
Analytical Methods 

How can we characterize a supramolecular structure? 
 
 - qualitative data : structure of the edifice, mode of interactions 
 
 - quantitative data (thermo and kinetics) : stoichiometry, stability, selectivity. 

•X-Ray Diffraction 
•NMR (1D, 2D)    
•UV-vis   Fluorimetry 
•Mass Spectrometry     
•Circular Dichroism 
•Electrochemistry, Potentiometry (pH) 
•Microcalorimetry (Isothermal Titration Calorimetry)   
•Computational Methods  
 
•DLS  dynamic light scattering: size distributions 
•SEM   scanning electron microscopy 
•TEM   trasmission electron microscopy 
•STM   scanning tunneling microscopy 
•AFM  atomic force microscopy 



Redox Active species in Solution;  
e transfer process must be reversible; 
Solvent redox inactive in the experimental 
window; 
Conc  mM; 
Supporting electolyte for conducticity; 
Eredox (V) = (Eox Erid)/2. 

CV  
Mesurement of current flow by 
cycling the voltage – linear 
ramp in one direction and 
linear ramp in the opposite 
direction of the working 
electrode; reference electrode 
(fixed voltage) and counter 
electrode. 

ESI-MS 
[U]2+ - monomer 
[U--U]4+ - dimer 

Equal m/z, different line spacing in the 
isotopic distribution. 

Mass Spectrometry/Cyclic Voltammetry 



 
 



Different Analytical Techniques for compound characterization 



UV-vis Absorption Spectroscopy 



UV-vis Absorption Spectroscopy 



Absorption and Emission Spectroscopy 



Absorption Spectroscopy – kinetic studies 



A particle in motion possess a magnetic moment m and an angular moment p, 
these are described as quantized vectors. 

For a nucleus the total magnetic moment moment of nuclear spin and the total 
angular momentum of nuclear spin are defined; the quantum number 
associated with these is the nuclear spin quantum number I.   

For each isotope of each element there is a fundamental state with I = n/2 (n = 
integer).  

The value of I depends from the atomic number Z and from the mass number 
A: 
 
Nuclei with even Z + even A possess I = 0,         NMR silent (12C, 16O); 
 
Nuclei with even or odd Z + even A possess odd n (I = ½, 3/2, 5/2), NMR active 
nuclei (1H, 13C, 15N, 31P); 
 
Nuclei with odd Z + even A possess even n (I = integer) (2H, 14N), NMR active 
nuclei. 

NMR spectroscopy : basic reminders 



If I0, the nuclei possess a total magnetic moment moment of nuclear 

spin m expressed by: 

m = g h [I (I+1)]1/2 

g is the gyromagnetic ratio, differing in value for each isotope 

In the presence of an external magnetic field B0 the nuclear spin axes can assume 
a set of orientations, in dependence of the magnetic quantum number m  

m = I, I-1, I-2,… - I 

 the total number of possible orientations is  2I+1 

NMR spectroscopy : basic reminders 



Possible orientations for nuclei with I = 1/2 

The energetic levels build up 
onlu in the presence of the 
external B0. 

The difference between the 
energetic levels is not fixed, 
but depends from B0.  

NMR spectroscopy : basic reminders 



When a sample is irradiated with a radiation with a specific 
frequency (and an energy ), a transition betweenthe  Quando si 
irradia il campione con una radiazione elettromagnetica che ha una 
frequenza, e quindi un’energia pari a DE, avviene la transizione tra i 
livelli energetici secondo la regola di selezione Dm = ± 1. 

LARMOR FREQUENCY - is the precession of the magnetic moment of 
the nuclei about the  external magnetic field. 

n0 = g / 2p  B0 

The sensitivity of NMR spectroscopy depends on the difference in 
population between the two levels, and therefore depends on B0 
and g. 

NMR spectroscopy : basic reminders 



Nuclei con I = 1/2 

NMR spectroscopy : basic reminders 



Chemical and/or Magnetic equivalence: 

Chemically equivalent nuclei: the ones that can interconvert by a 
symmetry operation on the molecule or that are equivalent in time 
by a very fast intramolecular dynamic process. These have the same 
chemical shift 

Magnetically equivalent nuclei: the ones that are chemically 
equivalent and that couples in the same way with the other nuclei 
of the molecules. These have the same coupling constant. J. 

Ha e Hb are chemically equivalent but not 
magnetically equivalent. 

NMR spectroscopy : basic reminders 



The resonances multiplicity (or splitting) is a consequence of 
coupling bewteen nuclei: 

nJ: coupling constant, with n = numeber of bonds between the 
coupling nuclei: 

1J    direct 

     2J  geminal 

3J    vicinal 

4J, 5J    long range 

Homonuclear coupling 1H-1H J  18 Hz; 

Heteronuclear coupling 1H-X J hundreds of Hz; 

Homo or Heteronuclear coupling X-X o Y-X J kHz.   

NMR spectroscopy : basic reminders 



The number of lines for first order spin systems is = (2 n I + 1);  
n = number of coupling nuclei with the one giving rise to the resonance,  
I = spin quantic number of the coupling nuclei; 
For nuclei with I = ½ the relative intensity of the lines is given by the Pascal Triangle 

NMR spectroscopy : basic reminders 



2D spectra are of the type: 

Homonuclear: same isotope frequency on the two dimensions; 

Heteronuclear: frequncies of two different isotopes in the twodimensions. 

2D spectra giving informations on nuclei that couple through bonds are called J-
correlated – COSY experiments (COrrelated SpectroscopY). 

NMR spectroscopy : basic reminders 



2D COSY of non-coupled nuclei 
2D map 

2D COSY of coupling nuclei 

NMR spectroscopy : basic reminders 



Nuclear Overhouser Effect NMR spectroscopy (NOESY) 
Exchange spectroscopy (EXSY) 

 
Useful for determining which signals arise from NMR-active nucleus that are close to each 
other in space even if they are not bonded;   
 
NOESY also detects chemical and conformational exchange (termed often EXSY-exchange 
spectroscopy-in this case); nOe may be observed between protons that are up to 4Å 
apart, while the upper limit for large molecules is about 5Å.  



Rotating frame Overhouser Effect NMR spectroscopy (ROESY) 





Stokes-Einstein 
 equation 

Stejskal-Tanner 
 equation 

Diffusion-Ordered NMR spectroscopy (DOSY) 

acetone 



Diffusion-Ordered NMR spectroscopy (DOSY) 







 



Time-lapse required for interaction between radaition and sample 

For X-ray, the photon interacts with the sample in a time-lapse 10-16 - 10-19 s, 
shorter than molecular vibrations (10-13 – 10-14 s), and rotations (10-10 – 10-12 s).  

The photon captures the molecules in a fixed vibrational and 
rotational situation, like a snapshot.  

The Time-scales 



The interaction between a radiation and a sample pomotes processes that 
occur in given time-scales. 

The Time-scales 



Lifetime of the excited states 

Some spectroscopic techniques relay on the population of excited states: UV-Visibile, 
IR, NMR, ... 

The excited state lifetime is the time required for an excited state to go back to the 
fundamental state: relaxation time. 

Heisenberg: 

tDE = h 

t is the lifetime of the excited state; DE is the uncertainty on the energy of the excited 
state 

h ≈ 10-34 J s 

Dn = DE/h = h/2pth ≈ 1/t uncertainty on the frequency 

Es: t = 10-15 s for electronic spectroscopy            Dn = 1015 Hz         same range of UV-Vis:           

BROAD BANDS! 

The Time-scales 



- 

The Time-scales 



Chemical Exchange 



Exchange between equally populated sites 

A B
kA

kB

nA nB 

ni =  pa na + pb nb 

ni 

Slow 

Fast 

Coalescence Temperature 

Temp. 1 

Temp. 2 

Temp. 1 < Temp. 2 

pa = pb = 0.50 

Chemical Exchange 



A B
kA

kB

nA 
nB 

ni =  pa na + pb nb 

ni 

Slow 

Fast 

Temp. 1 

Temp. 2 

Temp. 1 < Temp. 2 

pa = 0.33 pb = 0.66 

Chemical Exchange 

Exchange between non-equally populated 
sites 

Coalescence Temperature 



Chemical Exchange 





Lineshape analysis – determinatin of kinetic constants at different  Temperatures 
 
(suitable for the study of exchange processes on timescales from 10 μs to 100 ms) 



- NMR : [i] ≈ mM, Kmax ≈ 104 

  
- Microcalorimetry : [i] ≈ mM, Kmax ≈ 107 

 
 - UV-vis : 0.01 mM < [i] < mM, Kmax ≈ 106 

 
 - Fluorimetry : [i] ≈ mM, Kmax ≈ 108 



 



IsoThermal Calorimetry (ITC) 



The total molar concentration of the two 
binding partners are held constant, but 
their mole fractions are varied.  
 
An observable that is proportional to 
complex formation is plotted against the 
mole fractions of these two components.  
 
The maximum on the plot corresponds to 
the stoichiometry of the two species. 

The job-plot 


