic and inorganic complexes 
(organometallics). The chemical environment around each proton under investigation is 
different and it is possible to differentiate them. This characteristic feature is due to different 
chemical environments around each nuclei. The external magnetic field influences the valence 
electrons and is highly affected and these tend to generate a magnetic field, that too in opposite 
direction to the applied magnetic field. This phenomenon is called diamagnetic anisotropy.65 
The increased electron density around the nuclei under investigation, the larger will be the 
magnetic field opposite to the applying field which leads to the changing resonances. The 
detection of protons in a complex seems very easy as the NMR technique is not able to detect 
with high sensitivity the chemical shift in stereo-chemical environment, due to the fact that 
protons under similar chemical environment show overlap resonance.  There are various 
methods to resolve this big problem, (a) using high frequency spectrometers-this is indeed 
useful however it is highly expensive or another approach (b) lanthanide complexes as shift 
reagents to induce lanthanide induced shifts in the analyte. The shift reagents functions by 
decreasing the chemical equivalence of the protons by changing their magnetic field and find 
their use in any or low frequency spectrometers. There are many shift reagents in use however 
the lanthanide complexes as lanthanide induced shift reagents are vastly investigated. The use 
of lanthanide complexes particularly paramagnetic lanthanide ions as lanthanide induced shifts 
were first reported by Hinckley,66a as Eu(dpm)3, where dpm is dipivaloyl- methane. The 
Hinkley used to find the paramagnetic shift in case of chlorestrol. The results obtained were 
landmark and form the basis of paramagnetic NMR spectroscopy. In his experiments, the 
NMR spectrum of  cholesterol without any paramagnetic lanthanide complex (lanthanide shift 
reagent) show overlapped peaks or resonances and it was difficult to interpret the NMR 
spectrum. In another case he added little amount of paramagnetic lanthanide complex to the 
cholesterol solution, the huge chemical shifts were noticed and this form the basis of 
paramagnetic nuclear magnetic spectroscopy based on induced shift reagents. 

 

The paramagnetic shifts are expected to originate from (a) contact or (b) 
pseudocontact interactions. The lanthanide ion as the paramagnetic center involves the 
considerable pseudo contact interactions in the void of extensive conjugation. [D. R. Eaton,J. 
Am. Chem. SOC., 87,3097 (1965)] 
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The pseudo contact shift experience by the proton (j) in a complex is given by the 
following equation for ions of C2 or Cz symmetry group  
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Where RJ, represents the distance from the ion to the jth proton, the angles represent the location 
of the proton in the symmetry coordinates of the metal ion. The g1, g2 and g3 are g tensor 
components. The shift produced in either contact or pseudo-contact interactions indicates that 
shifts decrease with the increase in the distance between the metal center and protons 
investigated. It was shown that pseudo-contact interaction is the main factors observed in the 
cholesterol system. Yoshito Kishi et al, have shown that a chiral shift reagent can be used to 
to determine the absolute configuration of a number of secondary and tertiary alcohols.66b  

Peters et al were successful in determining the concentration of the paramagnetic lanthanide 
complexes through bulk magnetic susceptibility NMR shifts of inert references.66c Model-free 
separation of lanthanide-induced shifts to contact and dipolar contributions was performed for 
the series of heteroleptic REE(III) trisphthalocyaninates, namely65 Pr (tmhd)3, where tmhd = 
2,2,6,6-tetramethyl-3,5-heptanedione induces NMR shifts that are of opposite sign to and 
larger than the shifts produced from the corresponding Eu complex. Examples of shifts 
induced by various lanthanide complexes are given and discussed.66d 
 
IN CONCLUSION  

 
Lanthanide complexes are largely studied for their applications as lanthanide induced 

shift reagents. 
 
REFERENCES 
 
1. F. Pointillart, G. B. le, O. Cador, L. Ouahab and O. Maury, Acc Chem Res, 48, 2834-2842 

(2015). 
2. K. Binnemans, Coordination Chemistry Reviews, 295, 1-45 (2015). 
3. F. Zinna and B. L. Di, Chirality, 27, 1-13 (2015). 
4. Y. Wang and H. Li, Cryst Eng Comm, 16, 9764-9778 (2014). 
5. J.-C. G. Bunzli and S. V. Eliseeva, Springer Ser. Fluoresc., 7, 1-46 (2011). 
6. T. V. Dubinina, K. V. Paramonova, S. A. Trashin, N. E. Borisova, L. G. Tomilova and N. 

S. Zefirov, Dalton Trans, 43, 2799-2809 (2014). 
7. N. J. Yutronkie, I. A. Kuhne, I. Korobkov, J. L. Brusso and M. Murugesu, Chemical 

Communications, 52, 677-680 (2016). 



 Wakeel Ahmed Dar, et al., J. Chem. & Cheml. Sci. Vol.7(11), 1026-1031 (2017)  

1029 

8. H.-L. Gao, L. Jiang, S. Liu, H.-Y. Shen, W.-M. Wang and J.-Z. Cui, Dalton Trans., 45, 
253-264 (2016). 

9. J. Tang and P. Zhang, Lanthanide Single Molecule Magnets, Springer Berlin Heidelberg, 
(2015). 

10. D. N. Woodruff, R. E. P. Winpenny and R. A. Layfield, Chemical Reviews, 113, 5110-
5148 (2013). 

11. T. Hughbanks, Chem. Ind. (London, U. K.), 28-29 (2003). 
12. H. C. Aspinall, Chem. Rev. (Washington, DC, U. S.), 102, 1807-1850 (2002). 
13. K. Di, X. Li, X. Jing, S. Yao and J. Yan, J. Alloys Compd., 661, 435-440 (2016). 
14. J. Zhong, D. Chen, Y. Zhou, Z. Wan, M. Ding, W. Bai and Z. Ji, Dalton Trans., 45, 4762-

4770 (2016). 
15. C. C. Lin, A. Meijerink and R.-S. Liu, J. Phys. Chem. Lett., 7, 495-503 (2016). 
16. J.-C. G. Bunzli and S. V. Eliseeva, J. Rare Earths, 28, 824-842 (2010). 
17. J.-C. G. Bunzli, J. Coord. Chem., 67, 3706-3733 (2014). 
18. W. Mohr and S. Brooker, Chem. N. Z., 68, 10-14 (2004). 
19. J. C. G. Bünzl, in Reference Module in Materials Science and Materials Engineering, 

Elsevier, (2016). 
20. J.-C. G. Bünzli, Coordination Chemistry Reviews, 293–294, 19-47 (2015). 
21. Z. Liu, W. He and Z. Guo, Chem. Soc. Rev., 42, 1568-1600 (2013). 
22. J.-C. G. Buenzli and S. V. Eliseeva, Chem. Sci., 4, 1939-1949 (2013). 
23. J. Andres and A.-S. Chauvin, (2012). 
24. J. He, C. S. Bonnet, S. V. Eliseeva, S. Lacerda, T. Chauvin, P. Retailleau, F. Szeremeta, 

B. Badet, S. Petoud, E. Toth and P. Durand, J. Am. Chem. Soc., Ahead of Print (2016). 
25. F. Cao, T. Huang, Y. Wang, F. Liu, L. Chen, J. Ling and J. Sun, Polym. Chem., 6, 7949-

7957 (2015). 
26. A. Boulay, C. Deraeve, L. Vander Elst, N. Leygue, O. Maury, S. Laurent, R. N. Muller, 

B. Mestre-Voegtle and C. Picard, Inorg. Chem., 54, 1414-1425 (2015). 
27. L.-D. Sun, Y.-F. Wang, P.-Z. Zhang and C.-H. Yan, (2014). 
28. T. J. Woods, M. F. Ballesteros-Rivas and K. R. Dunbar, (2015). 
29. F. Pointillart, B. Le Guennic, O. Cador, O. Maury and L. Ouahab, Acc. Chem. Res., 48, 

2834-2842 (2015). 
30. Z. Ahmed and K. Iftikhar, Polyhedron, 85, 570-592 (2015). 
31. Z. Ahmed and K. Iftikhar, Inorg. Chem., 54, 11209-11225 (2015). 
32. A. P. Pushkarev, V. A. Ilichev, A. A. Maleev, A. A. Fagin, A. N. Konev, A. F. Shestakov, 

R. V. Rumyantzev, G. K. Fukin and M. N. Bochkarev, J. Mater. Chem. C, 2, 1532-1538 (2014). 
33. W. A. Dar and K. Iftikhar, Dalton Trans, 45, 8956-8971 (2016). 
34. M. A. Zaitoun, K. Momani, Q. Jaradat and I. M. Qurashi, Spectrochim Acta A Mol Biomol 

Spectrosc, 115, 810-814 (2013). 
35. M. A. Zaitoun and S. Al-Tarawneh, J. Lumin., 131, 1795-1801 (2011). 
 

36. M. Morita, M. Iwamura, D. Rau, M. Itoh, Y. Ishikawa and N. Andoh, J. Lumin., 122-123, 
879-881 (2007). 



 Wakeel Ahmed Dar, et al., J. Chem. & Cheml. Sci. Vol.7(11), 1026-1031 (2017)  

1030 

37. T. Jin, S. Inoue, K.-i. Machida and G.-y. Adachi, J. Alloys Compd., 265, 234-239 (1998). 
38. T. Jin, S. Inoue, S. Tsutsumi, K.-i. Machida and G.-y. Adachi, J. Non-Cryst. Solids, 223, 

123-132 (1998). 
39. S. Inoue, T. Jin, K. Machida and G. Adachi, Kidorui, 30, 190-191 (1997). 
40. S. Freslon, Y. Luo, C. Daiguebonne, G. Calvez, K. Bernot and O. Guillou, Inorganic 

Chemistry, 55, 794-802 (2016). 
41. S. B. Meshkova, P. G. Doga and V. P. Antonovich, Russ. J. Phys. Chem. A, 90, 870-875 

(2016). 
42. C. Feng, J.-W. Sun, P.-F. Yan, Y.-X. Li, T.-Q. Liu, Q.-Y. Sun and G.-M. Li, Dalton Trans,  

44, 4640-4647 (2015). 
43. A. Monguzzi, G. Macchi, F. Meinardi, R. Tubino, M. Burger and G. Calzaferri, Appl. 

Phys. Lett., 92, 123301/123301-123301/123303 (2008). 
44. L. Ouahab, F. Pointillart, O. Cador and S. Golhen, (2012). 
45. J. Mezyk, N. D. Di, A. Mech, R. Tubino and F. Meinardi, J Chem Phys, 132, 024504 

(2010). 
46. H. Samelson, C. Brecher and A. Lempicki, J. Chim. Phys., 64, 165-172 (1967). 
47. N. Siraj, B. El-Zahab, S. Hamdan, T. E. Karam, L. H. Haber, M. Li, S. O. Fakayode, S. 

Das, B. Valle, R. M. Strongin, G. Patonay, H. O. Sintim, G. A. Baker, A. Powe, M. Lowry, 
J. O. Karolin, C. D. Geddes and I. M. Warner, Analytical Chemistry, 88, 170-202 (2016). 

48. D. J. Hare, E. J. New, M. D. de Jonge and G. McColl, Chemical Society Reviews, 44, 5941-
5958 (2015). 

49. F. M. Hauser, G. Knupp and S. Officer, Forensic Sci Int, 253, 55-63 (2015). 
50. WO9507655A1, (1995). 
51. WO2014048702A1, (2014). 
52. J. Andres, R. D. Hersch, J.-E. Moser and A.-S. Chauvin, Adv. Funct. Mater., 24, 5029-

5036 (2014). 
53. FR2909095A1, (2008). 
54. US8597579B1, (2013). 
55. N. Shehata, K. Meehan, I. Ashry, I. Kandas and Y. Xu, Sens. Actuators, B, 183, 179-186. 
56. A. Mhamane, S. Gupta and A. Datta, (2013). 
57. Y. Liu, D. Tu, H. Zhu, E. Ma and X. Chen, Nanoscale, 5, 1369-1384 (2013). 
58. C. Spangler and M. Schaeferling, Springer Ser. Fluoresc., 7, 235-262 (2011). 
59. S. Petoud, S. Eliseeva, I. Martinic, T. N. Nguyen, E. R. Trivedi and V. L. Pecoraro, (2016). 
60. Z. Du, G. N. Borlace, R. D. Brooks, R. N. Butler, D. A. Brooks and S. E. Plush, Inorg. 

Chim. Acta, 410, 11-19 (2014). 
61. W. R. Algar, H. Kim, I. L. Medintz and N. Hildebrandt, Coord. Chem. Rev.,  263-264, 65-

85 (2014). 
62. S. Laurent, L. Vander Elst, C. Galaup, N. Leygue, S. Boutry, C. Picard and R. N. Muller, 

Contrast Media Mol. Imaging, 9, 300-312 (2014). 
 

63. H. C. Manning, S. K. Wyatt, T. S. Goebel, J. M. M. Griffin, G. Kiefer, M. Motamedi, B. 
Bell, R. C. Thompson, M. Ehtesham, K. Cederquist and D. J. Bornhop, (2008). 



 Wakeel Ahmed Dar, et al., J. Chem. & Cheml. Sci. Vol.7(11), 1026-1031 (2017)  

1031 

64. (a) A. Roda, M. Guardigli, P. Pasini, M. Mirasoli, E. Michelini, L. Charbonniere and R. 
Ziessel, 2005. (b) D. L. Pavia, G. M. Lampman, and G. S. Kriz, Introduction to 
Spectroscopy, 3th edn., Bellinghan, WA (2001). 

65. A. G. Martynov and Y. G. Gorbunova, Polyhedron, 29, 391-399 (2010). 
66. (a) Hinckley, J. Amer. Chem. Soc. 1969, 91, 5160. (b) Org. Lett., 6, 2004, 4716. (c) Daniele 

M. Corsi, Carlos Platas-Iglesias, Herman van Bekkum, and Joop Magn. Reson. Chem. 
2001; 39: 723–726. (d) J. Briggs, G. H. Frost, F. A. Hart, G. P. Moss and M. L. Staniforth, 
J. Chem. Soc. D, 749-750 (1970).  

 



1650 J. CHEM. SOC., CHEM. COMMUN., I 984 

Application of Chiral Lanthanide-induced Shift Reagents to Optically Active Cations: 
the Use of Tris[3-(trifluoromethylhydroxymethylene)-( + )-camphorato]europium(m) to 
Determine the Enantiomeric Purity of Tris(phenanthroline)ruthenium(n) Dichloride 
Jacqueline K. Barton* and James S. Nowick 
Department of Chemistry, Columbia University, New York, NY 10027, U.S.A. 

In non-polar solvents, chiral europium complexes provide attractive n.m.r. shift reagents to resolve spectra of 
optically active cations, and, in particular, for tris(phenanthroline)ruthenium dichloride, 1H n.m.r. shift differences of 
up to 0.7 p.p.m. between isomers easily permit the determination of absolute enantiomeric purity. 

There has been considerable interest in the determination of 
enantiomeric purity by n.m.r. spectroscopy using chiral shift 
reagents. 1- 4 Although lanthanide-induced shift reagents were 
first used to study cations in 1973,5 chirallanthanide-induced 
shift reagents have been used only with neutral species. We 
report the application of chiral lanthanide-induced shift 

reagents to optically active cations. For the following study we 
employed tris(phenanthroline )ruthenium(n) complexes, 
[Ru(phen)3)2+, which we are currently using as chiral probes 
for DNA.6 

Tris(phenanthroline )ruthenium( n) dichloride was prepared 
as described by Lin et al. 7 and partially resolved by recrystalli-
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Table 1. The effect of Eu(tfc):, upon the 1 H n.m.r. spectrum of [Ru(phenh]Cl2 ·xH20 in CD 2Cl 2 . 

Without Eu(tfch With Eu(tfc), 

b,p.p.m. ~b. p.p.m. ~~<'l,p.p.m. 
~ A ~ A Proton 

Ha 
Hh 
He 
Hct 

b,p.p.m. 

8.582 
7.815 
8.255 
8.215 

15.833 16.565 7.251 7.983 0.732 
~ 0.08a 
0.185 
0.225 

16.24Qa 
12.609 12.794 4.354 4.539 
11.573 11.798 3.358 3.583 

a The ~- and A-Hh quadruplets are overlapping. Values of (l and ~b are given for the centre of the Hh cluster of peaks. 
Differentiation between Hh protons has been evident in some experiments. 

zation with antimony o-tartrate anion;i1 treatment of the 
tartrate with perchloric acid, sodium perchlorate, or sodium 
chloride yielded optically enriched perchlorate, [Ru
(phen)3](Cl04h·xH20, or chloride, [Ru(phen):,]Cl2·xH20. 
We first attempted to observe chiral shifts of the perchlorate 
and chloride in (CD3)2SO, and of the perchlorate in CD2Cl2, 
in the presence of tris-[3-( trifluoromethylhydroxymethylene )
( + )-camphorato)europium(m), Eu(tfc)3 . In each case, only 
small changes in chemical shift ( < 0.15 p. p.m.) were seen, and 
no differentiation between enantiomers was observed. 

These results are not surprising in view of the general model 
for lanthanide-induced shifts of cations: the anion is co
ordinated by the lanthanide shift reagent and the cation forms 
an outer-sphere complex (ion pair) with the co-ordinated 
anion. 5 We find that the nature of the anion as well as the 
nature of the solvent is critical to the degree of induced shift 
observed. Small, highly charged anions favour co-ordination 
and allow the cation to approach the shift reagent more 
closely, yielding greater induced shifts. The use of a small 
anion may also enhance steric interactions between the cation 
and shift reagent. In addition the concentration of the ion 
pair-shift reagent complex is maximized in non-polar or 
slightly polar solvents. More polar solvents containing an 
atom which can co-ordinate to the shift reagent, thus 
competing with the anion, or which would independently 
solvate the ions and shift reagent, yield very small lanthanide
induced shifts. (Non-polar solvents, however, limit the 
solubility of ionic substrate, thus requiring a large number of 
pulses for a good signal-to-noise ratio.) 

With these considerations in mind, we next examined the 
smaller chloride complex in CD2Cl2. From the 1H n.m.r. 
spectrum of [Ru(phen)3)C12·xH20 (0.55 ml; 1. 9 x 10-3 M) 

containing Eu(tfc)3 (2.7 x 10-2M) in CD2Cl2, we were able to 
distinguish between the two enantiomers and determine the 
enantiomeric purity of the sample. t The resulting spectrum at 
200 MHz is shown in Figure 1(a) and is compared to that of the 
same solution in the absence of Eu(tfc)3 in Figure l(b). 

Observed chemical shifts (b), downfield shifts induced by 
the lanthanide reagent (~b), and the magnitudes of the 
difference in chemical shifts of analogous protons of the two 
enantiomers upon addition of shift reagent (~~b), are 
summarized in Table 1. As is shown in Table 1, very large 
lanthanide-induced shifts (~b) were observed, and substantial 

t Solutions of [Ru(phen)JCI2 ·xH20 were prepared by stirring an 
excess of the compound in CD2Cl2 and filtering. Eu(tfch (13.2 mg) 
was then added and the resulting solution filtered through glass wool. 
Ruthenium concentrations were determined spectrophotometrically 
by dilution. Spectra were taken using a Varian XL-200 n.m.r. 
spectrometer with SiMe4 as internal standard. Assignments of peaks 
were made in accordance with the literature (E. C. Constable and J. 
Lewis, Inorg. Chim. Acta, 1983,70, 251) on the basis of peak position 
and coupling constants in CD3COCD-,. 

2+ 

A 

Hd 

He 

Hd Ha ~ Hb 

Ha 

Hb 

16 14 12 10 8 
o,p.p.m. 

Figure 1. The 1H n.m.r. spectrum of ~-enriched [Ru(phcn),
Cl2]·xH20 in the presence (a) and absence (h) of Eu(tfch Note the 
large difference in chemical shift between H", He, and H" of the ~
and A- enantiomers in the presence of Eu(tfc)3 . The broad peak. 
denoted x in spectrum (a), is associated with the shift reagent. 

differences between analogous Ha, Hh, and He protons of the 
two enantiomers were found. It is also noteworthy that despite 
the high concentration of shift reagent, excessive line 
broadening is not evident [ ~v (Hd) = 3 and 2 Hz in the 
presence and absence of Eu(tfch respectively]. Experiments 
with lower ratios of shift reagent to substrate (1: 2) yielded 
smaller induced shifts (0.2-0.5 p.p.m.) and enantiomeric 
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shift differences (0.02-0.07 p.p.m.) with less line 
broadening. 

The db of Ha and Hh and smaller db of He and Hd are 
consistent with an ion-pairing model for the lanthanide
induced shifts. The Ru(phen):;2+ and Eu(tfch species may sit 
on the chloride anion with the c~ axes intersecting this anion, 
thus placing and Hr. in region of greater induced shifting. 
The fact that and Hh have similar db values but very 
different ddb suggests that there are significant conforma
tional differences between the diastereisomeric d-Ru
(phen):;2+-CI--Eu(tfch and i\-Ru(phen)32+-CI--Eu(tfc)_, 
complexes. It is interesting that specific donor-acceptor 
interactions between functional groups on the shift reagent 
and chiral complex are not necessary to obtain these distinct 
diastereoisomeric complexes.:j: 

Comparison of the areas of the well resolved Hd protons of 
the two enantiomers permitted calculation of the enan
tiomeric purity of the sample; the value obtained by this 
method supported that determined by polarimetry .'1 

In summary, by n.m.r. spectroscopy with chiral shift 
reagents we have observed differences in chemical shift 
between enantiomers of a cationic species, Ru(phenh2+, and 
have used this technique to determine enantiomeric purity. 
This direct method of determination of enantiomeric purity is 
more desirable than polarimetry since polarimetry requires an 
optically pure reference sample yet fails to guarantee that the 
reference sample is optically pure. We believe this work to be 

:j: Differential chiral induced shifts have also been obtained with 
[(4.7-Ph2phenbRu]C12 and Eu(tfc)J. With a diamagnetic chiral 
soi·vatm£ agent, it is unlikely that such dramatic shift differences 
would observed between optically active cations, even with high 
diastereoisomeric discrimination. 

L CHEM. SOC., CHEM. COMMUN .. 1984 

the first to report the application of chiral shift reagents to 
cations and expect that this technique may be generally useful. 
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UNIT–V   INORGANIC PHOTOCHRMISTRY

Photosystem – I 

Photosystem I is one of two photosystems

and cyanobacteria. Photosystem is

catalyze the transfer of electrons across the

Integral membrane protein

Ultimately, the electrons that are transferred by Photosyste

carrier NADPH. The combined action of the entire photosynthetic electron transport chain also 

produces a proton-motive force that is used to generate

In Photosystem I the terminal electron acceptor is a FeS cluster, which permits reduction of 

ferredoxin. The peripheral subunits 

ferredoxin [PsaD], and a database of protein families

The primary electron donor, P700, is ultimately reduced by plastocyanin or cytochrome

 

 

 

INORGANIC CHEMISTRY

INORGANIC PHOTOCHRMISTRY 

photosystems in the photosynthetic light reactions

is an integral membrane protein complex that uses

across the thylakoid membrane from plastocyanin

 

Integral membrane protein complex  

Ultimately, the electrons that are transferred by Photosystem I are used to produce the high energy 

The combined action of the entire photosynthetic electron transport chain also 

that is used to generate ATP.  

Photosynthetic light reactions  

n Photosystem I the terminal electron acceptor is a FeS cluster, which permits reduction of 

ferredoxin. The peripheral subunits Iron-sulfur center [PsaC], Required for assembly, helps bind 

a database of protein families [PsaE] form the docking site for ferredoxin. 

P700, is ultimately reduced by plastocyanin or cytochrome

INORGANIC CHEMISTRY III  

photosynthetic light reactions of algae, plants, 

that uses light energy to 

plastocyanin to ferredoxin.  

m I are used to produce the high energy 

The combined action of the entire photosynthetic electron transport chain also 

 

n Photosystem I the terminal electron acceptor is a FeS cluster, which permits reduction of 

Required for assembly, helps bind 

form the docking site for ferredoxin. 

P700, is ultimately reduced by plastocyanin or cytochrome c6.  
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Photosystem – II 

Photosystem-II is the first protein complex

covalent protein–protein interactions

It is located in the thylakoid membrane

photosystem, enzymes capture photons

through a variety of coenzymes

energized electrons are replaced by

By replenishing lost electrons wit

the electrons for all of photosynthesis to occur. The hydrogen ions (protons) generated by the 

oxidation of water help to create a

The energized electrons transferred to plastoquinone are ultimately used to reduce

 to NADPH or are used in non-cyclic electron flow.

Photosystem II (of cyanobacteria 

on the organism) as well as other accessory, light

INORGANIC CHEMISTRY

protein complex (quaternary structure are linked 

interactions) in the light-dependent reactions of oxygenic

thylakoid membrane of plants, algae, and cyanobacteria. Within the 

photons of light to energize electrons that are then transferred 

coenzymes and cofactors to reduce plastoquinone to plastoquinol. The 

energized electrons are replaced by oxidizing water to form hydrogen ions and molecular oxygen.

By replenishing lost electrons with electrons from the splitting of water, photosystem II provides 

the electrons for all of photosynthesis to occur. The hydrogen ions (protons) generated by the 

oxidation of water help to create a proton gradient that is used by ATP synthase

The energized electrons transferred to plastoquinone are ultimately used to reduce

cyclic electron flow.  

 and green plants) is composed of around 20 subunits (depending 

on the organism) as well as other accessory, light-harvesting proteins.  

INORGANIC CHEMISTRY III  

are linked by non-

of oxygenic photosynthesis.  

cyanobacteria. Within the 

that are then transferred 

to plastoquinol. The 

and molecular oxygen. 

 

splitting of water, photosystem II provides 

the electrons for all of photosynthesis to occur. The hydrogen ions (protons) generated by the 

ATP synthase to generate ATP. 

The energized electrons transferred to plastoquinone are ultimately used to reduce NADP
+
 

and green plants) is composed of around 20 subunits (depending 
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Each photosystem II contains at least 99 cofactors the Mn4CaO5 cluster (including two chloride 

ions), one non heme Fe
2+

 and two putative Ca
2+

 ions per monomer. 

The mechanism of water oxidation is still not fully elucidated, but we know many details about this 

process. The oxidation of water to molecular oxygen requires extraction of four electrons and four 

protons from two molecules of water. The oxygen is released through cyclic reaction of oxygen 

evolving complex (OEC) within one Photosystem II is an experimental evidence. 
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UNIT–V   INORGANIC PHOTOCHRMISTRY 

Photogalvanic Cell 

The novel approach for renewable sources of energy has led to an increasing interest in 

photogalvanic cells because of their reliable solar energy conversion and storage capacity. The 

theoretical approach has an efficient conversion as a photogalvanic cell. Photogalvanic cells are 

galvanic cells which convert solar energy leads to energy storage.  

The photogalvanic cells are based on ‘‘photogalvanic effect’’. Photogalvanic cells use very dilute 

solution of photosensitizer and reductant. The solution is the absorber phase, and it is contacted by 

two electrodes with different selectivity to the redox reaction.  

The photosensitizer is photo excited to energy rich product, which in turn can lose energy 

electrochemically to generate electricity involving ions as mobile charges diffusing through 

solution. The photogalvanic cells where the dye undergoing photoexcited state in solution and the 

products regenerated at inert electrode. 

 

 

The photogalvanic cell is made of glass tube of H-shape whose wall is externally blackened, but a 

window is left in one arm. The arm with window acts as illuminated chamber and other arm without 

window act as dark chamber.  

This glass tube of H-shape is filled with known amount of the solutions of photosensitizer, 

reductant and Sodium hydroxide. The total volume of the solution is always kept 25.0 ml making 

up by doubly distilled water.  

A water filter is put between cell and lamp to cut off infra-red radiation with the aim of curbing 

heating effect of cell, which otherwise  may adversely affect the cell leading to lower performance. 

After charging of the cell, the circuit is closed and the cell parameters like maximum potential 

(Vmax), open-circuit potential (Voc), maximum current (imax) and    equilibrium current (ieq) or short-

circuit current (isc) are measured.  
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Mechanism of photocurrent generation

The photo-excited dye accepts an electron from reductant to form leuco or semi form of dye. The 

dye and leuco or semi dye form is the electro

respectively. The reductant and its oxidized form act only as electron carriers in the path. The semi 

dye gives electrons to Pt electrode connected through exter

accepts an electron. 

 

INORGANIC CHEMISTRY

Mechanism of photocurrent generation 

excited dye accepts an electron from reductant to form leuco or semi form of dye. The 

and leuco or semi dye form is the electro-active species in the dark and illuminated chambers, 

respectively. The reductant and its oxidized form act only as electron carriers in the path. The semi 

dye gives electrons to Pt electrode connected through external circuit with SCE at which dye

 

INORGANIC CHEMISTRY III  

 

excited dye accepts an electron from reductant to form leuco or semi form of dye. The 

active species in the dark and illuminated chambers, 

respectively. The reductant and its oxidized form act only as electron carriers in the path. The semi 

nal circuit with SCE at which dye 

 



3 PCHT32 – INORGANIC CHEMISTRY

 

Finally, semi form of dye and oxidized form of reductant may combine to give original dye and 

reductant molecules in the dark chamber. The leuco or semi forms are the two reduced form of the 

dye. The overall forward (light) and back (dark) reactions in the cell under continuous illumination 

may be represented as 
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Since the majority of today's energy demands are met by non
renewable resources, interest in solar energy has been increas
ing. However, there are many problems associated with sunlight 
as an energy source. Conversion of visible light into storable 
energy occurs in plants as photosynthesi~ but has proven diffi
cult in artificial systems. Many chemical and physical trans
formations have been tested as energy storage processes, includ
ing semiconductors (solar cells) , biomass and chemical reactions. 1 

One of the reactions being considered is the splitting of water. 

) + ~G = 57 kcal/mol 

A system that produces H2 from water upon irradiation with 
visible light developed by Moradpour and co-workers 2 as an ap
proach to water splitting is depicted in scheme 1. The 

Scheme 1 

sensitizer in this system is Ru(bpy) 3
2 + (bpy=2,2'-bipyridine), 

the ~xcited state of which is capable+of re~ucing methylviologen, 
(MV 2 

) , to its monocation radic~l, MV · (MV 2 =l, l '-dimethyl-
4, 4 1 -dipyridinum di cation) . MV · can react with protons on a 
colloidial pla~inum catalyst ~o produce H 2 • The exothermic back 
reaction of MV and Ru(bpy) 3

3 is prevented by an excess of EDTA, 
which rereduces the rutheneium (III) complex. This is an ex
ample of a sacrificial system since EDTA is consumed as H2 is 
produced. 

This sacrificial system demonstrates some of the important 
factors to be considered in the design of water splitting systems. 
The sensitizer should absorb over a significant region of the 
visible spectrum so as much energy as possible is captured . The 
lifetime of the excited state should be long enough to allow ef
ficient quenching by the electron relay. The electron relay 
should be stable in the presence of the catalyst, and the cage 
escape quantum yield, the ratio of quenching of the sensitizer 
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excited state to the rate of production of the reduced electron 
relay, should be high so as little energy as possible is wasted. 

The visible absorbance of Ru(bpy) 3
2 + is adequate, but the 

excited state lifetime is only on the order of 1 usec 3 at room 
temperature. This short lifetime dictates+that high quencher 
concentrations be used so production of MV· is efficient. 4 

Methylviologen is reduced in the presence of some catalysts, 5 

obviously an unwanted side reac$ion+ Finally, the cage escape 
quantum yield for-the Ru(bpy) 3

3 /"/IN·. Couple has been deter
mined to be 0.25, 6 which becomes an upper limit on the effi
ciency of this system. These considerations have led to the 
development of new sensitizers, electron transfer agents 1 and 
catalysts. 8 

The water solubie porphyrin zinc tetrakis(4-methylpyridyl)
porphyrin, (ZnTMPyP 4 

) , has been used as the sensitizer in a 
similar H2 producing system. 9 The yield of H2 produced per pho
ton absorbed is improved in this system compared to the ruthen
ium system for several reasons. The longer lifetime of the ex
cited state, 665 usec vs 1 usec, improves the quenching effi
ciency, and the improved cage escape efficiency, equal to almost 
one in thi~ case, means that every absorbed photon results in a 
reduced MV· in solution. The catalyst used in this study was 
not the best, so the maximum possible efficiency was not obtained. 

Sasse and Mau 10 introduced another modification to this sys
tem that improved the yield of H2 by increasing the cage escape 
efficiency. In this case an energy transfer step is added be
tween the excited state sensitizer and the electron carrier, as 
shown in scheme 2. The 9~anthracenecarboxylate anion,(AC-), can 

Scheme 2 

quench the excited state of Ru(bpy) 3
2 + via energy transfer 11 and 

then, in the_excited state reduce,methylviologen. The cage escape 
yield of AC approaches one with both the sensitizer and the 
electron relay. A copper (1) complex Cu(dpp) 2 (dpp ~ 2,9-
diphenyl 1,10 phenanthroline) 12 can also be used as the sensiti
zer in this scheme;+it has a much broader absorbance in the vis
ible then Ru(bpy) 3

2 ,which improves efficiency. The major dis
advantage of the energy transfer process is its increased com
plexity: the added components are not stable in the presence of 
the catalyst. 
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While these systems are valuable in finding useful compo
nents for the reduction of water their limited utility must be 
kept in mind: sacrificial oxidants are being used irreversibly. 
Water splitting developed by Gratzel and coworkers 13 which uti
lizes the technology developed in the sacrificial systems is 
illustrated in scheme 3. The H2 is produced in a similar fash-

Scheme 3 

ion as in the systems described above, but with platinum deposited 
on colloidial Ti02 as the catalyst. The 02 is produced by the 
reaction of Ru(bpy) 3

3 +, the complex after quenching, with water at 
Ru02 deposited on colloidial Ti0 2 • Since this step is a four 
electron process it is kin~tically limitin~, and significant back 
reaction occurs between MV · and Ru(bpy) 3

3 
• Hydrogen and oxygen 

are produced for about 20 hours during continuous irradiatio~,but 
production stops due to the competing reaction of 0 2 with MV· and 
the degradation of other components. The catalytic components in 
this scheme are not stable in the presence of the products. 

A significant observation about this system is that H2 and 
0 2 were produced in the absence of electron relay, 13 c although 
at reduced yields. The mechanism proposed to explain this in
volves sensitizer molecules absorbed to the Ti02 (or within a 
diffusion radius) that donate electrons directly into the conduc
tion band of the Ti0 4 that was developed to explain the photo
sensi tization 1~ of electrodes by dyes. This is ~ignificant in 
light of the undesireable reaction of 0 2 with MV·. 
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