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1 I n ~ o d u c f i o n  

The pu rpose  of this article is to out l ine the p resen t  role of molecu-  
lar spec t roscopy in the u n d e r s t a n d i n g  and describing the phys ics  of 
molecules,  This article is no t  a imed at the specialist but  at scient is ts  
and  technologis ts  who wish to have an idea on i) what  k inds  of  in- 
fo rma t ion  on mat te r  can be der ived f rom spec t roscopy and ii) wha t  
is the p resen t  state of the art at the level of in format ion  we can derive 
f rom such  physical technique,  Necessarily we will gloss over m a n y  
details and  mathemat ica l  deve lopments ,  bu t  w~l try to m e n t i o n  the 
basic concepts  and discuss  the lines of  thoughts  developed by spec- 
t roscopy;  with the aid of a few examples,  we'll give an idea of  how 
far one can go in the unde r s t and ing  of  a few natural  p h e n o m e n a  and 
in exploring the world of molecule  and  their behavior  as descr ibed  
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by spectroscopy. Moreover, when possible, indications of the applic- 
ations already in use and possible potential applications for future 
technology will be mentioned~ 

Only a few techniques at present allow the curious researcher to 
reach the description of a molecule and of its properties at a spatial 
resolution of a few tenths of a nanometer (i.e. on the Angstrom scale 
= 10-8cm.) On the other hand the development of a successful and 
useful Science requires a deep and detailed knowledge on the nature, 
shape (architecture and symmetry), dimensions, movements and be- 
havior of molecules as isolated entities (as, for instance, in the gas 
phase) or in condensed phases (e.g. liquid, solution and solids). Such 
curiosity is justified by the fact that the macroscopic properties of 
materials which make them useful depend on the properties of the 
molecules the materials are made of and how they are assembled in 
a supermolecular organization. 

Few are the physical techniques which provide the way to de- 
termine the structure and properties at the Angstroms scale; indeed 
one thing is to derive an "overall" or "average" macroscopic physical 
quantity which is related to an ensemble of molecules (e.g. thermo- 
dynamic quantities, mechanical or electrical properties etc) and one 
thing is to be able to measure atomic distances (with the accuracy of 
10-3A), bond angles, electronic densities, atomic charges and elec- 
tronic mobility between atoms within each molecule (intramolecular) 
and between atoms belonging to the neighboring molecules (inter- 
molecular). 

At present the frequencies of molecular rotations, frequencies and 
amplitudes of atomic vibrations, electrical dipole moments, atomic 
electrical charges~ atomic masses, nuclear and electronic spins etc. 
can be easily obtained and used for the deep understanding of the 
physics of natural phenomena. 

For many years the direct vision of the extremely small world 
has been obtained by various kinds of microscopic techniques where 
nature appears directly at the human eye. With the traditional optical 
microscope objects with dimension of a few micrometers (1/Jm = 
lO-6cm) can be easily seen and characterized; next objects of ~ i mi- 
cron could be explored with a variety of electronic microscopieso The 
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direct observation of single molecules and /o r  a toms remained an un- 
thinkable dream for many years unti l  1986 (Nobel prize to Eo Ruska, 
G. Binning and H. Roher) which saw the bir th of two new techniques 
namely Scanning Tunnelling Microscopy (STM) and Atomic Force Mi- 
croscopy (AFM) which were later implemen ted  in various ways. 

The mystery of the "invisible molecules" was broken by AFM and 
STM which provide the way to see single atoms and single molecules 
deposi ted on a solid surface and allow to unravel in detail their struc- 
tnre and organization and even some of their overall molecular  mo- 
tions [1] (figs. 1.1, 1.2). At present  single atoms or molecules can 
be held by special tweezers  and can be moved f rom one place into 
another  one, at the molecular  scale, in the specimen under  study 

(fig. 1.3). 
The knowledge of geometry and shape of molecules throughout  

many years has been based most ly  on the detailed information de- 
rived f rom solid (crystalline) samples with X ray crystallography; this 
technique works best  when  atoms (or molecules) are organized in 
a periodic lattice of a given syTnmetry. The periodicity of the elec- 
tronic distribution can be probed by the diffract/on of the X ray ra- 
diation and molecular and crystal s t ructures obtained (fig. 1.4). In- 
teratomic distances in a non  periodic assembly of molecules (gases, 
liquids and amorphous  solids) could be reached also by electron dif- 
fraction (fig. 1.5). 

The purpose of this paper is to provide a quick overall analysis of 
the possibility of probing the world of molecules by vibrational spec- 
troscopy. We shall first outline the basic physical principles and will 
later indicate the recent developments  which witness the renaissance 
of this technique. 

2 M o l e c u l a r  M e c h a n i c s  

Let a suitably chosen set of N atoms somehow approach each other 
and develop some kind of directional interactions which stick them 
together  to form an aggregate of atoms called "molecule". Since 
a toms are made up of positive (nuclei) and negative (electrons) elec- 
trical charges the kind of repulsive and attractive interactions which 
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Figure 1.1:NM105 lambda DNA imaged dry on poly-L-lysine mica, by 
AFM technique. Scan size 900 x 900 nm [2]. Courtesy of: Dr. 1LM. Hende- 
rson Department of Pharmacology Tennis Court Road, Cambridge, UK 
CB2 1QJ. 

take place are essentially of electrostatic nature. Let V({ri}) be the 

total potential  energy of the systems which changes when nuclear 

coordinates {r/} are changed. Physics tells us that the final shape 

of such object consisting of N electrically interacting atoms (i = 

1 . . . .  , N) corresponds to the min imum potential  energy (equilibrium) 

structure,  that is for a given choice of {ri} = {r~ such that VV = O. 

Let us consider, for sake of simplicity, a heteronuclear  diatomic 

molecule A-B where atoms A and B (with atomic masses  mA and mB 

respectively) lie at a distance r .  Let us describe in a classical way, 

without any recourse yet to quan tum mechanics,  the process of form- 

ation of the molecule: when atoms A and B are approached f rom an 
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Figure 1.2: S'I2vl image of polycyclic aromatic molecules (Bishexa-peri- 
hexabenzocoronenyl) deposited on the basal plane of a graphite cwstaL 
From ref. [3]. 

infinite d is tance  they  s ta r t  in terac t ing  and at t ract ive and  repuls ive  

forces  are developed;  we can ske t ch  a potent ia l  energy  curve  V ( r )  

(fig. 2.1) .  

At r = r ~ a repuls ive  force  originat ing b y  the in te rac t ion  of  the 

pos i t ive  nuclear  charges  is exact ly  ba l anced  by  at t ract ive forces  bet-  

w e e n  nuclei  and e lec t rons  in s u c h  a way  that  a toms  are b o u n d e d  to- 

ge ther  in a s table  a tomic  a r r angemen t ,  i.e. a chemical  b o n d  is fo rmed .  
dv The chemical  b o n d  is t han  f o r m e d  w h e n  a7 = 0. From V(r) of  fig. 2.1 

we der ive  addi t ional  in te res t ing  informat ion.  Classically the  molecu le  

is at r es t  at r = r ~ if an increas ing  a m o u n t  of  energy is p r o v i d e d  the 

molecu le  s tar t  oscil lat ing wi th  amp l i t udes  of  v ibra t ion a symmet r i c -  

ally increas ing at e i ther  s ides  of  r = r~  as a consequence ,  the  av- 
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Figure 1.3: STM image of Xenon atoms on the (110) surface of a pure 
Nickel crystal  The IBM acronym has been obtained by displacing the Xe 
atoms on the surface with the STM tip. From ref. [4]. 

erage b o n d  d is tance  increases  ( thermal  expansion).  When  AE = D o 

is p r o v i d e d  (D o = d i ssoc ia t ion  energy)  r = oo is reached.  It has  to 

be  no t i ced  that  D o is qual i ta t ively a m e a s u r e  of  the  react ivi ty  of  the  

sys t ems ,  i.e. on  h o w  easy  is to make  chemis t ry  with the  sys tem.  

The exact  knowledge  of  the  in t r amolecu la r  potent ia l  still e s c a p e s  

any h u m a n  poss ib i l i ty  and  r ecou r se  is m a d e  to i) va r ious  "empir ical"  

m o d e l s  m o r e  or  less successfu l ,  ii) an app rox i ma t e  (but  at p r e s e n t  

qui te  reliable) desc r ip t ion  f rom q u a n t u m  mechanics .  

Let V ( r )  be  the molecu la r  po ten t ia l  energy  func t ion  for  the diat- 

omic  mo lecu l e  A-B u n d e r  s tudy.  We k n o w  very  little o f  such  a func-  

t ion for  any  molecule .  We only  k n o w  for  sure  that  i) such  func t ion  has  

an abso lu t e  m i n i m u m  at r = r ~ ii) has  an a symmet r i ca l  shape  wi th  

a s t eep  increase  at r < r ~ (due to very  s t rong  repuls ive  forces w h e n  

a t o m  A a p p r o a c h e s  a t o m  B) and iii) at r > r ~ it r eaches  an a s y m p -  

totic l imit at r = co. We can than  define D ~ = V(oo) - V(rO), which  

c o r r e s p o n d s  to the energy  r equ i red  for  separa t ing  the two a t o m s  at 

infinite. Both  r ~ and  D o can  be  m e a s u r e d  exper imenta l ly  wi th  grea t  

accuracy.  
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Figure 1.4: Structure of a chain of crystalline isotactic poly-styrene as 
obtained by X-rays diffraction. From ref. [5]. 

The first a t tempt  to describe with an analytical funct ion the in- 

tramolecular potential is a classical one which tries to write a po- 

tential function with parameters  which can be derived, for a given 

molecule, f rom some experimental  data (i.e. equilibrium geometry, 

dissociation energy . . . .  ) [8, 9]. 

The classical approach briefly ment ioned  above cannot  account 

for the electronic and dynamical  propert ies  of a real molecule. A 

quan tum mechanical t rea tment  has to be developed. As a consequen- 

ce the internal energy associated to a molecule becomes quant ized 

and several electronic states can be predicted at different energies, 

each state describing the sys tem with specific electronic structure, 
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Figure 1.5: Electron diffraction pattern of a gaseous sample. Electron 
scattering intensity is plotted versus s = 4Tr/A sin O, 0 = scattering angle~ 
The diffraction pattern gives the distances between all possible pairs of 
atoms in the molecule. From ref. [6]. 
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Figure 2.1: Scheme of a potential energy curve V(r) of a diatomic mo- 
lecule shinning the most physically relevant quantities: r ~ D o and the 
quantized vibrational energies (from ref. [7, page 99]). 
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i.e. with a specific distribution of the electronic density in the bonds  
connect ing the atoms. For each electronic state it is possible to  ob- 
tain a specific intramolecular potential  which depends  on the peculiar 
electronic structure of the state considered and which allows to ob- 
tain with well defined interatomic distances and physical propert ies 

(fig. 2.2). 
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Figure  2.2: In t ramolecular  po ten t ia l  energy funct ion  assoc ia ted  to some  
of the electronic quan tum s ta tes  (with their  v ibra t ional  states) of the O~ 
molecule.  The greek capi tal  le t ters  Z and A w-ith subsc r ip t s  u or  g and 
supe r sc r ip t  + or - ident i fy the s~Tnmetry of  the  wave-funct ion a s soc ia t ed  
to each state, the supersc r ip t s  1 and 3 indicate  the  mtflt ipliciW of  sp in  
s ta te  (2S + 1). From ref. [7, page 446]. 

In simple words each electronic quan tum state describes an ob- 
ject (molecule) with a given shape. The structure, ene r~es  and sym- 
metries of the manifold of electronic states of a molecule determ- 
ines propert ies (or phenomena)  which can be obtained by providing 
(= absorption) or removing (= emission) a precisely defined (and ex- 
perimental ly measured) energy. The lowest energy' state in generally 
labelled as "ground state"~ 
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A molecule  thus  fo rmed  in any of  its electronic q u a n t u m  states is 
an object  which in free space can p e r f o r m  translat ions,  ro ta t ions  and 
vibrations that  can be descr ibed first wi th  the rules of  classical mech-  
anics, then  (when necessary) recourse  is m a d e  to q u a n t u m  mechanics .  

If we wish to describe the  m o t i o n s  of  the  molecule  in te rms of 
a laboratory fixed cartesian reference sys t em we need  3N coordin- 
ates. If the molecule  is cons ide red  as a rigid body  the translat ional  
m o t i o n  can be described by fol lowing the d i sp lacements  of its center  
of  mass  with three ins tan taneous  coord ina tes  Tx, Ty and  Tz. Three 
rotat ional  coordinates  (Rx, Ry and Rz) which  describes rotat ional  dis- 
p lacements  a round  its 3 principal  axis of inertia are required to treat  
the rotat ional  mot ions  of this rigid body.  Moreover, when  one con- 
sider  that  a toms  can pe r fo rm vibrat ional  mot ions  (during which the  
relative dis tances  change) 3N - 6 vibrat ional  coordinates  (3N - 5 for 
a linear molecule) are necessary  for descr ibing the ins tan taneous  po- 
si t ion in space of  a toms which are pe r fo rming  some kind of (purely 
vibrational) periodic oscillations a round  the equi l ibr ium posi t ions  r ~ 

3 R o t a t i o n a l  a n d  V i b r a t i o n a l  M o t i o n s  o f  a D i a t o m i c  M o l e c u l e  

The first s tep in the descr ip t ion  of the rotat ional  mo t ion  of the mo- 
lecule can be easily obta ined by descr ibing with classical mechanics  
the ro ta t ion  of a rigid body, i.e. by a s suming  that  the interatornic 
b o n d s  are held rigidly fixed [7]. For sake of simplicity let us  consider  
a rigid dia tomic molecule (dumbbell)  where a toms with masses  mA 
and mB lie at a fixed equil ibrium dis tance r ~ (fig. 3.1). 

rnA m= 
| 

l<  r , 

S 

Figure 3.1: Model of a diatomic molecule with a rigid bond interconnect- 
ing atoms A and B with masses mA and ma. 
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The classical d~Tmmical quan t i t i e s  a s soc ia t ed  to the  molecu la r  ro- 

ta t ion of  rigid ro tor  are the  fo l lowing : 

| m o m e n t  of  inertia: 

i k/q'ZA + TFtB] 
(3.1) 

�9 angular  velocity: 

w = 2rrVrot, (3.2) 

whe re  Vrot is the ro ta t ional  f r e q u e n c y  (cycles per  sec = Hz) 

| ang~llar m o m e n t u m :  

P = Iw ,  (3.3) 

| classical ro ta t ional  energy:  

p2  
E = -~o (3.4) 

While the classical ene rgy  is d i rec t ly  re la ted  to its angular  veloci ty 

wi th  no res t r ic t ion  on  its ac tua l  values,  qnan t i za t ion  yields se lec ted  

and  discre te  energy  values 

h 2 j ( j  + 1) h 2 j ( j  + 1) 
E(J) = - (3.5) 

8T/'2]d (-r o) 2 8/7"2I , 

w h e r e  h is the Planck's c o n s t a n t  (6.6231 • 10  -27 erg sec) a n d  J = 

1, 2, 3 , . . .  is the ro ta t ional  q u a n t u m  n u m b e r  assoc ia ted  to d iscre te  

va lues  of the  angular  m o m e n t u m .  It fol lows f r o m  q u a n t u m  mech-  

anics  that  the ro ta t ional  energ ies  of  the  d ia tomic  molecule  A-B con- 

s ide red  as a rigid ro to r  are d i sc re te  wi th  values  increas ing quadra t -  

ically with J. It follows also tha t  the  molecu le  can ro ta te  only  wi th  

cer ta in  rota t ional  f requencies .  F r o m  the al lowed angular  velocities: 

w =  2 --7 J 
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f rom eq. (3~6) one derives the values for the  rota t ional  f requencies  

Vro t -  4Trh-2/~/J(J + 1). (3.7) 

Tradit ionally rotat ional  f requencies  are m e a s u r e d  in Herz (cycles/sec 
= Hz). We can re-express the rota t ional  energy E(J) of  eqo (3~ in cm -1 
by dividing by hc. Eq. (3.5) then  becomes:  

F ( j ) ( c m _ l )  _ E(J) h 8rr2ciJ(J + 1) = BJ(J + 1), (3.8) hc 

where: 

h 
B - - -  (3.9) 

8Tr2CI 

is the called "rotat ional  constant"  and  is the  quant i ty  which is meas-  
u red  exper imental ly  f rom rota t ional  spec t rum.  

The second  step is to r emove  the res t r ic t ion of rigidity of the bond.  
This requires  the knowledge  of V (r) .  As previously d iscussed  this is 
not  an easy p rob lem since some t imes  a reasonable  approx imat ion  to 
the "true" potent ia l  is sufficient for explaining some physical  phe- 
nomena ,  in o ther  cases the approx imat ion  to the t rue  potent ia l  has  
to be s t rongly p u s h e d  fu r ther  thus  mak ing  the p rob lem still more  

complex. 
For t reat ing molecular  vibrat ions our  lack of knowledge  can be 

practically overcome by expanding  VO') in a Taylor series about  the 

equi l ibr ium posi t ion  at r = r~  

( ) dl /  ( r  - r 0) + ( r  - r~  2 + �9 o ~ (3.10) 
V(r )  = V  O+ ~ 0 2 \ d r 2 ] o  

In eq. (3.10) V ~ can be r emoved  by a suitable shift of  the  energy scale, 
(~rV)o -- 0 by definit ion of r~  we decide to t runcate  the expans ion  
at the second  order  t e rm and neglect  the  higher  order  terms. This is 
a s t rong approx imat ion  mean ing  that  we restrict  our  analysis of  the 
physical  p h e n o m e n a  which are de t e rmined  by very small displace- 
m e n t  along r about  r ~ and neglect  to know the potent ia l  at large 

d i sp lacements  f rom r ~ 
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We are then  left with: 

1 [ d 2 V ~  
_ : �89 - (3.11) 

V(r) = [ k dr2  ]0  

wlJch  describes a parabolic potent ia l  with  curvature  ko We are then  
descr ibing the molecule  as an ha rmon ic  oscillator with r educed  mass  

m~,mR , wi th  spring cons tan t  k and  oscil_lating periodically wi th  /2  : m A + m B  

f requency 

Vosc = �9 (3.12) 

In pract ice the mode l  of the ha rmonic  oscil lator can be accepted  since 
the atomic vibrational ampl i tudes  are extremely small ( -  10 - l~  cm) 
and  the anharmonic  terms can, in a first approximat ion,  be neglected.  

At ten t ion  should  be paid to the cur ious  consequences  in the phys- 
ics (or chemistry) by the mode l  of the  molecule  in t roduced  with the  
approx imat ions  accepted for descr ibing V ( r )  (eq. (3.11)). We have ac- 
c oun t ed  for the non-rigidity of the  b o n d  and allow a vibrat ional  mo- 
t ion about  the equil ibrium pos i t ion  of the parabolic potential ;  how- 
ever we have given up  to the  concept  of D O because  the molecule  

canno t  be dissociated, i.eo no chemis t ry  can exist. 

As a consequence  of having r emoved  the rigidity' of  the d ia tomic  
molecule  the dynamical  p rob lem becomes  more  complex  since coup- 
ling be tween  rota t ions  and vibrat ions takes place and centr i fugal  dis- 
tor t ions  of a rota t ing ha rmonic  oscillator have to be accoun ted  for. 
In s imple  words  we can easily u n d e r s t a n d  that  if a non  rigid d ia tomic  
molecule  pe r fo rms  very" fast ro ta t ions  in space (as an example  for the 
molecule  H-C1 Vosc ~ 3 • 1012 cycles per  second) about  its pr incipal  
axis of  Inertia centrifugal forces are activated which increase the  dis = 
tance r be tween  the two a toms  thus  s t re tching the spr ing connec t ing  
the bonds .  Elegant theories and clever exper iments  have been  de- 
ve loped  for account ing in great  details of such  physical  p h e n o m e n a  
which,  however,  are outs ide  the scope of  this paper.  For an  extensive 
review of the basic theories see ref. [7]. 

As already s ta ted  if the rigidity of the interatomic b o n d  is relaxed 
vibrat ional  energies can be defined; a s suming  a harmonic  oscil lator 
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the potential  and kinetic energies are given respectively as: 

2V = k(r - r~  2 (3.13) 

( d(r  tr~ ) 2 2T =1~ (3.14) 

the quant ized vibrational energies turn out  to be 

E(v) = (v  + �89 hvosc (3.15) 

where v is the vibrational quan tum number  (v = 0, 1, 2, 3 . . . .  ) and 
Vosc is the classical vibrational f requency already defined in eq. (3.12)~ 
It follows that the quant ized vibrational energy" levels of a diatomic 
molecule A-B taken as harmonic  oscillator are equally spaced of a 
quanti ty hvosc and the amount  of energy to be given in absorpt ion 
(or emit ted by emission) when the system changes vibrational states 
f r o m v  t o v ' = v + l ( o r v ' = v - 1 )  i s A E = h v o s c .  

Traditionally the vibrational frequencies are expressed in w = Vo~; C 

(cm-1) (c = velocity of light in cm/sec); fur ther  division of the mem- 
bers of eq. (3.15) by hc gives the usual  expression of the vibrational 
energy, namely: 

E(v) = G ( v )  w ( v +  1)  (3.16) 
hc 

Let us select f rom the electromagnetic spect rum a certain range of en- 
ergies E(v) = hv which may interact with our diatomic molecule and 
possibly excite rotations and /or  vibrations. In this chapter we pur- 
posely neglect  to ment ion any technical concepts (sources, dispersing 
devices, optics, detectors,  recorders  etc.) which strongly depend on 
the frequencies (or wavelength) of the light beam considered. 

Let E = E ~ cos(2rrvt)  describe the electrical component  of the 
light beam which is impinging on our diatomic molecule and is per- 
turbing its environment.  The only possibility for a vibrating molecule 
to "perceive" the oscillating electrical field of the light beam is that  its 
electronic distribution is such that it develops an oscillating (or rotat- 
ing) molecular  electric dipole moment/ . t .  In such a case, classically, 



THE LIGHT AS A TOOL TO UNRAVEL ETC. 97 

| ! 
V I I 

I I 
7 .... 1 ' ' '"" "~' ' / '  

l I 
I 

6 l 
i I 

I 
I 

5 '  1 ! - 

l ! 

4 ~ , t 

3 ~,, , l 

I _ I I l l  I I _ 2 t 

1 i\ / , _ 

' I  ' 
~,  f . . . . . . .  

\ / 
I 

Figure 3.2: Vibrational levels of a harmonic oscillator. The dotted curve 
represents the harmonic potential energy (ordinate) as a function of in- 
teratomic distance r (abscissa). The equally spaced full lines with the 
corresponding vibrational quantum numbers v on the left represent the 
energy levels. The vertical seg-ments indicate the transitions of one vi- 
brational quantum. From reL [7, pag. 75 ]. 
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the  oscillating electrical field of the  light interacts  wi th  the molecu-  
lar dipole: when  condi t ions  for mechan ica l  resonance  are verified the  
energy of  the beam of light is t r ans fe r red  to the molecule.  

The view of  q u a n t u m  mechan ics  is that  the only energies which  
can be p rov ided  by the light b e a m  to the  molecule  are those  clearly 
def ined  by precise  condi t ions  of  quan t i za t ion  (see eqs. (3.8) and  (3.16)) 
and  by select ion rules. For a polar  d ia tomic  molecule  the t ransi t ions  
al lowed by select ion rules be tween  rota t ional  q u a n t u m  states  are 
AJ = _+1. When light is absorbed  in the pure  rotat ional  s p e c t r u m  
AJ = +1; f rom eq. (3.8) it follows that  the  energy absorbed  turns  ou t  
to be: 

co = F ( j u p p e r )  _ F ( f l o w e r )  

= B ( J  + 1)((J  + 1) + 1) - B J ( J  + 1) = 2 B J ( J  + 1). 
(3.17) 

From eq. (3.17)we derive that  the  absorp t ion  s p e c t r u m  associa ted to 
the pure  ro ta t ions  of a d ia tomic molecule  is predic ted  to occur  (and 
indeed  observed) in the microwave range as a series of lines wi th  
a d is tance of  2B (here centr i fugal  d is tor t ions  are neglected). If the  
f requencies  of  these absorp t ion  lines are accurately m e a s u r e d  an ac- 
cura te  value of  B is obtained; f r o m  eqs. (3.9) and  (3.1) the  u n k n o w n  in- 
te ra tomic  dis tance for the d ia tomic  molecule  A-B in a given electronic 
state is accurately measu red  wi th  an accuracy of a few thousands  of 
A [10]. 

Analogous  procedure  can be appl ied  for the predic t ion  of the  ab- 
so rp t ion  s p e c t r u m  of the dia tomic molecule  A-B taken as ha rmonic  
oscillator. Vibrational select ion rules  are: Av = _+1; for the absorp-  
t ion s p e c t r u m  Av = +1, thus: 

G(~J upper) - G(v l~ = G(v  + 1) - G ( v )  = to, (3.18) 

which  tells us  that  the f requency of  the absorbed  light is equal to the  
osci l lat ion f requency of the ha rmon ic  oscillator and the absorp t ion  
s p e c t r u m  (generally in the in f ra red  range) consists  essentially of a 
single s t rong  absorp t ion  b a n d  as i ndeed  observed. From the observed  
f requency  using eq. (3.12), once the a tomic masses  are k n o ~ ,  the 
u n k n o w n  force cons tant  of the  b o n d  connect ing  the two a toms  can 
be calculated.  Tables of b o n d  force cons tan t s  (see table 3.1) of  very 
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Figure 3~ Rotational levels and rotational spectrum of the diatomic mo- 
lecole CO. 

m a n y  diatomic molecules  have been  obta ined  and f rom the analysis 
and  compar i son  of the data  a lot of  chemis t ry  (and physics) on the 
b o n d  proper t ies  has been  derived~ 

The last relevant observat ion  refers  to the quan t ized  vibrat ional  
energies;  f rom eq. (3.16) and  fig. 2,1 it is apparen t  that  the lowest  
vibrat ional  energy level (zero po in t  energy) does no t  coincide with 
the  lowest  energy m i n i m u m  of  the potent ia l  energy funct ion.  One has  
t hen  to dis t inguish be tween  equi l ibr ium b o n d  length  (r  e) and  r ~ (the 
average interatomic dis tance of  an oscil lators with E ~b = E ( v  = 0)) .  

Any elaborat ion on this in teres t ing  issue is beyond  the scope of  this 
pape r  (see ref. [7]). 

4 M o v i n g  T o w a r d s  L a r g e r  a n d  S t r u c t u r a l l y  M o r e  C o m p l e x  

S y s t e m s .  T h e  C a s e  o f  P o l y a t o m i c  M o l e c u l e s  

Let us  move f rom a very s imple  d ia tomic  molecule  and p roceed  to- 
ward  more  realistic molecular  sys t ems  made  up  by several a t oms  (or 
very  many,  like a polymer  or a protein!) of different type which  take 

up  in space a complicated s t ructure .  
Regarding the rotat ional  m o t i o n  of gaseous  polyatomic molecules  

(when they can exist in the gas phase)  the concepts  jus t  ske tched  for a 
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molecule v k 
(cm -1) (mdynes /A)  

HF 4138.5 9.66 

HC1 2990.6 5.16 

HBr 2649.7 4.12 

HI 2309.5 3.14 

CO 2169.7 19.02 

NO 1904.0 15.95 

IC1 384.2 2.38 

(A) 
0.927 

1.274 

1.414 

1.609 

1.130 

1'151 

2.321 

Table 3.1: Vibrational frequencies (v), Bond force constants (k), inter- 
nuclear distances (r ~ for a set of diatomic molecules. From ref. [11]. 

d ia tomic  molecule  can be ex tended  to the s tudy  of the accurate shape  
and  geomet ry  of polyatomic molecu les  in the gas phase.  Ins tead of 
only one m o m e n t  of inertia we have to consider  the three principal  
m o m e n t s  of  inertia IA, IB and Ic and  derive energy levels and select ion 
rules  for such  complex rota t ing sys t ems  [10, 12]. 

From rotat ional  spectroscopy,  geometr ies ,  b o n d  distances and  
b o n d  angles have been de t e rmined  wi th  great  accuracy and have al- 
lowed to develop the basic correla t ions  be tween  molecular  s t ruc ture  
and  physical  and /o r  chemical  propert ies~ 

The t r ea tmen t  of the vibrat ional  dynamics  of polyatomic molecu-  
les is an int r iguing problem which  has  kep t  busy  for a long t ime m a n y  
workers,  including the au thor  of this chap te r  and many  of  his collab- 

orators.  Essentially one has to develop first the classical dynamics  of 
a set of N "electrically" interact ing a toms  which make  up an object  
whose  shape  is that  at the "equil ibrium" described by the absolute  
m i n i m u m  of  a mul t id imens iona l  potent ia l  energy function.  

Let {xi}, i = 1 . . . . .  3N be the set  of  ins tan taneous  cartesian co- 
ord ina tes  of  the 3N a toms of the vibrat ing molecule and  let {x ~ = 0} 
be the  cor responding  equi l ibr ium coord ina tes  when  the molecule  is at 
res t  (at the  equil ibrium).  {xi} descr ibe nuclear  vibrational displace- 
m e n t s  f rom equilibrium, that  is the  potent ia l  m i n i m u m  is taken as 
origin of  our  reference system. Moreover, the reference sys tem is 
chosen  in such  a way that  it t ransla te  and rotates with the molecule:  
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C4H40 

A O~ d e g  

O-C(2) 1.3621 ( 3 0 5  C(2')-O-Ct2) 106.55 (20} 
C(2)-C(3) 1.3609(305 O-C(2),-C (3) 110.7 (2) 
C(3)-C(3') 1,4309(30) C(2)-C(3)-C(3') 106.05 (20) 
C(2)-H(2) 1,0750(50) O-C(25-H (2) 115.9 (5) 
C(3)-H(3) 1.0768(505 C(Y)-C(3)-H (3) 128.0 (5) 

Atom a i [A] b~ [A] 

O -1.1338 0 
C(2) -0,3193 • 
C(35 0.9885 +0,7155 
H(25 -0.8132 • 
H(3) 1.8376 • 

C~ v 

cIs'l ! C(31 

Bak, B., ChtSstensen. D., Di.xon, W.B., Hansen-Ny~aard, L., Rastrup-Andcrsen, J., Schottlander, M. : 
J. MoL Spectry. 9 (1962) 124. 

MW: N6sberger, P,, Bauder, A., Gi.inthard, Hs.H.: Chem. Phys. I {t973) 418. 
M W: Bak, B., Hansen, L., Rastrup-Anderzen, J.: Discussions Faraday Soc, 19 (1955) 30, 

Figure 4,1: Geometrical parameter of a polyatomic moleoale (C4H40) as 
determined from its rotational spectrum observed in the microwave re- 
gion of the electromagnetic spectrum~ From ref. [13]. 

for this reason the coordinates {xi} are not  independent .  They mus t  

satisfy the 6 Eckart-Sayvetz [14] conditions, in order to allow a sep- 

arat ion of the vibrational and rotational problem. 

Just like in the case of diatomic molecule (eq. (3.10)) the generally 

unknown vibrational potential  energy function can be approximated 

by the following Taylor expansion about the equilibrium structure 

xi+y o j: xixj+o.. (4ol) 
t t j  

The zero-th order term is removed by a suitable shift of the energy 

axis, the first order terms vanish, since the origin coincides with the 

equilibrium geometry*, the second order  terms defines a quadratic 

potential. Again for most  of the cases of chemical interest  the expan- 

sion is t runcated at the second order. The analysis of higher order  

terms goes beyond the scope of this paper. 

The truncation at the second order  implies that the restoring for- 

ces are assumed to be linear with displacements from the equilibrium, 

*Since the {xi} coordinates are not independent, due to Eckart-Sayvez condi- 
t-ions, the fact that linear terms in eqo (4.1) are zero is not immediate. It can be 
easily demonstrated (see for instance ref. [15, Appendix lI]). 
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thus  descr ibing the polyatomic  molecu le  as a set of N masses  connec-  
ted by elastic spr ings  which can p e r f o r m  only harmonic  oscil lations.  

For a comple te  d i scuss ion  see, for instance,  refs. [15, 16]. 
The kinetic energy of  our  s y s t e m  can be wr i t ten  as: 

(3x i~  2 
2T= X m r  \ 3t ] ~ (4.2) 

For sake of  conciseness  we can rewri te  eqs~ (4.1) and  (4.2) in mat r ix  

no ta t ion  as: 

2V = x 'Fxx  (4.3) 

and  

2T = M , (4.4) 

where  ' is the  symbol  of t ransposi t ion ,  f i j  = ~ ]  are the  ele- 

me n t s  of  the force cons tan t  mat r ix  and  M is the (3N x 3N) diagonal  

matr ix  of the a tomic masses .  
A set of  3N equat ion  of the m o t i o n  (one for each cartesian degree  

of f reedom) can be obta ined w h e n  kinetic energy (eq. (4.4)) and  po- 
tential energy (eq. (4.3)) are i n t roduced  into Lagrange equat ions.  The 
equat ions  obta ined can be descr ibed as a set of  3N coupled  ha rmon ic  

oscillators~ Solutions are in the form: 

J = Lij cos ~j~jjt, (4.5) x i 

where  Aj are called "f requency paramete rs"  and define the f requency  

of oscil lat ion of the a toms  dur ing  the  j- th normal  modes  Qj. During 
a given vibrat ional  normal  m o d e  Qj all a toms move in phase  wi th  

cm -  1) - / ~J and with ampl i tude  Aj and  Lj f requency  toj  ( in _ ~ / ~  Lj. 
can be calculated by solving the secular  equat ion 

M-IFxLx = LxA, (4.6) 

where  A is the diagonal matr ix  of  the  3N Aj parameters .  For a poly- 
a tomic molecule  6 of the 2 U vanish  because of the Eckart condi t ions:  
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they indeed  cor responds  to 3 rigid t ransla t ions  and 3 rigid ro ta t ions  
of the molecule.  Thus  3N - 6 Aj are n o n  vanishing and  refer to the 
3N - 6 normal  modes  Qj of the molecule.  Depending  on the shape  
of the molecule  (symmetry) some of the  non  vanishing Aj may  tu rn  
out  to be equal  (degenerate modes :  doublets ,  t r iplets  and  even quin- 
tuplets  for very high symmetr ica l  molecules ,  e.g. fullerene). 

The relat ion be tween  car tes ian d i sp lacements  and normal  m o d e s  
is as follows: 

x = L x Q .  (4.7) 

The matrLx Lx cannot  be descr ibed as an or thogonal  t r ans fo rma t ion  
because  M-1Fx is not  symmetr ical .  The normal iza t ion  condi t ion  for 
the eigenvector  matr ix is chosen  as: 

LxL~ = M -1, (4.8) 

which allows to write b o t h  kinetic and  potent ia l  vibrational  energies 
in diagonal  form: 

(4.9) 

2V = Q 'AQ.  (4.10) 

The impor t an t  in fo rmat ion  der ived f rom eqs. (4.9) and (4.10) is that  
normal  m o d e s  can be descr ibed as uncoup led  s imple ha rmonic  oscil- 
lators. 

At this point  q u a n t u m  mechanics  (see, for instance ref 17) m u s t  
be in t roduced  : the molecule  is now a set of 3N - 6 s imple ha rmon ic  
oscillators. The associated Schrodinger  equat ion gives rise to 3N - 6 
sets of vibrational levels, one for each Q j: 

J J J 

(4.11) 

Applicat ion of the same select ion rules as in the case of a diat- 
ornic molecule  taken as ha rmonic  oscillator allows to predic t  that  the 
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vibrational absorption spectrum of a polyatomic molecule consists 
of a set of absorption bands each one corresponding to the trans- 
ition between adjacent vibrational levels v j  ~ v j  + 1 (fundamental 
transitions) for each normal mode~ 

In reality the observed experimental spectrum of a polyatomic 
molecule i) may show less that 3 N - 6  fundamental transitions, ii) may 
show many additional bands not predicted by the theory of harmonic 
oscillations and iii) the observed bands can be strong, weak and very 
weak~ 

Case i) is accounted for if the point symmetry of the molecule 
(in its equilibrium geometry) is identified: in this case group theory 
applies [15, 18, 19, 20] and symmetry considerations allow to derive 
selection rules for vibrational transitions (see below). 

Case ii) is due to the fact that in reality higher order terms in the 
expression of the molecular potential should be included [12, 15]; 
the anharmonicity of the potential produces transitions to quantum 
states with Av = 2, 3, 4, 5 which generate strong or weakbands throu- 
ghout the energy range of the vibrational spectrum. 

Case iii) is associated to the fact that molecules are build up by 
nuclei and electrons which determine the charge distribution in mo- 
lecules at rest and during vibrational modes. The electron charge 
distribution and its mobility are the ingredients determining (for a 
thorough discussion see refso [21, 22, 23]) the vibrational absorption 
intensities (this applies also to the case of the rotational lines in ro- 
tational spectroscopy in the microwave region) and the Raman scat- 
tering factors. 

It is conceptually very pleasing to realize that, if the molecule 
(in its equilibrium structure) has a symmetric shape, Group Theory 
helps a lot in the prediction of the spectra and of the related proper- 
ties [15, 18, 19, 20]. Each molecule can be classified as belonging to 
a given point group. The vibrational displacements of the molecule 
expressed in cartesian coordinates form the basis of a reducible rep- 
resentation of the point group. The linear transformation (eq. (4.7)) 
carries to the normal coordinates Qj which form a basis for the irre- 
ducible representation of the point group. With the help of Wigner's 
operator it is then possible to predict the structure of the irreducible 
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representation,  Le. how many times a given irreducible represent- 
ation (symmetry species) appears  in the full representa t ion for the 
molecule considered. We can then assign all the 3N - 6 Qj and the 
6 non  vibrational degrees of f reedom (3 translat ions and 3 rotations) 
to the various irreducible representat ions.  When group theory is ap- 
plied to the quan tum t rea tment  of vibrational problem it becomes 
possible to predict whether  a given quan tum transit ion can occur 
when light is impinging on the molecule  [15]. For this reason some 
quan tum transitions will be observed in the spectra (spectroscopic 
activity) and some will not  (inactive transitions), 

On the other  hand, the matching of the theoretical predictions of 
group theory with the experimental  vibrational spectra is a formid- 
able tool for deriving the shape of the molecule  (see, for instance, 
ref. [24]). 

5 T h e  M o l e c u l a r  Fo rce  F ie ld  

In principle eq. (4.6) can be easily applied to calculate molecular  vibra- 
tional frequencies and the corresponding normal  modes; in practice 
while atomic masses (matrLx M) are known almost  nothing is known 
for the force constant  matrLx Fx. In eq. (4.6) one would need to know 
all the elements  of each of the 3N • 3N force constant  tensor. This 
difficutW has never been overcome by any researcher  and smart  tricks 
and models  needed to be developed for deriving relevant information 
on the molecules f rom the infrared absorpt ion spectrum which, as of 
today, is extremely easy to be obtained by the moderns  ins t ruments  
in this field. 

The first important  advancement  in the field has been the defini- 
t ion of a new set of vibrational coordinates which have been sugges- 
ted by the feeling chemists have on molecules as objects held together 
by directional forces developed along the chemical bonds.  In 1940 
the russian school of Elishevich [25] and in 1941 Wilson [26, 15] have 
defined sets of chemical "internal" displacement  coordinates (gen- 
erally labelled by R) by suitably making linear combinations of the 
car tesian displacements.  The Wilson's new coordinates are called : a) 
Bond stretching, b) angle bending, c) out of plane deformation and d) 
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Figure 5.1: Definition of the internal vibrational displacement coordin- 
ates. 

Let 

R = B x  (5 .1)  

be the  l inear  t r an s fo rma t ion  be tween  3N car tes ian  and  3N - 6 in- 

te rna l  v ibra t ional  d i sp lacement  coord ina tes .  Let us  also a s sume  for  

s impl ic i ty  tha t  we are dealing wi th  a n o n  r e d u n d a n t  set  of  R's (i.e. the  

n u m b e r  of  in te rna l  coord ina tes  is i ndeed  3N - 6). 

The vibra t ional  potent ia l  can be wr i t t en  in te rms  of  R's as 

2V = R'FRR (5.2) 
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and the kinetic energy as 

2 T =  \ d t /  (GR)-I ~ ' 

where  

107 

(5.3) 

Ga = B M - ] B  ' (5 .4 )  

is the inverse of  the metrical  t ensor  in the internal  coordinate  space 
R, which  can be calculated easily because  atomic masses  and the geo- 
met ry  of  the molecule  are known.  

The eigenvalue equat ion  (eqo (4.6)) in internal  coordinates  becomes  

GRFRLR = LRA (5.5) 

and  can be solved once the  e lements  f i j  = t ~ ) e  q are known.  

The great  cont r ibut ion  by Wilson has  been  to provide us  with a 
tool to learn chemis t ry  f rom a vibrat ional  s p e c t r u m  since he is a iming 
at the molecular  proper t ies  which  are involved in the normal  m o d e s  
of vibrations.  Diagonal te rms  f i i  are the  elastic cons tan ts  of spr ings  
which "replace" the chemical  b o n d s  or spr ings  which describe the  
elastic react ions to the open ing  (closing) of b o n d  angles and torsional  
angles. 

The impor tan t  concept  which makes  the dynamical  p rob lem of a 
molecule  different f rom the d)T~amical p rob lem of a strictly mechan-  
ical mode l  is the following. In a pure ly  spring-and-balls mode l  only 
the diagonal  e lements  f i i  of  the FR matrLx mus t  have n o n  zero (and 
positive) values and  all off-diagonal te rms  f i j  m u s t  be zero since 
mechanica l  springs do no t  affect each other  during vibration. For 
an object  held together  by electrons and  nuclei  electrons are mobile  
t h r o u g h o u t  the whole molecule  and  change their d is t r ibut ion when  
b o n d  s t re tchings  and angle bend ings  or tors ions are excited. The 
cross  te rms  f i j  thus  acquire a great  impor tance  since they tell us  to 
wha t  extent  electrons are f luctuat ing across the molecule dur ing each 
in ternal  coordinate  d isplacement .  

Because their impor tance  in chemis t ry  and physics m a n y  and  great  
efforts have been  made  in the  pas t  50 years to calculate the force 
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constants f~j from the experimentally observed spectra. Conceptu- 
ally in eq. (5.5) G (from geometry and atomic masses) and A (from 
the experimental spectrum) are the known parameters which should 
allow to calculate the elements of the matrix FR. 50 years of work 
are not many in such a field since spectra had to be recorded and 
analyzed and then the calculation of force constants had to be faced. 
The problem which needed to be overcome is that the number of in- 
dependent force constants is, in general, larger than the number of 
experimental frequencies. Several methods have been proposed : the 
most relevant are: i) the use of spectra of the isotopic derivatives of a 
given molecule which, by definition, possess all an identical FR mat- 
rix (see, for instance refs. [27] and [28]) ; ii) least squares refinement 
of force constants over the spectroscopic data of many chemically 
similar molecules (see for instance refs~ [28, 29, 30]), iii) use of the 
data from vibro-rotational and rotational analysis such as centrifugal 
distortions etc (see for instance ref~ [29]). 

Empirical force constants from spectra of many classes of mo- 
lecules are presently available; thanks to the computational facilities 
now available also on personal computers, the prediction of the vi- 
brational frequencies and of the vibrational displacements of a given 
molecule (by eq. 34) is a routine work even for very large molecules, 
i.e. for molecules made up by very many atoms in a complex mo- 
lecular structure (e.g. ref. [31]). Comparison of the calculated and 
experimental vibrational frequencies can provide chemists or physi- 
cists with information on the molecular structure. 

6 Fu r the r  Use of Molecular  Dynamics :  Chemica l  Ana lys i s  

We have already given a physical meaning and discussed the use of 
three of the terms (G, F and A) appearing in eq. (5.5). The last term 
which can be calculated is the matrLx of the eigenvectors LR which 
do provide extremely useful information in many practical applica- 
tions of vibrational spectroscopy. Associated to the eigenvalue ?tj 
one calculates the eigenvector (LR)j which describes the v~brational 
displacements in terms of the Wilson's internal coordinates R. From 
eqs. (4.7) and (5.1), and by a proper definition of the generalized in- 
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verse of the matrix B [32], it is possible to write 

Lx = B-1LR (6ol) 

i.e. a linear t ransformation be tween the calculated displacements 
in internal  coordinates and the corresponding ones in the cartesian 
space. In this way all normal  modes  of a given molecule can be visual- 
ized and, if needed~ used as input of a computer  program which dis- 
plays the wiggling of molecules in tri-dimensions. From the example 
given in fig. 6.1 we can directly make some interest ing observations: 

In fig. 6.1 one notices that some of the normal  modes  imply dis- 
placements  "localized" on a given bond  while the other parts of the 
molecule practically remain at rest; some other  modes,  instead, in- 
volve the motions of all the atoms and they are said to be "deloc- 
alized" or "collective". Many bonds  show localized vibrations at a 
more or less specific frequencies which are then taken as character- 
istic and typical of the existence of that  particular bond. In other 
words it has been observed in many correlative studies (theoretical 
and experimental) that the so called chemical functional groups show 
characteristic frequencies in infrared. For example functional groups 
such as C-H, CH2, CH3, OH, NH, NH2, C=N, C=O, C-C1, C-Br, C-F, C-I, 
C-O-C, COOH, NO2 and many others show characteristic group fre- 
quencies, related to normal  modes  well localized on the functional 
group. 

It has been  then easy to discover that  the vibrational experimental  
spect rum provides characteristic signals for the identification of the 
emstence of these functional groups in the molecule under  study. It 
follows that each molecule shows its ~ibrational "fingerprint" in the 
vibrational spectrum; the "fingerprint" is so specific and character- 
istic of the molecule that a chemical diagnosis can be easily carried 
out, i.e. the chemical composi t ion of the sample s tudied can be "read" 
f rom the experimental  vibrational spec t rum (fig~ 6.2) 

The use of vibrational group frequencies has become a widespread 
technique [34] of chemical characterizat ion of practically all substan- 
ces, f rom gases to biological materials, in all phases, f rom specimens 
in the most  awkward physical si tuations (high and low temperature,  
solid, liquid, gases, macrosample  or microscopic samples, f rom sur- 
faces to aerosols etc.). Technology" and engineering have developed 
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Figure 6.1: Vibrational displacements of biphenyl associated to: a "loc- 
alized" normal mode (up) and a "collective" normal mode (down). The 
force field has been refined by least squares over many isotopic derivat- 
ives of this molecule (ref. [33]). Arrows indicate the trajectory followed 
by each atom during one fourth of a complete oscillation. (The scale of 
displacements is arbitrarily chosen). 
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Figure 6.2: Observed infrared absorption spectrum of a supposedly ~o- 
known material. The identification of the characterist/c group frequen- 
cies as indicated leads to the identification of the molecule: acetophen- 
one, with chemical formula drawn on the bottom of the figure. 

very sensitive, very fast (up to fsec) and super-automatic spectromet-  

ers and Fourier t ransform interferometers.  

At present  every research laboratory at universities and in indus- 

tries which deals with any sort of materials has more than one ma- 

chine which allows the recording of the vibrational spectra. The list 

of field where vibrations are routinely used can be very long; we just  

name a few as examples: organic chemistry, pharmaceutical  chem- 

istry, plastic industry, paint industry, forensic laboratories, biolo- 

gical laboratories in hospitals, geology, minmg, coal industry,  food 

industry,  electronic industry, indust ry  of semiconductors,  etc. 
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7 V i b r a t i o n a l  I n f r a r e d  a n d  R a m a n  S p e c t r o s c o p y  

For the everyday user  there are two most  relevant ways to obtain ex- 
perimental ly the vibrational spectra. These two ways have been ex- 
ploited by technology and very sophist icated ins t ruments  have been 
developed and are commercially available. 

7.1 Absorp t ion  Spec t roscopy  in the In f ra red  

The basic concepts  have been already presented  above in this article 
with eq. (3.18) for the diatomic molecule and eq. (4.11) for the poly- 
atomic molecules  taken as harmonic oscillators. Let us first remind 
the basic c o m m o n  relation E = h v  (where h is the Planck constant  
and v is the oscillation frequency of the electric field associated to 
the light wave). The energy required for a one-quantum vibrational 
t ransi t ion f rom v = 0 and v = 1 as given in eqs. (3.18) and (4.11) are 
usually in a f requency range from approximately 5000 to 5 cm -1 (i.e. 
with wavelength f rom 2 to 200/am); thus fundamenta l  vibrational 
transit ions can be observed by irradiating the sample with infrared 
light. 

Sources of infrared radiation, dispersive systems and detectors 
are available for exploring the wh91e frequency range and spectra are 
recorded in all possible modern  ways with spectra plot ted usually 
as absorpt ion intensities vs. wavenumbers  in cm -1. Three are the 
observables which can be read on a spectrum, namely i) peak fre- 
quencies, ii) integrated band intensities and iii) band  shapes. In the 
discussion which follows band  shapes are neglected. 

Very much  has been already said in this paper on vibrational fre- 
quencies which are related to the dynamics, chemical structure and 
shape of the molecules. Let us quickly ment ion  the relevance of the 
s tudy of vibrational infrared intensities in order  to derive further  very 
relevant informat ion of the electrical propert ies of molecules. This 
field of s tudy is relatively recent and relatively few groups (including 
that of the author  of this paper) have tackled in depth  the theory and 
the exper iments  related to vibrational intensities [21, 22, 23]). 

The distr ibution of electrons in any molecule determines their 
electrical properties.  Depending on the equil ibrium geometry the too- 
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Figure 7,1: Infrared spec~um of a substituted perylene molecule 
(C34H28N202)o 

lecule may  possess  a p e r m a n e n t  dipole m o m e n t / ~  (polar molecules)  
or m a y  have/~ = 0 (apolar molecules).  During a given normal  m o d e  of 
vibrat ion a ~  may  = 0 o r .  0 d e p e n d i n g  on the  geometr ical  changes  

i nduced  by the vibration. For a one q u a n t u m  q u a n t u m  transi t ion in 
vibrat ional  absorpt ion  the in tens i ty  of the b a n d  (obtained f rom its 
in tegra ted  area) in the infrared is: 

2 

Ai = cons t  ~ /  (7.1) 

it is useful  to express ~ in te rms  of the internal  coordinates  Again 
previously  defined: 

DQi - ~ -~t (LR)t~ (7.2) 

Lt~ are defined in eq. (5.5). ~ are exper imenta l  quant i t ies  The w h J c h  

can be measu red  in the spectra  once the fundamen ta l  vibrat ions (Av 
= +1) have been identified. Our g roup  in Milano has paid  a great  
a t t en t ion  to the s tudy  of vibrational  in tensi ty  and has cont r ibu ted  to 
the deve lopmen t  of a mode l  which  provides  molecular  pa ramete r s  
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from which again a lot of chemistry and physics can be learned for 
the interpretation of other phenomena. 

The model consists in decomposing the molecular dipole moment 
/1 into atomic quantities [35, 22, 23]. At any instant during the vibra- 
tion 

g = ~. clara (7.3) 

where q~ is the charge on atom ~x and may change during the vibra- 
tion. Then the infrared intensities can be expressed as a function of 

(a,~'~ ~ 
the parameters c/~ and \~-t  ) 

aQiall = f (clO 3qC~_~t, Lti) . (7.4) 

Eq. (7.4) indicates that, once the dynamical problem of the molecules 
has been solved, from the experimentally measured infrared absorp- 
tion intensities it is possible to calculate equilibrium atomic charges 
and charge fluxes. They tell us how much of the electronic charge is 
localized as a point charge on each vibrating atom and how much of 
the charge fluctuates along the bonds when the internal coordinate 
Rt is vibrating during the normal mode Qi. These information are 
indeed nonnegligeable in molecular physics or in chemistry and are 
easily derived from the vibrational absorption spectra. 

The model (Equilibrium Charges and Charge Fluxes) has been ap- 
plied to many molecules (from small gas phase molecules to mac- 
romolecules) and is the basis for a further modern development of 
vibrational spectroscopy in material science [36, 37, 38]. 

7.2 Raman Scattering 

Information on vibrational transitions can be obtained with a ful- 
ly independent optical technique which has been discovered by Ra- 
man [39]. When a light beam (generally in the visible region of the 
electromagnetic spectrum) of frequency vo goes through a substance 
in any phase the sample scatters light. If the scattered light is collec- 
ted at a given angle and analyzed with a spectrometer one finds that a 
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component  at frequency vo is strongly scat tered (elastically scattered~ 

Rayleigh radiation) and at either side of v0 additional frequency com- 

ponents  (anelastic~ Raman scattering) are found at vo + vj~ where j 

corresponds to the normal mode  frequencies of the molecule in the 

sample analyzed. It is thus possible also f rom the Raman effect to 

derive information on the normal  modes  of vibration of a given mo - 

lecule [7, 12, 15, 40]. 

Figure 7.2: Raman spectrum of CC14. The Rayleigh line at 0 c m  -1 in 
the Raman shift scale, Stokes (left side, negative Raman shifts) and Anti 
Stokes (right side, positive Raman shifts) can be clearly identified~ 

Like in the case of infrared some of the vibrational transitions may  

be observed in the Raman spec t rum while other may be silent. This 

again depends on the symmetry  of the molecule and selection rules 

can be easily predicted f rom group theory. 

Raman scattering originates f rom the polarizability e~ of the mo - 

lecttle. When a molecule is immersed  in a light beam in the visible 

region (high frequencies i.e. high energT) the electrical per turbat ion  
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Figure 7.3: Description of the Raman effect with a simple scheme of the 
molecular energy levels involved. 

by the oscillating electric field induces a periodic polarization of the 
molecule which is performing its lower frequency normal vibrations. 
The superposition of these two oscillating phenomena generates both 
Rayleigh and Raman scattering. 

The changes of molecular polarizations ~ of the various normal 
modes can be measured from the Raman intensities in a way parallel 
to what has been discussed above for the dipole moment derivatives 
in the infrared absorption. Because of the tensorial nature of ~ the 
intensiW of the Raman scattered radiation depends on the state of 
polarization of the exciting laser line and from the polarization of 
the scattered beam. On the other hand, experiments performed in 
different scattering geometries and polarization may allow to obtain 
values of each element of the tensor a~o 

On the experimental side we have to mention that while the Ra- 
man effect was discovered more than 70 years ago the lack of flexible 
technology, kept its use away from laboratories and was reserved only 
for brave researchers in basic science. The coming of lasers has im- 
mediately revived Raman spectroscopy up to the point, today, to be 
strong rival of infrared spectroscopy. Lasers emit highly monochro- 
matic light in a wide range, of frequencies in the visible region, with 
a polarized beam and ~ t h  powers which may range from watts to 
nanowatts. The sampling is easy and the collection and detection of 

the light is not a problem~ 
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8 The  Role of  Q u a n t u m  C h e m i s t r y  

117 

For many years the dream of theoretical chemists and physicists to 
apply quantum theories to molecules has been hindered by the math- 
ematical and computational complexity of the problems which would 
have required the use of large and fast computers~ Computers ad- 
equate to the demands of quantum chemistry have not been avail- 
able for many years and problems have been solved using extremely 
approximated methods which yielded sometimes questionable and 
unsatisfactory results which have been the subject of interesting dis- 
cussion. At present computational facilities are at hand in almost 
every laboratory and even personal computers can perform Quantum 
Chemical calculations of molecular properties which are very nicely 
approaching the reality as seen from experiments. 

Conceptually (see for instance refs. [17] and [411) molecular orbital 
quantum chemical computing program appro~mate the molecular 
orbitals ~t in the frame of the MO = LCAO model, by a linear com- 
bination of atomic orbitals qbn 

qJi = ~ c~qb-n (8.1) 
n 

where the coefficients are calculated by minimization of the energy. 
At present many ab initio computing programs are available, each one 
offering various options for the choice and extension of the basis set 
of atomic orbitals. For the ab initio calculation of ground state vibra- 
tional properties (i.e. intramolecular potential energy, infrared and 
Rarnan spectra and related quantities) the Hartree-Fock Self Consist- 
ent Field [41] appro~mation is widely used. However also electron 
correlation energies can be introduced for improving the predictive 
capabilities of such calculations. 

More recently a new approach to the resolution of the molecu- 
lar Shroedinger equation has been proposed, based on Density Func- 
tional Theory [42]. Calculations in this frame (which contains empir- 
ical functions for the description of electron correlation) give rise in 
many cases to better results in the prediction of vibrational spectra 
(especially for the values of transitions frequency) and are now well 
accepted in the community of theoretical spectroscopists. 
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For each molecule chemists aim at obtaining ab initio m i n i m u m  

energy, equilibrium geometry, vibrational force constants and wave- 
numbers, electronic charge densities and atomic charges, dipole mo- 
ments and polarizabilities. Ab initio infrared and Raman spectra (fre- 
quencies and intensities) can be calculated and comparisons with the 
experimental data are becoming extremely satisfactory. The reliab- 
ility of the calculations is in many cases so high that the calculated 
data can be considered as really predictive of spectroscopic proper- 
ties which may have not yet been obtained from experiments. Good 
ab initio calculations can be carried out on large molecular systems 
(of the order of 102 atoms) with long computing time (also of the or- 
der of one month), but affordable and worth while to be done for the 
information they can provide. 

The experience and the satisfactory results collected by my group 
in Milano [38, 43] have given us the necessary motivations for tackling 
complex systems made up by with very many atoms [44, 45]. Calcula- 
tions have also open a new and systematic way to the interpretation of 
the vibrational spectra of specific classes of molecules, with peculiar 
electronic structure and properties, which are at present the center 
of interest for future technology based on molecular materials. 

9 App l i ca t ions  

The combination of infrared and Raman spectroscopy can be used 
without much theoretical reasoning and is presently being exploited 
routinely in all research laboratories which need to determine qual- 
itatively and quantitatively the existence of certain chemical com- 
pounds in a given sample. Thus basic, applied and industrial mater- 
ial science needs the support of both spectroscopies. This need has 
pushed instrument manufacturers to develop high tech instruments 
which provide very accurate data in short times. All chemical labor- 
atories at present do have on their benches at least a simple infrared 
spectrometer for the diagnosis of the material they are producing. 
Biochemistry', biotechnology and even medical sciences today use vi- 
brational spectroscopy for the diagnosis of the biological specimen 
or tissue or cell or even organs they are working on. Responses some- 
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times are required immediately and technology is at present  meet ing 
these requirements.  Industry uses vibrational spectra for character- 
ization of their materials, for checking and certifying the nature  and 
the purity of their products.  Forensic sciences, insurances,  police 
etc identify and certify their specimens with the vibrational spectra. 
All these studies are based most ly on the use of the spectroscopic 
correlations of group frequencies as discussed above (Section 6). 

On the other hand, basis science (theory and experiments) dwell 
on the molecular  properties (shape, structure,  electronic distribution, 
dipole moments ,  polarizabflities, atomic charges, charge fluxes, an- 
harmonicity,  centrifugal distortion, Fermi resonances,  Coriolis coup- 
ling, mean  square ampli tudes of vibration etc) in order  to unde r s t and  
the physics of many phenomena  which depend on the behavior  of mo- 
lecules: i) as isolated entities (gas phase, isolated in inert matrices or 
in interstellar spaces),  ii) as supermolecular  aggregates (disordered 
clusters, nano-objects, tr i-dimensional crystals) and iii) as d isordered  
objects as liquid, amorphous  phases, solutions~ 

10 F a s t e r  a n d  Sma l l e r  

The two coordinates which determine the technological applications 
of a certain technique are time and space. Experimental scientists 
and ins t rument  manufacturers  have joined their hands  for pushing 
spectroscopy into great adventures  in time and space. In order  to 
keep informed the reader interested in the last developments  of ino 
frared and Raman vibrational spectroscopy it is worth  while mention-  
ing the latest technological achievements  (as for year 2000) which 
open  enormous  new fields in chemistry,  molecular physics and  ma- 
terials-scienc-e in general with a fallout of knowledge useful  in other  
fields of frontier science. 

First we consider the time. Chemists know that a given material,  
i.e. a given molecule, may be stable for long or short  times. Some 
materials last long and remain unal tered after centuries, while other 
may" be stable only for a few days or a few hours, minutes,  seconds,  
. . .  milli-, nano-, pico-seconds. 

The application of the principles discussed in this paper  depend  
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on the level of technological development. Only a few years ago the 
recording of a good spectrum with a spectrometer required approx- 
imately one hour. The discovery of Fourier Transform interferomet- 
ers pushed the time for recording to 1-2 seconds, thus opening great 
new sectors of science. In year 2000 technology has just presented 
commercially affordable instruments which push the limit to nano, 
pico and even femto-second. This means one can record a vibra- 
tional spectrum in such a short time to follow the elementary steps 
of formation of a molecule during the almost instantaneous chemical 
act~ Quite often chemists know the ingredients of the reaction and 
the products at the end of the chemical process; what is happening 
in the flask is left to a sort of clever imagination. The black box of 
chemical reaction mechanism is being open and the knowledge of 
the elementary steps occurring in such a short time is at present be- 
coming affordable. Similar important phenomena can be explored in 
biochemistry and biophysics, ir~ electronic science, semiconductors 
etc. 

Space is the second relevant variable in recording the spectra~ 
Samples may be available in great quantities, but most of the time the 
amount of material available for any kind of spectroscopic analysis is 
very small. Sampling techniques for recording the spectra of minute 
samples have been always the problems for many experimental spec- 
troscopists. In the past few years the recording of infrared and Raman 
spectra of samples at the microscopic scale became possible. Spectro- 
meters or interferometers coupled with suitable microscopes allowed 
to focus at a given spot at the micron scale and get the spectrum of it. 
Thus micro-impurities in semiconductors or optical devices, compon- 
ents in mixtures and powders (even of Leonardo Da Vinci paintings! 
See, for example ref. [45]), cells in biological samples etc. could be 
examined. However, the barrier of the limiting size related to the dif- 
fraction limit could not be overcome~ In year 2000 using techniques 
closely related to AFM and STM techniques (see section 1) the limit 
of 1 micron has been overcome with "near field" techniques attained 
by pushing the light into a cone with an aperture diameter of a few 
nanometers and approaching the sample to a few nanometers from 
the tip of the cone. At present one can map the molecular distribution 
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on a given surface reaching almost  the resolut ion of a few molecules, 
The field of biology and material  science will greatly benefit of such 
new techniques which allow the researcher  to focus at a "molecular" 
site of a few nanometers  where  he wants  to recognize the chemical 
nature and eventually its chemical  evolution with time. 
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